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Analysis of the singularity cells controlling the pattern formation of
multicellular system
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Developmental pattern formation is an excellent model of singularity
phenomena. By using a newly developed transscale scope, we investigated the onset dynamics of
collective signaling in the population of chemotacting cells at 1-cell resolution. A large-scale
1-cell tracking revealed that the cell population is highly heterogeneous in their signal-relaying
ability where a small number of cells, called leaders and followers, functioned as a signal
initiator and amplifier, respectively. Our mathematical simulation incorporating experimentally
observed features demonstrated that such cellular heterogeneity is the key determinant to developing

the spiral-shaped signaling pattern, whose initiation mechanisms have remained long elusive.
Associated development of new technologies, such as a semi-automated detection of signaling cells
and optical highlighters for leaders and followers, would benefit the analysis of other models for
singularity phenomena in physiological and pathological cases.

CcAMP



B X C—19. F—19—1, Z—19 (@)

1. WFERHAR S WD TS 5t

D72 EFAAE R T A0SR T, LIZUIEE ~ O AL Tl FEBL XAk he
DAPREND, ZHUTI- B S ClE, M CEEZMEA H B UM AR SE M 2R D 28 & L il 4527
FEENDD, MR 2 b L TRl 32 0E RO MF I 15 TII M7 MR O FESCE EZEZ G
ZTHIEITTER, Fio, — I B CREMART 23 AT HEZ2 5 T . M/ fiia s FHiladk =0 —
{EARFE A TURAE L T UL HBLL 2 WIS S F7e i IR Ok H EFRT I X BRI R 70 5, ARAFSE
TiX, B CHEEZMIICERESNAHR LS X 2T T (R4 DT FOIFEMELEE 2SN
[ RN W Y

2. WFFED A HY

R MR DIFAE AEREA T DN T D720 | ARFZE CII LI EA A H SR T2 T A—
INOFAEBIGNE B Uiz, fER T A— NILR B S T CIIEMIREL TRACHIRE T 228, ALk
1 F I TR SRR SN D SRR ZAE LT 27208 INT T /v — U (LR cAMP)Z A&
{EPER 7T DU S E B RIINTIER T 5, i EDOWIZENG, BRI O cAMP 252 5 LT-Allfe
TSN T cAMP 2 A R LI CEREE R ~ 228 2O L7 UG B T-H AR G g A0 I 2k i
ENADHZETE om IR SEIRBEE BGENFTREIC /D2 L F O MM Ry 22 /82— 2L C mm
WEEZHTLORARIE SBECHZENMBN TN, LNLARRE, 29 LT2 3% — U TR DO i ]
BT AR BV —ZBRIAT DD NLE DI DI E LS DEAE DB DINRIA Tdh 77,
Fiz, DEAEOHIBIIAE B DOBRIATZ T Tl SEHIBIR DG BARE R F —NZED LI EE KIF
T OGN TIRR D> T=,

3. WFEDF ik

EAMEAR B AL 95728 cAMP [EE M2 H 358 7 1 —7 (Flamindo2) 2 3 Bl 4 MET A
— SERERIST LT, SRR CIZ A TOMIFA cAMP (E B4 E U708, BLARILERT 3.5 BEfH—
EROMATE BARED BRAAS L, HLERLERE 10 BRRI% ETICETOMMBN cAMP 1E 52/l L
—35I9170%, MR AL TiX, 6-10 2 EIFE CHEBIMIC cAMP E B2 4AELLZ TR THE
A Z DHEE M 70— > DB ARERR 2 H AR5, 7> T, cAMP [E 5% B4 5—
DS, T DL Z A F 37 22 EHHIEIL TODEHGNITH72D10T, 25 L Lo
BOMBADAE S5 B EA m il - IR R IR L. B 2EROE S REE s MR E LT
PR T D ZENB RN E 2D, L LIRBBEEFEDOIIZEFHETIX, 2O LI KRB 8= AT I XIN
TSIl F T TIEA B R T DM E N -T2,

4. WA R
(1) cAMP 15 S B REfRIT &S X 2TV T (RO FE ..

cAMP B 5D HBL/ R AFHAT 2720 fFEgE - o7y
LI TRMED O SR B RIS T DB § T,
FH M F N 4 2 & B % L . AMATERAS(Aspired & e & e .
Multimodal/Multifunctional Analytical Tools for Every & .. f‘:ﬂ‘.";
Rare Activities in Singularity) & @14 L7z, Fo 7 h~D  ° o, il T | O Dx
A i/ MU D7 BB S M A i b L, oI F— ——

PER LT3 5D IRALEF(13 JT MR/ cm2)7)>2 245 O IRF ] Ei. %25 T

S fERE(E: 30 F2) C1OWFR LA BT 7> Clllakr & Cat

WAL LTz, BT — X% G0 2 IV AR Z A A — T MR T A2 E MR EECH 7=
DN, MR E AN 52 E COMNTO— 8% HBb 35728 O EEIT -7, ZORE R, BEEERY7:
) — & — HRA O FFAEBEE 235 F5(500-1000 AR 720 1 H) THHZ L, FE Mg & e mpTD1E 5iniE
BB 7e R D2 R 28, DOUEE R AR EICIZER O 10%% 557 +av —flaic L5 R
HEENMIATHHIE, I EDHALMN o7 (K1),

EIE] - i
2) o X2TVT 1Ha D B E. . G
EHREOYMICAHSND) —F — M7 v 7 —Hii : S PR
N, VAT LAEROEFHIEE E D IDITHIEL TWOD BN
(29572, 4000 MR 5 TefHikD(E S B iEZ — Mg AL ¢
SERICFRNT LT, b I, V—2 — @ oAUz cAMP
BB AR A B ST R TR TR A L A A A IR L
15 S5 I A 22 B Y R S 7, BURARIZ 1T 4000 IR 720
34 EDE BAREREIR(Z T A% —) N E A ST 03, LR
ZEITHI 15 (8] B OfF B3R Z BRI B I3 ER Dy T AL —
R e T ARERE A~ LYV BbAZENBIESNE (K 2), 2
DREER LS AAE B OREL 2 D) T N — LI E N D Rk e
FEEEETHY, EGFTHATOHRAE B O RS A 7 2 40000 ES ML




ST RLRDAREME N D -T2, T TOEAEDY —F — /7 30T — DO FEEE Z B LBl
2= arw# Tolb A V= — /T 5T —%/ VBT G e ~T By AT A TOIRBHE AR D%
DI ELZDZENHND THODNI /25T, Fio, FAFR OMIAER T —& — a7 +2Y —i
fazT7 NZA LRI LINDEBRET DL RFTE B OE EFERE R 2o T2 emnb, 2K
D 10%LL FZ& HODIEE RN IS v X 2TV T Y AT L ERO(E SEReZHlE 5287
SISy Ay

(3) X 2TVT RO HEI DB 3.

RS20 14

VX 2TVT AR IO E A BT AR, G z
ES L RE AT N SIE S e ) o P2 =1 A B e e N camon E
1
2,

BEECIE T LY DY — L DR AT~ CaMPARI =
TR Z L R EOS 2k 95 Ca’$iRIET,
Ca™ {5 558 ERFIZ 405nm ORFOLZ A SNIZ BB DHZ D
HIE RN DIRICAR A EA LS E D, BT A— N1
cAMP B3 ERHZ Ca® 5 52 AU D0, TOIRELEL Y
DIAES 2 FE S 2 dh D 7= O BEFE DY — L M 2 72\ ) R R
NdH-oT-, FZ T, CaMPARI @ Ca? #HiFnf%m EXE57-0,
MBS ZE BAR 72 N T Z DEBOM BB HEITID., K okt e T o i

=20 nM LV EEFER O CaMPARI-nano ZAERKL 72, ZORER, TERIF A FTRETH-7-2 v F =
FVTAMRED Ca? (5 BEhiEZ Al LT 5 2L, REZEE MR R X 2TV T IR E T~V T&ED
ZLENTREE AT (1K 3),

] 10 100 1000
Caz+ (nM)

BERED, Bx it orXaSVT o MlE -+ DE S GiEE ‘@

@) X 2TUT 1HlaO—Hla ST,

X 2TV T MR, A ORI AME B AED XA T DRSS TRWEWO RS A AT 5, 29
L 7= RS BE R A X 2 D38 5 TR BUIR BE A BAR 572015 B BtA O WA BB C, V—& — /7 4 u v
—/Z DDA FEE L —#E RNAseq fiffT 21772572, cAMP 18 5 D3 A5+ 5 EE &
THEE(DFED cAMP ZBAK/ G RkIRER /DR 72 S e — R T 5185 1) # E BT LI 2 A,
ZDOIBIL IV N —F — /7 a0 — AT A EICES W E, TOMOMIETIIINODOR BB 44
DM ENEND DN ERNHALDNT IR 572, ZIHDFERIL AT AT A IR I Z S M7 )
RS NAEMTHY, cAMP (5 5 5iEE2L 26T B FRBLOBMI AL 7 INRE R D L)~
TaEHTLIZENALT ST,

(5) X 2TVT A HIFEORLIR.

Ve — /T 30— ) X 2TV T IR OEIREZ AR T 52 813 ARV Tieh T E 72
WCHD, MIIAZ LIZ B2 DX A7 C cAMP G B2 BlAAS T 2B L L Cld, BB TR BLO MR A
B HLARALER AT I I B S AR BE OB WS B9~ B AT REME S B 7, HERAYE LTI E R
WO DB 5T A X B A1 W T A5 T ol MFT oA liL, HEERER T
LT O AT RSN AUEREREE FICELEL . T D/ VAR DX A 7 %~ T TRl 4%
FHETHD, 7 OVABRMED XA 7 AR ©— 2 L7 AU RIS S B 59D L1/ B L,
AR il > TORUEIR E R RS S B 59D 28072 D, RIS T TSR E Y 7 L2 A I
[ LA~ 7 2 AR B IS B L7222 A, £ COMIaN T 00 — (/R 2T, Bk
RN ST, BUE T AHURERBE OB T2 KRESEZ T RIBEDHE RIT/RDZ LTI, RESME T T
Zdt% — BN EOR U2 VWD L) — X — D HERIRINZAECDHZEL R RETH o7, ZIHD
FERNG 7SIV ABRIEZ AL 7 I AR IR OB R TR BLO MR N 72 A B Cld7e< | HUERLERRE 2
BOTHEIZIRESIV T D ZENIALINI ST, i EDOWFTEND, REREE Tl % OFMIRIZH 8 I
M T2/ B3 203, B EL QTIE I OB T # Dtk L 7> TWD I EDHIS
NTWD, AWFFERERLE 2 DL BT A=Y 2T ATHERLELA~D I DA 15 LR
ALERFF OHIB A HNARFE L TUES SV TCWAZ LA BT 5, 2L R, SEAE B O EIZ
I cAMP (& SHARERE I OMIE I ~T 0t N THLE IS =2 — a2 LD Pl B
T 5,

AIFFENBAEEET A— 30 B CHERAIE B RICIE, OFRGETHHL X 2TV T HikEs
FETHIE, QZNAEZL L RATRRE BRI, MREM OE 5B A FER I~ B S5
ETCUAT AEREROFEEN 2 KRESERSEDHZLE, QZHLIE T E L., Mo E LD AT AT
WIET o~T aPEIZBRE S UARRD TR ANANRBIGR THLHZ ERHALMNI R T, FiZefilaizkn s A
TLAEROBRENKESERTHVAT AT, KEE GRS FAET VRERBICAHEINLEEZD
ND, ARHFGE TR S NI B DOINTHANT D % 723 o X 2TV T 4 BIG OBF e 2 NE S5 MRS
b,



27 27 0 18

Sakane Ayuko Yano Taka-aki Uchihashi Takayuki Horikawa Kazuki Hara Yusuke Imoto Issei 4

Kurisu Shusaku Yamada Hiroshi Takei Kohji Sasaki Takuya

JRAB/MICAL-L2 undergoes liquid-liquid phase separation to form tubular recycling endosomes 2021

Communications Biology -
DOl

10.1038/s42003-021-02080-7

Sarca Anamaria D. Sardo Luca Fukuda Hirofumi Matsui Hiroyuki Shirakawa Kotaro Horikawa 12

Kazuki Takaori-Kondo Akifumi lzumi Taisuke

FRET-Based Detection and Quantification of HIV-1 Virion Maturation 2021

Frontiers in Microbiology -
DOl

10.3389/fmicb.2021.647452

Suzuki Akinobu Z. Sakano Taichi Sasaki Hirona Watahiki Rei Sone Masaki Horikawa Kazuki 57

Furuta Toshiaki

Design and synthesis of gene-directed caged cyclic nucleotides exhibiting cell type selectivity 2021

Chemical Communications 5630 5633
DOl

10.1039/d1cc01405F

Ichimura T. Kakizuka T. Horikawa K. Seiriki K. Kasai A. Hashimoto H. Fujita K. Watanabe 11

T. M. Nagai T.

Exploring rare cellular activity in more than one million cells by a transscale scope 2021

Scientific Reports

DOl
10.1038/s41598-021-95930-7




Mitsuhashi Atsushi Kondoh Kensuke Horikawa Kazuki Koyama Kazuya Nguyen Na Thi Afroj 112
Tania Yoneda Hiroto Otsuka Kenji Ogino Hirokazu Nokihara Hiroshi Shinohara Tsutomu
Nishioka Yasuhiko
Programmed death (PD)- 1/PD- ligand 1 blockade mediates antiangiogenic effects by tumor- 2021
derived CXCL10/11 as a potential predictive biomarker
Cancer Science 4853 4866
DOl
10.1111/cas.15161
Hirota Keisho Hirashima Tsuyoshi Horikawa Kazuki Yasoda Akihiro Matsuda Michiyuki 163
C-type Natriuretic Peptide-induced PKA Activation Promotes Endochondral Bone Formation in 2022
Hypertrophic Chondrocytes
Endocrinology -
DOl
10.1210/endocr/bgac005
Beppu Kana Tsutsumi Rie Ansai Satoshi Ochiai Nana Terakawa Mai Mori Marie Kuroda 601
Masashi Horikawa Kazuki Tomoi Takumi Sakamoto Joe Kamei Yasuhiro Naruse Kiyoshi Sakaue
Hiroshi
Development of a screening system for agents that modulate taste receptor expression with the 2022
CRISPR-Cas9 system in medaka
Biochemical and Biophysical Research Communications 65 72
DOl
10.1016/j .bbrc.2022.02.082
Shimizu Kenji Sugiura Daisuke Okazaki Il-mi Maruhashi Takumi Takemoto Tatsuya Okazaki Taku 118
PD-1 preferentially inhibits the activation of low-affinity T cells 2021
Proceedings of the National Academy of Sciences 2107141118

DOl
10.1073/pnas.2107141118




Hayashi Shinichi Suzuki Hitomi Takemoto Tatsuya 478

The nephric mesenchyme lineage of intermediate mesoderm is derived from Thx6-expressing 2021

derivatives of neuro-mesodermal progenitors via BMP-dependent Osrl function

Developmental Biology 155 162
DOl

10.1016/j .ydbio.2021.07.006

Sugiura Daisuke Okazaki Il-mi Maeda Takeo K. Maruhashi Takumi Shimizu Kenji Arakaki 23

Rieko Takemoto Tatsuya Ishimaru Naozumi Okazaki Taku

PD-1 agonism by anti-CD80 inhibits T cell activation and alleviates autoimmunity 2022

Nature Immunology 399 410
DOl

10.1038/s41590-021-01125-7

Basak Udoy S. Sattari Sulimon Horikawa Kazuki Komatsuzaki Tamiki 102

Inferring domain of interactions among particles from ensemble of trajectories 2020

Physical Review E -
DOl

10.1103/physreve.102.012404

Basak Udoy S. Sattari Sulimon Hossain Md. Motaleb Horikawa Kazuki Komatsuzaki Tamiki 154

An information-theoretic approach to infer the underlying interaction domain among elements 2021

from finite length trajectories in a noisy environment

The Journal of Chemical Physics

DOl
10.1063/5.0034467




Basak Udoy S. Sattari Sulimon Hossain Motaleb Horikawa Kazuki Komatsuzaki Tamiki

18

Transfer entropy dependent on distance among agents in quantifying leader-follower 2021

relationships

Biophysics and Physicobiology 131 144
DOl

10.2142/biophysico.bppb-v18.015

lida Hideaki Furukawa Yoko Teramoto Machiko Suzuki Hitomi Takemoto Tatsuya Uchikawa 25

Masanori Kondoh Hisato

Sox2 gene regulation via the D1 enhancer in embryonic neural tube and neural crest by the 2020

combined action of SOX2 and ZIC2

Genes to Cells 242 256
DOl

10.1111/gtc.12753

Nakatani Taichi Iwasaki Mitsuhiro Yamamichi Atsuhiro Yoshioka Yuta Uesaka Toshihiro Bitoh 62

Yuko Maeda Kosaku Fukumoto Takumi Takemoto Tatsuya Enomoto Hideki

Point mutagenesis in mouse reveals contrasting pathogenetic effects between MEN2B- and 2020

Hirschsprung disease- associated missense mutations of the RET gene

Development, Growth & Differentiation 214 222
DOl

10.1111/dgd. 12664

Teramoto Machiko Sugawara Ryo Minegishi Katsura Uchikawa Masanori Takemoto Tatsuya Kuroiwa 9

Atsushi Ishii Yasuo Kondoh Hisato

The absence of SOX2 in the anterior foregut alters the esophagus into trachea and bronchi in 2020

both epithelial and mesenchymal components

Biology Open 558-566

DOl
10.1242/bi0.048728




Sugiura Daisuke Maruhashi Takumi Okazaki Il-mi Shimizu Kenji Maeda Takeo K. Takemoto 364
Tatsuya Okazaki Taku
Restriction of PD-1 function by cis-PD-L1/CD80 interactions is required for optimal T cell 2019
responses
Science 558 566
DOl
10.1126/science.aav7062
Yamamoto Shiori Uchida Yuji Ohtani Tomomi Nozaki Erina Yin Chunyang Gotoh Yoshihiro 61
Yakushiji- Kaminatsui Nayuta Higashiyama Tetsuya Suzuki Takamasa Takemoto Tatsuya Shiraishi
Yo- ichi Kuroiwa Atsushi
Hoxal3 regulates expression of common Hox target genes involved in cartilage development to 2019
coordinate the expansion of the autopodal anlage
Development, Growth & Differentiation 228 251
DOl
10.1111/dgd. 12601
Morishima Masaki Horikawa Kazuki Funaki Makoto 13
Cardiomyocytes cultured on mechanically compliant substrates, but not on conventional culture 2018
devices, exhibit prominent mitochondrial dysfunction due to reactive oxygen species and insulin
resistance under high glucose
PLOS ONE -
DOl
10.1371/journal .pone.0201891
Tanihara Fuminori Hirata Maki Nguyen Nhien T. Le Quynh A. Hirano Takayuki Takemoto 90
Tatsuya Nakai Michiko Fuchimoto Dai- ichiro Otoi Takeshige
Generation of PDX- 1 mutant porcine blastocysts by introducing CRISPR/Cas9- system into porcine 2018
zygotes via electroporation
Animal Science Journal 55 61

DOl
10.1111/asj.13129




Tanihara Fuminori Hirata Maki Nguyen Nhien Thi Le Quynh Anh Hirano Takayuki Takemoto 13

Tatsuya Nakai Michiko Fuchimoto Dai-ichiro Otoi Takeshige

Generation of a TP53-modified porcine cancer model by CRISPR/Cas9-mediated gene modification in 2018

porcine zygotes via electroporation

PLOS ONE -
DOl

10.1371/journal .pone.0206360

Harada Akihito Maehara Kazumitsu Ono Yusuke Taguchi Hiroyuki Yoshioka Kiyoshi Kitajima 9

Yasuo Xie Yan Sato Yuko Iwasaki Takeshi Nogami Jumpei Okada Seiji Komatsu Tetsuro Semba

Yuichiro Takemoto Tatsuya Kimura Hiroshi Kurumizaka Hitoshi Ohkawa Yasuyuki

Histone H3.3 sub-variant H3mm7 is required for normal skeletal muscle regeneration 2018

Nature Communications 1400-1400
DOl

10.1038/s41467-018-03845-1

Nishio K Tanihara F Nguyen T- V Kunihara T Nii M Hirata M Takemoto T Otoi T 53

Effects of voltage strength during electroporation on the development and quality of in vitro- 2018

produced porcine embryos

Reproduction in Domestic Animals 313 318
DOl

10.1111/rda.13106

Maruhashi Takumi Sugiura Daisuke Okazaki Il-mi Shimizu Kenji Maeda Takeo K. Ikubo Jun 55

Yoshikawa Harunori Maenaka Katsumi Ishimaru Naozumi Kosako Hidetaka Takemoto Tatsuya

Okazaki Taku

Binding of LAG-3 to stable peptide-MHC class Il limits T cell function and suppresses 2022

autoimmunity and anti-cancer immunity

Immunity 912 924
DOl

10.1016/j . immuni .2022.03.013




Yudai Hatakeyama, Nen Saito, Yusuke Mii, Ritsuko Takada, Takuma Shinozuka, Tatsuya Takemoto, 14
Honda Naoki, Shinji Takada
Intercellular exchange of Wnt ligands reduces cell population heterogeneity during 2023
embryogenesis
Nature Communications 1-16
DOl
Horikawa Kazuki Nagai Takeharu 2483
Live Imaging of cAMP Signaling in D. discoideum Based on a Bioluminescent Indicator, Nano- 2022
lantern (CAMP)
Methods in Molecular Biology 231 240
DOl
10.1007/978-1-0716-2245-2_14
Takemoto Tatsuya 2050
Zygote Electroporation for CRISPR/Cas9 Delivery to Generate Genetically Modified Mice 2019
Methods Mol Biol 121 126

DOl
10.1007/978-1-4939-9740-4_13

2022




10

45

2022

60 36

2021

Kazuki Horikawa

Onset of the signaling wave at 10,000 cell population

PacifiChem2021

2021

CAMP

42

2019




Kazuki Horikawa

“ Singularity Biology : small elements change the function of the systems”

1CSB2019

2019

Kazuki Horikawa

Red fluorescent cAMP indicator with increased affinity and expanded dynamic range

The 18th Annual Meeting of the Protein Science Society of Japan

2018
1
( )
2022
3
Tatsuya Takemoto 2020
Humana Press 6

"Zygote Electroporation for CRISPR/Cas9 Delivery to Generate Genetically Modified Mice" in
Electroporation Protocols (Methods in Molecular Biology)




Kazuki Horikawa 2018
Springer 7
How Low Can You Go? The Numbers of Cells That Make Up Bodies: Large Numbers and Small Numbers,
Minorities and Small Numbers from Molecules to Organisms in Biology-Toward a New Understanding
of Biological Phenomena

2018

36 No.20

CAMP , 100

(TAKEMOTO Tatsuya)

(30443899)

(16101)




