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Developmental control of cell-type diversity and proportioning :
a minimal modeling approach

Benjamin Pfeuty

University Lille, CNRS, France

A fundamental problem in developmental biology is to understand how a single-celled organism -
a zygote- gives rise to a complex multi-celled organism made of billion of cells and of hundredth
of cell types. In particular, functional tissues and organisms require not only a diversity of cell
types but also the establishment of correct proportion between these diverse cell types. Although
specific properties of intracellular dynamics such as multistability, oscillations or stochasticity and
of intercellular coupling such as lateral inhibition have been proposed to contribute to cell-type
diversity and proportioning, the respective and coordinated role of these various features remains
unclear or controversial.

In an attempt to clarify this issue, we consider a class of simple models consisting in a population
of noisy bistable systems supplemented, on a case-by-case basis, with oscillatory dynamics, slow
epigenetic dynamics and repulsive mean-field coupling.  Analysis of Fokker-Planck or
deterministic equations allow to characterize general properties of binary decision, which can be
recapitulated as follows: (1) Intracellular oscillations (e.g., Hesl oscillations, cell-cycle
oscillations) allow for more precise binary decision with respect to noise, and more tunable
decision with respect to signal timing; (2) Repulsive intercellular coupling (e.g., Delta-Notch or
Fgf4-Fgfr2 lateral inhibition) mediates a global negative feedback that promote precise cell-type
proportioning but also favor oscillatory instabilities; (3) Supplementing repulsive coupling with
slow epigenetic regulation enables to promote precise and noise-robust cell-type proportioning.
Overall, different ingredients operating at single and multi-celled levels and at fast and slow time

scales are required to optimally regulate cell-type diversity and proportioning.

17



HOF - BERRLE LAY - BER L OMBIC LA A s N— g VAIO T D OFIRET B 25 A RUEHE T e 25 L)
EMAAFT I AOELEZDOIGH  BOBLEOILR5/E] (2014W07)

B
Bl OBE « AR1ZE OB

18



B BRI LR FEEL OB L DA ) R_X— g VAIBD IO DIFERET 7T A EFEHE T e 7T L)
[EMAATITAOEBREZDIGH 0B LEDOISR58A] 014w07)

TIVOEARECRBITIIERREL WL E
[P
JRB R« PR SE R

TV iEnF e mEoMEn b L, e OMERIRD WA HibsE 2 -5 7T, =
n=—¢& LTOMFTEN A BN L S8, BITERER I3 & A & ok TS A fRk L T
W5, Fxix, TV OREICER L, MHERAITENCEET A EREEBEET Y BT
T 7o, EBRTIEH, BMFOEMFOERFZOFEMEZLME L, FeA b7 U o
TN, ZHETEL SN TWALFEEMET T T, FRFEHRCRBEIC DKL,
ZI B DR T ORI 72 A o TITERREZIT > TWDH Z EM LN L TE T,
Fo, BEET AT, 7TV OMEERICPLE (=T —) OREME L, REZIEL
DO EDOEREHTAT, TORRER, HOMEREDOZIZIS U T, EREBEE 25,
FEDOTT7—%bolz [—HEMH] "o, BT —FE2 Lo T VeI —NIFLA
E72WT U0 NREJREAER ] 28T 2 B bnoT,

A CIE, DLEOFER - BHEMRERET DL L L IC, BRE LS b L Himm
RAZEWNT D, Fio, BREETET — ¥ 2 ERMICE > THEGFHIT 2 - Ic REaE
& b8 L CHEEE R o LWMERIATEIEHAI S 27 A b ISR T 5,

19



Bt BB LR - BEEOBBICL DA/ X—va VAIHO DO ERRET 0 7T A BERE T v 7T L)
[ Z AT I AOEHEFDIGH BRSO IR 5/8E] o14wo7)

EwE AT I 7 AOFELEREFTME L ERTFZF

eIt B

M

FOXRZFERFGRER 2 IE A

AT IR, MldoX)7eI7ahLuhbe hOLHRp~vralL L
FTEEA BB CTRAINTWD., X EOEMTIEY AR Y — LR mRNA O &2 E
R LEREFRL L. MENEMIBOERITILEZ ANEZ 20 LM 2R
5. B FOBITIZEBWTIE, XTHRITOGEIC— AR TEHRTHEBIZHEEN TN D

AT I RCKHE SN AREWEDO X A 7 AL, YHEOWE @E!’J&BIJT%

LEEN O = IEQ, T b BEMEOER] - EE R - AFHAEROIERIO S Tz d
2, ZOWTHNHNEME AT I 7 AZITEH S 720, %nd,éﬁﬁ4fi&1@
IRTHIREZ DL~V TOEWEROER) S 2 7256, L0 I 7 ak L~ L ToiE
FEERDOFEE R T RTA—XIZELOONTLEHI D THS.

ZD XD @K%, EOEEBORE D B BB - EFESZ END D, B CBRERRL
T OREIZEARM O B ERICE S EFBRIZBWTHEICR DS, LrLeRs, Z
DGEDERMPIZ AT I T ANLD I 7R LA NERBIND Z EITHTHS T,
%< DYy, WIZERBIROMNTIZ L > TEEB O AEMAR T L I, £ OR%IZHEH
DALNEND.

AFEHTIEL, ZOXI BB FOZEKRDL A F I 7 RZONT, FEEEHET
TR0 R ORI R I L 0 RT3 2 1L L O ORER AR T 5.

mRNA
30S+508=708 30S+50S)+ ppc

tRNA aa-tRNA
_ initiators EPA release factor\ ﬁ
o [ L L b | [l [ [ o
5 ribosome V' 3’

AT

20



Bt BB LR - BEEOBBICL DA/ X—va VAIHO DO ERRET 0 7T A BERE T v 7T L)
EMAAFT I AOELEZDOIGH  BOBLEOILR5/E] (2014W07)

HREEMRFEICBTOIFFINE L OB E(EOKEE TV
ACH

RPN NG S e S
EAENRE S AT AR EHEERL T S PR A A — 2 Tl

Neural growth cones have unique bi—directional chemotactic nature, both attracted
and repelled by the same guidance molecules depending on the situations, whereas
other non—neural chemotactic cells usually show uni—directional chemotaxis of
either attraction or repulsion. To understand how growth cones differ from other
chemotactic cells, we developed a mathematical model of intracellular signaling
composed of activator and inhibitor driving chemotaxis. Based on the model analysis,
we found that attraction and repulsion are determined by balance between activator
and inhibitor. Our model unexpectedly predicted multi—phasic turning response of
the growth cone depending on intracellular Ca®, which was experimentally confirmed
by turning assays and Ca® imaging. Based on the experimental data, we furthermore
reverse engineered the regulations of CaMKII (activator) and PP1 (inhibitor), and
validated it with their pharmacological inhibitions. Our approach combining
mathematical analyses and experiments thus clarified the molecular mechanism
underlying the distinguished bi—directional chemotaxis of growth cones, being quite

different from uni—-directional chemotactic cells.
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Mathematical Understanding on Remodeling of Nuclear Architecture of the
Rod Photoreceptor Cell

S. Seirin  Lee
Hiroshima University

The nuclear architecture which plays an important role in organizing the function of the nucleus,
which is composed of heterochromatin and euchromatin. Conventional architecture in which
heterochromatin enrich in the periphery of nucleus is universal structure in the vast majority of
eukaryotic cells. In contrast, the rod cell of nocturnal mammals has a contrastive nuclear structure
called inverted architecture in which heterochromatin distributes in the center of nucleus. The rod
cell of adult mouse has the inverted architecture obtained through the dynamical remodeling of
conventional one during terminal differentiation. We here successfully recreate the remodeling
process using a mathematical model employing phase-field method and show that physical
mechanisms are sufficient to induce nuclear remodeling without genetic design. We further assess
the role of nuclear shape and size in remodeling nuclear architecture and how intermingling of
chromosomal territories plays an important role in determining the structure of the nucleus. Our
study represent the first step toward understanding chromatin dynamics by incorporating
chromatin features at the molecular level with the macro level of chromatin dynamics, and

demonstrates the new challenge of phase-field method to life sciences.
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