2010 2014

Mathematical model for cellular dysfunctions caused by failure in
post-translational signal transduction

Ichikawa, Kazuhisa
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Dysfunction in intracellular signal transduction is a cause of many diseases.
Majority of computational signal transduction research has been focused on pathways. Since a cell is 3D
entity, we tested the effect of spatial parameters on the signal transduction.
First we found that oscillation of transcription factor NF-kB was regulated by diffusion coefficient,
nuclear transport, and nuclear/cytoplasmic volume ratio, and in addition, while diffusion coefficient and
export for mRNA from the nucleus regulated persistency of NF-kB oscillation, IkB import to the nucleus
exclusively regulated oscillation frequenc¥. Second, we found that the fusion of stress granules (SGs)
was important for their dynamics, and simulation predicted gamma distribution of SG size, which was
confirmed by experiments.

NF-kappaB stress granule cancer computer simulation spatio-temporal dynamics



NF-k B SG
(1) NFk B 40
[ 1 3D
/ N/C
(2 SG
SG
(1) NFk B
N/C
NF-k B
(2
SG
SG
SG
@
A-Cell
[ ] NF-k B
NF-k B
(2 SG
SS
SS [ 1 SG
(€H) NF-k B
NF-k B
/
N/C mMRNA
NF-k B
NF-k B Ik B
5 NF-k B

4D

1) 4
L 12
NF-k B
[ 13
NF-k B
Ik B
[ 1 4 [ ]
5)mRNA, & Ik B
diffusion ®®
mRNA e F-«B
persistency | frequency cytoplasm
nucleus
mRNA gene
1 NF«k B
[ 1 6B
[ 1 7 mRNA\s
mRNAIB
[ ]
@

1
SG SG
SG
2)SG
30
SG
3)SG
SG
1HSG Y
S)y SG

L1 3



I >
-
5
z
it
B
5
|

sim.

w
=3

N=10
Ngg=227

04 shape/scale
=1.70/0.14
02 ﬂ

exp.

o

number of SGs / cell
N
S
normalized frequency (@]
o
>

o

= o
o o

Dl

N=9
Nqe=198
shape/scale
=2.54/0.093

normalized frequency

!
[T
0
fusion events 00

00 02 04 06 08 10
0 15 30 45 60
time min
3200 s 3210 s

normalized SG size
& N

3 SG A)
( N=10)
SG
SD (B)SG SG
(C)sG

A-Cell

SG

Ichikawa, K., et al.,, IET Sys.Biol.,
9(2014).

Ichikawa, K., Bioinf., 17(2001).

lhikawa, K., Neuroinf., 3(2005).

Ichikawa, K., et al., Phys.Biol., 7(2010).

Ohshima, D., et al., PLoS ONE, 7(2012).

Ohshima, D., et al., PLoS ONE, 9(2014).

Ohshima, D., et al., PLoS ONE, (2015),
in press.

Ohshima, D., et al., PLoS Comp.Biol.,
(2015), in press.

1) Ohshima, D. and Ichikawa, K., “Regulation
of nuclear NF-kB oscillation by nuclear
transport: mechanisms determining
persistency and frequency”, PLoS ONE,

2015  in press

2) Ohshima, D., Arimoto-Matsuzaki, K.,
Tomida, T., Takekawa, M., and “Ichikawa, K.,
“Spatio-temporal dynamics and mechanisms
of stress granule assembly”, PLoS
Comp.Biol., 2015, in press

3) Ohshima, D. and “Ichikawa, K., “Regulation
of nuclear NF-«B oscillation by a diffusion
coefficient and its biological implications”,
PLoS ONE, 9, 2014 ¢109895

4) Ichikawa, K., Ohshima, D., and Sagara, H.,
“Regulation of signal transduction by spatial
parameters: a case in NF—«B oscillation”,
IET Systems Biology, Vol.9, 2014
41-51

5) Pham, T.D., "Jiang, X., and ‘Ichikawa
K., “Current Challenging Medical
Image Analysis”, BioMedical
Engineering OnLine, 13(Suppl) :I1,
2014, 01:10.1186/1475-925X-13-S1-11

6) Pham, T.D., “Ichikawa K.,
*Oyama-Higa, M., and ‘Jiang, X,
“Biomedical Informatics and
Technology”, Communications  in
Computer and Information Science 404,
Springer-Verlag Berlin Heidelberg,
2014, ISBN 978-3-642-54120-9, e-ISBN
978-3-642-54121-6, DOI
10.1007/978-3-642-54121-6

7)

11 2014 270-276

8) Schwende, L., "Pham, T.D., and Ichikawa, K.,
“Nuclear Boundary and Pore Detection in
SEM Images”, in “Biomedical Informatics
and Technology”, Eds. Tuan D. Pham,
Kazuhisa Ichikawa, Mayumi Oyama-Higa,
and Xiaoyi Jiang, Springer-Verlag Berlin
Heidelberg, 2014 235-247

9) Watanabe, A., Hoshino D., Koshikawa, N.,
Seiki, M., Suzuki, T., and Ichikawa, K.,
“Critical role of transient activity of
MTI-MMP for ECM degradation in
invadopodia”, PLoS Comp.Biol.,
Vol.9,2013 1003086

10) Pham, T.D., and Ichikawa, K., “Spatial
chaos and complexity in the intracellular
space of cancer and normal cells”,
Theoretical Modeling and Medical Biology,

Vol.10,2013 62
11) ) NF-«xB
3

85 2013 430-437
12)

31 2013 2932-2938

13) Pham, T.D. and Ichikawa K.,
“Characterization of cancer and normal
intracellular images by the power law of a
fuzzy partition functional”, Int. Conf. Image
Analysis and Recognition, 2013 597-604

14) Nguyen-Thanh, N., "Pham, T.D., and
Ichikawa K, “Segmentation of
mitochondria in intracellular space”, 2013
IEEE Symposium Series on Computational




15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

1)

Intelligence, 2013 218-221

Ohshima, D., Inoue, J., ‘Ichikawa, K.,
“Roles of Spatial Parameters on the
Oscillation of Nuclear NF-«B: Computer
Simulations of a 3D Spherical Cell”, PLoS
ONE, Vol.7,2012 e46911
Hoshino, D., Koshikawa, N., Suzuki, T.,
Quaranta, V., Weaver, A.M., "Seiki, M.,
Ichikawa, K. Establishment and validation
of computational model for MT1-MMP

dependent ECM degradation and

intervention strategies. PLoS Comp.Biol.
Vol.8,2012 1002479

Saitou,T., Itano, K., Hoshino, D.,

Koshikawa, N., Seiki, M., Ichikawa, K.,

*Suzuki, T., “Control and Inhibition Analysis

of Complex Formation  Processes”,

Theoretical Biology and Medical Modeling,
Vol.9,2012 33

Saitou, T., Rouzimaimaiti M., Koshikawa,
N., Seiki, M., Ichikawa, K., "Suzuki, T.
Mathematical modeling of invadopodia
formation. J.Theor.Biol. Vol.298,
2012 138-146

Ichikawa, K., Rouzimaimaiti, M., “Suzuki, T.
Reaction diffusion equation with non-local
term arises as a mean field limit of the
master equation. Discrete and Continuous

Dynamical Systems Series S Vol.5,
2012 105-126

’ NF-xB
30 , 2012 709-715
Pham, T.D., Vo, D., Nguyen-Thanh, N.,
Thang, T.C., Ichikawa, K., “Chaotic
behavior in intracellular space: an

implication for simulation and modeling of
cancer”, Computer  Modeling and
Simulation (EMS), Sixth UKSim/AMSS
European Symposium, 2012 143-147

*Pham, T.D., Vo, D., Nguyen-Thanh, N.,
Thang, T.C., Ichikawa, K., “How complex is
the cancer intracellular signaling space in
FIB-SEM images?”, Computer Modeling
and Simulation (EMS), Sixth UKSim/AMSS

European Symposium, 2012 139-142
Ichikawa, K. Localized activation of
proteins in a free intracellular space:

dependence of cellular morphologies and
reaction schemes. BioSys. Vol.105,
2011 173-180

Ichikawa, K., Suzuki, T., and Murata, T.
Stochastic simulation of biological reactions,
and its applications for studying actin
polymerization. Physical Biol.

Vol.7,2010 046010

K. Ichikawa, “How is the oscillation of
nuclear NF-«B regulated?”, 2™
International Symposium on Protein

Modifications in Pathogenic
Dysregulation of Signaling, Jan. 23-24,
2015, Tokyo, Japan (invited).

2) K. Ichikawa, “Oscillation Pattern of
Transcription Factor NF-kB Regulated by
Spatial Parameters”,

/
2014 11 1

3) K. Ichikawa, “Synergistic effect of blocking
cancer cell invasion revealed by computer
simulations”, 2014 NIMS Hot Topics
Workshops, “Application of ecological and
mathematical theory to cancer: new
challenges”, Daejeon, Korea, May 12"-15" |
2014 (invited).

4) D. Ohshima and K. Ichikawa, “Analysis
of regulatory mechanisms of
transcription factor NF-xB in 3D
spherical computational cell model”,

36 2013
12 3

5) K. Ichikawa, H. Sagara and D. Ohshima,
“Regulation of NF-kB Oscillation by Spatial
Parameters in  True Intracellular Space
(TIS)”, CMLS-13, Sidney, Australia, Nov.
27", 2013 (invited).

6) T.D. Pham, K. Ichikawa, “Characterization
of cancer and normal intracellular images by
the power law of a fuzzy partition
functional”, Int. Conf. Image Analysis and
Recognition (ICIAR  2013), June 26-28,
2013, Povoa de Varzim, Portuga, LNCS
7950, pp. 597-604, 2013.

7) K. Ichikawa, “Predictive dynamic
regulation of MT1-MMP at

invadopodia by mathematical modeling

and computer simulation”, Tsukuba

Global Science Week 2013, Oct. 4, 2013,

Tsukuba, Japan (invited).

8)
2013
2013 9 10
9) 3 NF-«B
86
2013 9 12

10) D. Ohshima, H. Sagara, T.D. Pham, K.
Ichikawa, “Signal Transduction in Real
Intracellular Space”, 35th IEEE EMBC
Full-day  Workshop on  Current
Challenging Image Analysis and
Information Processing in Life Sciences,
Jul. 3, 2013, Osaka, Japan (invited).

11) N. Nguyen-Thanh, T.D. Pham, H.
Sagara, K. Ichikawa, “Segmentation of
Endoplasmic Reticulum in
Intracellular Space”, 35th IEEE EMBC
Full-day  Workshop on  Current



Challenging Image Analysis and
Information Processing in Life Sciences,
Jul. 3, 2013, Osaka, Japan (invited).

12) N. Nguyen-Thanh, T.D. Pham, K. Ichikawa,
“Segmentation ~ of  mitochondria  in
intracellular space, 2013 IEEE Symposium
Series on Computational
Intelligence” (IEEE-CIS 2013, 15-19 April
2013, Singapore) pp. 218-221, 2013.

13) K. Ichikawa, “Computational
simulation revealed critical spatial
parameters that change oscillation

pattern of nuclear NF-xB”, 1st
International Symposium on Protein
Modifications in Pathogenic

Dysregulation of Signaling, Feb. 1-2,
2013, Tokyo, Japan (invited).

14)

NF-«xB

2013 1
30
15) _
NF-xB
3D
35
2012 12 13
16)
MT1-MMP ECM
35 2012
12 13

17)

NF-kB

2012

2012 8 29
18)
2012
2012 8 30

19) Oshima, D. and Ichikawa K., “In Silico
Spatio-temporal simulation of NF-kB
oscillation”,

2012 1

28

20) Oshima, D. and Ichikawa K., “In Silico
Spatio-temporal simulation of NF-kB
oscillation”, 34

2011 12 16

21) Watanabe, A. and Ichikawa, K., “A
computer simulation of ECM
degradation by  Vesicle-trafficked
MT1-MMP in invadopodia”, 34

2011 12 14

( ) 15 ()
22) Ichikawa, K., “Oscillation of
transcription factor NF-«xB Causal
function or inevitable consequence?: An

implication from computer simulations”,
Workshop on “Dynamics and molecular
basis of post-translational
modifications and cell signaling
networks : Interdisciplinary approaches
to understanding biological systems”,
The molecular Biology Society of Japan,
December 16, 2011, Yokohama, Japan
(invited).

23) Oshima, D. and Ichikawa K., “A
computational simulation of nuclear
transport of NF-«B in
three-dimensional model including
Rel-A phosphorylation”, Metabolism
and Cancer, AACR Special Conference,
October 17, 2011, Baltimore, USA.

24) Watanabe, A. and Ichikawa, K., “The
role of vesicle-trafficked MT1-MMP in
ECM  degradation: A  computer
simulation”, Metabolism and Cancer,
AACR Special Conference, October 17,
2011, Baltimore, USA.

25) Ichikawa, K., “Modeling and
Simulation of the Initial Step in Cancer
Invasion”, 2011 International
Symposium on Computational Models
for Life Sciences. October 11, 2011,
Toyama, dJapan (invited, keynote
speaker).

26) Ichikawa, K., “Significance of rapid
turnover of MT1-MMP for the
degradation of ECM: an approach by
computer simulation”, The Third
CREST-SBM International Conference,
Mathematical Methods in Cancer Cell
Biology, June 8, 2011, Hiroshima,
Japan (invited).

27) Ichikawa, K. and Murata, N., “A new
method of stochastic simulation and its
application to the reorganization of
actin filaments in invadopodia”,
AACR-NCI Conference on Systems
Biology, Mar. 28, 2011, San Diego,
USA.

28)

TRAF6
NF-«B

2011 1 29
29) Ichikawa, K., “Bottom up modeling of

protein dynamics in invadopodia”,
International Workshop on
Mathematics for Biology, Pohang

University of Science and Technology,
Pohang, Republic of Korea, Jul. 12,
2010, (invited).

30) Ichikawa, K., “Modeling the protein
dynamics of invadopodia: a bottom up




approach”, Institute of Biomathematics
and Biometry, Helmholtz Zentrum
Munchen, Munchen Germany, Feb. 17,
2010 (invited). http://ww. ims.u-tokyo.ac. jp/mathcancer
31) Ichikawa, K., “Modeling the protein /

dynamics of invadopodia: a bottom up
approach”, Institute of Biomathematics (€H)

and Biometry, Pohang University of ICHIKAWA, Kazuhisa
Science and Technology, Pohang
Republic of Korea, Feb. 23, 2010,

(invited).
2
1)) @
11 3 270-276 2014/9
2) Isabel Schwende, Tuan D. Pham, and
Kazuhisa Ichikawa, “Nuclear Boundary and )

Pore Detection in SEM Images”, in
“Biomedical Informatics and Technology”,
Eds. Tuan D. Pham, Kazuhisa Ichikawa,
Mayumi Oyama-Higa, and Xiaoyi Jiang,
Springer-Verlag Berlin Heidelberg, 2014,
pp.235-247, ISBN  978-3-642-54120-9,
e-ISBN 978-3-642-54121-6, DOI
10.1007/978-3-642-54121-6.

3)
31 2932-2938 2013/11
ISBN978-4-7581-0121-9
4) NF-«B
3
85
430-437 2013/6
5) NF-«B
2012
30 2012/3/25
1SBN978-4-7581-0321-3
(@]




