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Simulations of tumor grawth with cell division
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We developed a cell model by connecting multiple particles with springs that
can be applicable for crawling cells on a substrate by changing their shapes. The effects of cell

contraction due to myosin and cell adhesion due to adhesive proteins against the substrate are

implemented into the model. Furthermore, the spatio-temporal evolutions of the densities of myosin
and PIP3 molecules have been resolved by usin% a reaction-diffusion equation on cell membrane. The
present model allows us to bridge between different scales from molecules to shape change of cells.



M X CcC—19. F—19—-1., Z2—19,

1. WFIERHAA S W) D 5

RIS DES: « EMF R R G LT DM e
MR LT, MEZNRHSNDET LV
REF L, BPEM I 21— a v TERENIC
ELWTFRIASELNS BITRD7EA 9002 8
ROHEK L T o FHEHFTIIEL wAT
72720, FIELS ROVRRICINEFEAT
xA L9, HERFEO T LT 4 T EEICH
EIELZLICKRERERED DD, RIFET
X, Y7 b~ — LI EMWE (&
TR 2 A K7L FUEin Al 72 &)
WX L TR & MO IR 1 ZEeT Y v 7
FEEREIE, Mo E 5 BERED
VI ab—va VTHEA R E T L B
THIET, [EY - EMFRRG LT D8
REAEER A AT 27200 E L
VN,

AR A RARR DA . AL H I
E R D FBRACEH) 72 & DIEF TRV
R A&7 — L CREBNIIICHE Z A BB A Z[ET 5
VBN LT, 270y Frial—Yv
2 aZDEFHEMTHDIIARFRETH 5,
~ 70 LD T I IS  EHHA 15
Ralb—vaEbHWER TS, B
DA — N AR SHBITRMERTH D, K
MBETIIIZaMEDEEL XY - w7 alk
BIZHRIS KB LIZY I 2 —Yva v & E
B iR HRICESWEY 22—
3 VETLVOMEEZBREL TN D,

2. WO H™

ARAFFECTIL, MRSy 2% 1 5 IR & &
WEf A 77— )L Cile 2 2 —FROWE BB % &
LCH S @b 2, ik ik
SNV alb—2 g VETFLORE LY B
T, AN Iy SO e ElT &
D BEBIAICNERIG ISR AE L. B A2 %
DORE B - B DRV A 7 —LCld
25, Fim. MRS RESCHIILE DR 2 % R
X~ 7 v HRERICHERETFT D, 2D
oI snt~r 0B ESEHE
BHEIC Lo CHM LKL X 5 &3 2%
FEAEFMNRL, HYMICEHEREENR
AENDWRMRTH DIZH b 5T RE
HThd,

AW CIIMRS R (X7 v) ROk
E (w7 n) of#nLiEs 2 e b L., £
CEBEHBTRER Y S 2 L— g VAR ERT
Ho ZTOXH I ulws DRI

CK—19 (Jtm)

B ZRRERIC L o THME LEIET R0
THETIEIN 2 < ISRICERS U7 R
Fl L CHEMICRERBENLIAEN S,
M CE DAL LT, NI HEZN R
FEREFTE & TN RIS AR 2 272 SH L
W2 B OARE B L 5, BANE ANRD
HAER S QBEENELS, A 37 PHRE
U,

3. MoKk
ERERRT DT _XCOFET - 3 FE27
Ny Ial—yaryTRIEKIZLET, b
LW LHMWEN RIS &350 AEYEr
INIGIFFRERFEORBOERTHDH, Ll
BB AEROWT, 2 TCE I 7 ik
5 Z L IXEBARAHETH D, ATk 2 R4
ET M HEEI ESERED Y I 2 b —
Yarb oM REITH L, ST AN
Ra#Eon 14 1 BREHET 52 & 2L
Mo 7aktEoRRETE e xR
a a—FEE5FLTH 1 EELEIND,
FHEMEOBEN 5 ET 10 FRS QD L—T
DFEHNR T LN ZELTH, ZDXH 7%
FHE A AR ICEBT S Z LTk,
KA CIKENT A ORIEIX. EWFER 7
KI5 e W PR T 70— F THME T B K& AT D
M CTH DN, Z IEEREEERAT D
DIV B OFEMAL 2 B AT 5 L FIER
AN
FarDINETRVHATEEY 7 h~X
—THRROBEND D28, % Z TIEME D
FACHEBE T S 7oA & v O BRERRYFIE
PO BB THELZ, I 7rsH
WL LTEA Y A — LD I 2l — g U F
EDE 2 O BRI RIS L TR &, K
I Z D TWND, ZOT7 Fu—Fi, Hi
RNV F A —)L (27~~~ 12 cm) O
BB R R AFTE T D D272 57, HIfESEC
fa 4y 2470 & OBV CREEIAYICIE =
LHSE LEET DHVEN D D AR O
R U, BRERAY 7R AT & HE D 5 72D DR
Ny —n bl Lz, 2R ux, &
TAEWFE TR BT YN T T e —
T CTHEW TR R G % P D A D e BREY 72 ik
il & e . P OMEE 2 DRk & 20T
TT L= AN—%5| R ITHIE&ITRD,

4. HFFERLE
AR O FIZIXIEF I DX Ry 'E



DIFEL, ZR O HHBICHEER T2 2
L ThA REEBN BB 5, FNHDOETO
2N EOBENRFEESN TS DI TIX
RN —ERDZ X7 E ORI S 0 B
RN D Z ENEBRTHL N> TN 5D,
ZO—fl L L THEEFOMBNTDZ X7
BORTER B 5, HEET HHEOFTIHIZIT
TIOFoeA T 7Y UNRENR L, BT
ILIA T E PTEN BRTEEL TV D, Z1Lh
OB DB KRR RIZE 5T 5 EE R KX X
JENPIP3 TH 5,

AW TIE, — 2O/ ZE SR TO7R >
2O FOEGIKE L TRET D
Subcelluar Element Model (ScEM) D ¥L3EIZ &
0. FER ETORMBEOIREL &l EE) %
RIFARER NN FET VEMBE LT, BRI
I, E—F—F U RIBETHDHIA T DT
2 MR DI & | $E 518 7 D FE o~ D FE
7 & & ScEMICHHLAGA A | I IZ K 0 Rk
T BEICL R E OMBEER 2 FH LI,
512, I AT R PIP3 4y F D22 Y 77
AL & B 5 70, MK Co g
BOtZEEAN Lz, 2k, O TFoRtE
WO DF AT —NDEAF I T AN, IR
Pk Ll EEE) & O iR S — v D F A S
RTANEBEREE . INETITRWIE
H 72 12TV OEEITAE LT,

M DUHE & Hafk & DEEE A ZEET 5 -
& T ScEM Z 3R U, MR N O A b ST
Ko Tl B RMEE KRBT 5 2 & THEKM
fa D JE B i B 2 Bl L7z, DF0 ., KE
TIVHIRE O EE S Z — TN O BOGEE D 2X
A= NEHENTWS, 2O LT, Zv
NIBFEBRORKIEE N T AT — DX
AT I 7 AN, TBIREAL & EEE) & D
faAr—NDFEAFI 7 ADRFE VD
ZLERBTLHEDOTH D,

0
I Pl
y &
R
R
00
x

1. WEEESTOET VHRAOIIRE &
M OALZEWE ORREE S A1 & DBfR &2 7~

Yialb—varvoRrFfyFrvay b (k:
A UPERE, R PIP3, AR WEET BN
DELOEEN) . 2D I 2 b— a3 UITHW
ToET VI TR, Ml OEF R E S
L, SHICHLFWEORE L MaD 17
PR & 2 BEfT T 5 2 & T, BT ViR o
BEB 4 FBL L TV D, (BhEIE N o URL H»
5)

http://www—tph. cheme. kyoto—

u. ac. jp/temp/cell_viridis_200_translatio
n. mp4

5. FEREEmIE

Udessamse) (B8 1)
(D Simon K. Schnyder, Yuki Tanaka, John J.

Molina, and Ryoichi Yamamoto, Collective

motion of cells crawling on a substrate:

roles of cell shape and contact

inhibition, Scientific Reports, in print
i

®) Norihiro Oyama, John J. Molina, and

Ryoichi Yamamoto, Simulations of model
micro—swimmers with fully  resolved
hydrodynamics, J. Phys. Soc. Jpn., in

print. &HAH

® Gregory Lecrivain, Ryoichi Yamamoto,

Uwe Hampel, and Takashi Taniguchi, Direct

numerical simulation of a single particle
attachment on a immersed
bubble, Phys.
AR

DOT:10. 1063/1. 4960627

@ Chunyu Shih, John J.

Ryoichi Yamamoto, Dynamic polarization of

stationary
Fluids 28, 083301 (2016).

Molina, and

oscillating
Phys. 113, 2511-

a charged colloid in an
electric field, Molec.
2522 (2015). EFiH

DOT:10. 1080/00268976. 2015. 1059510
(® Shugo Yasuda and Ryoichi

Synchronized

Yamamoto,

molecular—-dynamics
simulation for the thermal lubrication of
a polymeric liquid between parallel
plates, Computers and Fluids 124, 185-189
(2016). #wt

DOI:10. 1016/ j. compfluid. 2015. 05. 018

® Norihiro John J.

Ryoichi Purely hydrodynamic

Oyama, Molina,

Yamamoto,

origin for swarming of swimming particles



Phys. Rev. E 93, 043114 (2016). ##:
DOI:10. 1103/PhysRevE. 93. 043114

(@ John J. Molina, Kotaro Otomura, Hayato
Shiba, Hideki Kobayashi, Masaki Sano, and

Ryoichi Yamamoto, Rheological evaluation

of colloidal dispersions using the smooth
profile method:
applications, J. Fluid Mech. 792, 590-619
(2016). 2wt
DOT:10.1017/jfm. 2016. 78

® Shugo Yasuda and Ryoichi

Synchronized

formulation and

Yamamoto,

molecular dynamics

simulation via macroscopic heat and
application to

Phys. Rev. X 4,

momentum transfer: an
lubrication,
041011 (2014). #He

DOT:10. 1103/PhysRevX. 4. 041011

polymer

(FRF#FK] (G 101F)

(D Ryoichi Yamamoto, “The emergence of

collective motion: from glass to
biological systems” CerSJ-GOMD Joint
Symposium on Glass Science and

Technologies (Kyoto, Japan) [2016/11/16]
(FaA3 3 1)

@ Ryoichi Yamamoto,

of Cells Crawling on a Substrate” The 4th

“Collective Motion
International Conference on Molecular
Simulation (ICMS2016) (Shanghai, China)
[2016/10/23-2016/10/26].  (#AFFi#H)

® Ryoichi Yamamoto, ”“Collective motion
of active swimming particles analogous to
acoustic wave propagation” The 2015

International Chemical Congress of
Pacific Basin Societies (PACIFICHEM 2015)
(Honolulu, USA) [2015/12/15-2015/12/20]

(F ek Ts)
@ Ryoichi
Particles Moving through Fluids” Physics

Yamamoto, ”Simulating
of Structural and Dynamical Hierarchy in
Soft Matter (Tokyo, Japan) [2015/03/16-
2015/03/18]  (¥f¢31H)

® Ryoichi Yamamoto, “DNS of colloidal
dispersions using the smoothed profile
method: formulation and applications”
High Performance and Parallel Computing
Defects and Multiphase

[2015/03/02-

for Materials

Flows (Singapore)

2015/03/06]  (F4¢3#1H)
® Ryoichi Yamamoto, “Direct Numerical
Simulations (DNS) of Swimming Particles”
International symposium and workshop on
Computational condensed matter: advances
and challenges (CompMat2014) (Whitehaven,
The Lake District, UK) [2014/09/07-

2014/09/09]  (BF585R)

(FE) Gt 210
(D John. J. Molina, and Ryoichi Yamamoto,
Chapter 8 of “Computer Simulation of

Polymeric Materials: Applications of the
OCTA System”, (Springer, 2016)
DOT:10.1007/978-981-10-0815-3

@ iAE—, Kilfwih, John J. Molina,
Simon K. Schnyder, Y7 b~Z—DEFTVY
> T IR R AR~ OBRER, (bF T,
81, 282-285 (2017).

6. WFICREAR

(1) Wrgefks

A &—  (YAMAMOTO, Ryoichi)
ALK« RFERE LoPmroe Rt - %
oeEHER: 10263401

(2) WFFE ST 3

(3) LR FE
EY—7F Y3 (MOLINA, John)
TSRS - KR¥EPE L#FER - Bh#
oeEFKs: 20727581



