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Molecular mechanisms underlying the generation and transduction of mechanical
forces during brain development

Kengaku, Mineko

114,500,000

in vitro

We analyzed the impact of the mechanical properties of the developing brain
tissue and cells in the control of the fate, position and shape of neurons in the well-organized
cortex. We found that neurons switch the actomyosin force generation mechanisms in response to the
mechanical stress of the surrounding microenvironment. We also found that the nuclei of newborn
neurons are extremely soft due to its special nuclear lamina structure. The soft nucleus squeeze
into the narrow tissue spaces against the shear stress by sharp deformation and rotation driven by
the dynamic force of microtubule motors. We also proved that dendritic filopodia act as
mechanosensors for space exploration and control the spatial distribution of dendritic arbors where
collisions between projections do not occur. Furthermore, we developed a gel substrate that
reproduces the softness of brain tissue and established a protocol to promote neuronal
differentiation from neural stem cells.



B X C—19,. F—19—1, Z2—19 (@)

1. WH7ERRA S K DT =

LM AR IC B W T, HiicEEN T = 2 —a VBN 2 B8 L CRESMBZ O FE
FEDJFICHEIR L FLE U KU REInl s 2 TR T~ 50 S8 DWATICAE O IREIIN - S8 E == —
0 EZORE - TEREOZEARIZ Lo T, MEkICA C2I8H-OF 870 E OB EREE 134 < &
AT D, Lavl, 29 LIciifaz By & < B BREL ORI 7R Z2 (kA8 M - S0k - SEE)
(Z e G- A4 BGHLRRAE EE O RIS C F 597 2 O 235R EW BTl AFZ7EUEE 13Nz
TV E LT, MEERREEROH/E = 2 — v > ol & BHRZEE e LIS E 5 Hl i E B
PRI IR D LA T E 7o, JOHFRF £ TICHEES R L ORBPREE MR O/l =2 —n 2 LD
mORFZE R 3 fRRE CRIFHIBIZ T 2 Ml A A —V v I REMNL L, BET =2 —n O
FIEFICR O RSB EE R 2 SRV ZEM 2 E L Lo IcinEdT 22 L fEf o
RRIRZER IR T D 290 L 283 5 LaBHE L, EESAN M5 2 L8 ThETHLR
TR T MIEENRE 2 8 L L TN, E70, WRFEHE I8 O/NE RIS X DT T 84 ORI
BB TH/AE= 2 — o o OBENRE & 72 DHHEE OFPERNRE KA L TR Y . ZofHEEO
S EIR T OHE=2— 0 OEMREICHELE X0 LTRRENTVZ, ZhbHDF
fin f B | FEAERNZ IS 2 M K& OFHRR OFEMAIIEE 23, B OB = = — 1 o O an-<ifil el
FLEOREICE G 2 & B R filEs 2 ] 532 2 L2 AR E L THIE2BAR L7,

2. WHEOED

() fAE B OYPE AR AT L 7= Mo s B dil S & BB A 381 5 AR PRI B R O fiF

BT RGRERE TIRAN - T2k N 2 = o —a U IEE U, Z9 2 Koy X 5 T8 A rhE
EWPEDOHIEREAE 2 B S 2N T D, /MM DR % A D BERCHIIE O &% OB RE & 2 O
A, 703 A DY M SRR TS AU 72 IR D BIRZSIEE & R BH 3 2 B IR R 2 X T CfE
Wrefile o,

(2) MRS EREE DI & S T3 AT~ DSBS

ARV — T HIBEANZE ] C = 2 — v AN IS IO I AR A R U, T A A ST
Bo £z, KB =2 —u U 2E7 VI, JRTDBEMEL 7 £ O )73 2 VW CRE R
IR TRURR OB NG F1 5547 OB ZEAY A SERNC AT L. AR I O E a2 T E 9 54 T1%
a2 5,

Q) FARFTIZFRE AT D 0Ne ) ORFZEMBIRE 2 r R L9~ 5 EEHIA A — RENTIE O BRI %
AN T CHIBZ AR SN D 1B X OEN BT 5 &2 b 287 e —7 2% L,
RRHREAR N CAHBRR OB INIE T 5347 O BN RE % B AT 9~ 5 BT BN 2 Mt 3%,

3. WHED Ik

Za—nu T A THE U NMEEEOU R R HBEEE R & OFRERGR EZ UV, AT R T R
fa g ¥ OB RE A i IRFZE R 3R C T A TR AT o 1o, MR ZBUST 2 7 7 7 A4 N — Z4L
PR T L RE—ALEE 72 EOTIRIB LN A X AT A 2 W3R R OB 1T
ol

WERIE - A1 Y — & LTS &7z TsMod  (Grashoff et al., Nature 2010) =&ML
T, BT (T 2> F1E Nesprin) IZ8ENE VY —FRET 2= F &AL —05 70
ARt R AT, WATLCL e —XZRE LAY 727 VL7 I RV EChllazifid ST
E— X OWUN BN X AR OEEHA L, Y a=a— N UBIO DR BT A | SR
BAZE AT o7, £z, FRHIBEMEEZ W CGlila DY > 7 3 &2 1770 o 72,

4. WFFERRE

(D) ffe B & oY AT U 7= M Eh il fE s & R B ARIC 35 1) B A BRRY B aR O fE ]

= o—n ViEE MM E TR E AT 2 BRI OB RE A T A TBIEL LTSRS, S iR
MR 29 0 KT DRI DO LWERBCREY OREEEZ RH Lz, Zh b o#ieldZIcER
DNTIINERS NI EE Th D &5 2, 00 TR Z il L7, EEEMo=2—a iz
WCHEIL eytoplasmic dynein (LLFZ A =) O~ A F AT — & —iEME CHIER R L 7=5%
BGEREISND LB LN TE e, ARy 7B L SEBFERRIC L0 | FRRIE I INE 13
FEPECER L TR, ¥4 =2 & X2 Okt —2 — Nk nETHH 2 b W5
MPEE—% — T 2 41 Nesprin—2 EENIUICHES L. & H1O/ERT 2EAC X 0 I #E=0m]
HR/p PO A AT L AL LE (K1) (Wu et al., Development 2018),




WIZ Nesprin—2 & XA =V « IR DfE
BT L, BV B s O 2T ~
(T D % %3 UAEAELS & AT O & R

A =AW AEYINFEE L., 2R Ehh A <> Nesprin-1/2
SIS L TEALARAVWELZ L L, . A
Nesprin-2 %7 %7 % — & LI= s/ NE ks ﬁﬂi § 3 D

MERRIE LT ZA, XV URENREA = 53z

TR b LB b S = LA b | ) T \L
ST, T 7B Nesprin 12 &L AL IL.,
FHEE—% —0Ea L oo E't—4%— B g

M~ s sz e s cins, x| @ @ @—
CBIA %V:E_& *—{E‘[‘i%%fﬁ%{ﬁ@ﬁ‘éjﬂ 1:Za—RAY#E nesprin-1/2 N L THINEE—42
BERGEETMCEET 22 EBWONIIIRD | _Lea | prsssschtbEiEsEs T,

7= (Zhou and Kengaku, Biocell in press),
S BT MR B OEE & AIREIC T DD
WA SN T B2, ARG HEBEL -
T D K72 2 /MK R 2 W TR 7R D BEISEE (AR I K v v ZRAEAIT T2 & T A,
RO X O AR & b L T IMiA— X —F o<, RO HOBEIE TR LS
HERF L TR D SRR 2 RIS T VR D DICERITH 5 2 EIVRIB I NTZ, T OFRFY
EOMIMEZHIET 27 I A (IMNA) OFBNGEE < BEISE THOA% 3 BED D S A
HWIOLFITLTTIIVADRBEERRS D Z LD, ERIPEIL LMINA ORBUKFET D Z &0
AR ENTE (REFR),

Wu et al., Development 2018

BRRIGE MR /NI o AR 3B 1 oyl U 72 8560 23 B 9712 0 A 9 % 22 [ Rt A
RZE A BT 5, I-BAR KA A 245+ MIM/Mtss—1 KIBEMW T 7L % o i shiR 22 A B
25 T L BFNINDITEM NS — CTEREE & AT LT, BRREMRMT OFE R, Mtss—1 [IRRIRZEE
OAVFE S —ThDHT7 4 0BT 4 7T formin 7 7 I U —4F Daaml \Z5EE L. 7 27 F ik
R EET S 22O LT, Mtss-1 RETFTIET 7 FVEAMEESNTT s aRT
S T REREIHET D72 OEEMOEENE T 0 HAMRAFR NG MEEE X5 72 DR 2R
MBRIZ/2 D Z L% in vivo EBRB I N in silico BT /VHIAER CIEALZ, +7bb7 4
RTATIEAT 7o —E L THHRE L, BRRZSGE MR AAE I X 2 22 FeER 53 I8 1 A
BETHAHZIEZHOMNIL: (X2) (Kawabata et al., 2018),

Fo, WHHAEN T =2 —nr  OfRZE
ﬁ & $EE§"§'Z))|E§§ L ’C%%l{j{ e ﬁa]"lﬂ‘ﬂ— A E#GZ2—NL0BE MTSSIARHALEZ2—0 e

BB 2 W BREE O VR 2 ffbr
U 7z, B ik C R MERLI L7z — &t@& @s& m\‘{&

RN T e E TR ETTE T A
R UL /I BB O sl 3R IR 2L ] oD JEL
EVERE G 2 B 78 " ROCEE SR T RS
AT D Z L AT LT, & DICkRRZER
BRI B FA~7 B> BIIT 8E S A %
&,r@%/ﬁ\a:%\gf% 5 - k %ﬁ‘m L/f:O Ayan—oROTIFY il TATAMROTIFY

oy

Wi

o - f?dmssw OARP23 MTSS1%L OARP213
EAZMEES LBk Zei i 3m ViR ) & Olssiesy OBt

FLTRY, A7 MY BIII KHEIZ - -
AN 1IE?

EWRDNY  RHRZEEEO WM E AT

DRERFD—>ThH DI ENRE XN (Fujishima et al., 2020),

(2) HHARIANEREE D Wit~ D S BB

Za—u VEEOBREN I L 72T R I AV KRR ) AR AT L. B2 2K
JCREEE LA S VN O PAHZER O 3IRTEHE R FCT7 7 hI AT VEBICEVRH D Z L & A
H U7z, 2 RICHEEE T OIS IR L ClllaRIcES | 1 23T 2 0% L, 3ok
TITEL HIERE L CRBEOMEEIC T 7 S I A g2~ 7T L7 IBRAH D % N5
OWENERT A Z LR EINT-, MIREL X YRVl Z @i X5 Transwell 7 vt A
ZRAWTHEMERALAIT o TofER, BREEE T AT v RV OIEHLIZ L 2 v T Ak
A& LTMak 5B 57 7 FIA T U NHERLETH D Z 2 R L-, —F ., s
F ¥ FUI 2RI TO= a2 —a VEEIIIARETH Y . M RE O 2 S0 dEE
T— RO DEENDH D Z EREE I s (RERERF),

JECF- [ 21 BRI EE (ARM) 295 LT, ZAEM O KN E O FIER SRS I LB+ 25 2 & &2oR




L7z ARFEHIM I, 1) 7' ) X%V — i X DEZEERIC ARMBIEZITH 2 & T, REE
(TR D [ & 2 fERF U 7= b CRk & 72 BTl oD 58 4 #A M 0D ME SRAS B A4 (AR ISR T & B
i #B% L7 (Iwashita et al, 2020), 2) ZAERZRICHERSHTET 215 OBMESR 2T L,
BRI — ARPE RS B R L% —EIC R b 2 8. SRR IRt Eo oy Fa
AT UWB T 0T A7) o PNEERHEICEE TS L EERr L7 (Ryu et al, 2021), 3)
WP RAS B AT T T BRI+ 5 720 . PRI R R OS2 8D 17—, IGRRRIZ I
B SR (150-1500 Pa) ICFHFE CTE A7 VIR E 2 380 7 — 5 v OILFRIZREIZ L D FERR L,
t kPSR A E5# 9 5 2 & T IREZ/R Z & 2/~ L7- (Iwashita et al, 2019), 4)
W2, b MM EA T H L TX 5 Bt L AR — % —iPS f#l DA% 24T\ (Park et al, ik
STEREERET) . FEAN ETCOITA TA A= T EFT LT,

(3) FmpaRETIZHAE T D UIN ) DI ZE BN EE D E EiYA A — JHIITE DB %

Za—u UPRAETDHIHERET D HEE LT, SWEWETIEETE Y —0 TsMod #HW\ 5
FETH -T2, 14572 FRET #hREZB SN2 o772, %5 J18EEE (traction force
microscopy; TEM) %L L7-, ==2—n O N ZEET 5728 300Pa LU FD¥ 7 #HK
1. "= AEEE (500 nm) BRI R M #EEZ FF OO N TV ERR L, 7 VNI REE
LB —ADOMERESG X (um OREE) 2T L, Y¥a=a— N HEALO 2R T 2R
FHMNARETH D L 2R LTz, ZOZRZH V., 2 TOBHBER ClE= = —o ilFEiTdeE
EERANOT 7 b AT OIHICE VAL OB IZ IV E SN THC Z Lz /RHLE
(Umeshima et al., Neurosci. Res. 2019).




13 8 1 11

Nakato Mitsuhiro Shiranaga Naoko Tomioka Maiko Watanabe Hitomi Kurisu Junko Kengaku 296
Mineko Komura Naoko Ando Hiromune Kimura Yasuhisa Kioka Noriyuki Ueda Kazumitsu
ABCA13 dysfunction associated with psychiatric disorders causes impaired cholesterol 2021

trafficking

Journal of Biological Chemistry

100166 100166

DOl
10.1074/jbc.RA120.015997

Fujishima Kazuto Kurisu Junko Yamada Midori Kengaku Mineko 147
B 111 spectrin controls the planarity of Purkinje cell dendrites by modulating perpendicular 2020
axon-dendrite interaction
Development dev194530
DOl
10.1242/dev.194530
Nakazawa Naotaka Kengaku Mineko 8
Mechanical Regulation of Nuclear Translocation in Migratory Neurons 2020
Frontiers in Cell and Developmental Biology 150
DOl
10.3389/fcell1.2020.00150
Ochi Yotaro (30 ) Kengaku Mineko Miyano Satoru Shirahige Katsuhiko Suzuki Hiroshi 1. 10
Ogawa Seishi
Combined Cohesin?RUNX1 Deficiency Synergistically Perturbs Chromatin Looping and Causes 2020
Myelodysplastic Syndromes
Cancer Discovery 836 853

DOl
10.1158/2159-8290.CD-19-0982




KENGAKU Mineko 94

Cytoskeletal control of nuclear migration in neurons and non-neuronal cells 2018

Proceedings of the Japan Academy, Series B 337 349
DOl

10.2183/pjab.94.022

Kazuto Fujishima, Kelly Kawabata Galbraith & Mineko Kengaku 17

Dendritic Self-Avoidance and Morphological Development of Cerebellar Purkinje Cells. 2018

The Cerebellum 701 708
DOl

10.1007/s12311-018-0984-8

Kawabata Galbraith Kelly Kengaku Mineko 138

Multiple roles of the actin and microtubule-regulating formins in the developing brain 2019

Neuroscience Research 59 69
DOl

10.1016/j -neures.2018.09.008

Kawabata Galbraith Kelly Fujishima Kazuto Mizuno Hiroaki Lee Sung-Jin Uemura Takeshi 24

Sakimura Kenji Mishina Masayoshi Watanabe Naoki Kengaku Mineko

MTSS1 Regulation of Actin-Nucleating Formin DAAM1 in Dendritic Filopodia Determines Final 2018

Dendritic Configuration of Purkinje Cells

Cell Reports 95 106.e9

DOl
10.1016/j .celrep.2018.06.013




Umeshima Hiroki Nomura Ken-ichi Yoshikawa Shuhei Horning Marcel Tanaka Motomu Sakuma 142

Shinya Arai Fumihito Kaneko Makoto Kengaku Mineko

Local traction force in the proximal leading process triggers nuclear translocation during 2019

neuronal migration

Neuroscience Research 38 48
DOl

10.1016/j .neures.2018.04.001

Umeshima Hiroki Nomura Ken-ichi Yoshikawa Shuhei Horning Marcel Tanaka Motomu Sakuma in press

Shinya Arai Fumihito Kaneko Makoto Kengaku Mineko

Local traction force in the proximal leading process triggers nuclear translocation during 2018

neuronal migration

Neuroscience Research in press
DOl

10.1016/j -neures.2018.04.001

Wu You Kure Umeshima Hiroki Kurisu Junko Kengaku Mineko 145

Nesprins and opposing microtubule motors generate a point force that drives directional nuclear 2018

motion in migrating neurons

Development dev158782
DOl

10.1242/dev.158782

Nakatsuji Hirotaka Kawabata Galbraith Kelly Kurisu Junko Imahori Hiroshi Murakami Tatsuya 7

Kengaku Mineko

Surface chemistry for cytosolic gene delivery and photothermal transgene expression by gold 2017

nanorods

Sci Rep. 1-10
DOl

10.1038/s41598-017-04912-1




Hatsukano Tetsu Kurisu Junko Fukumitsu Kansai Fujishima Kazuto Kengaku Mineko 11

Thyroid Hormone Induces PGC-la during Dendritic Outgrowth in Mouse Cerebellar Purkinje Cells 2017
Front Cell Neurosci. 1-14
DOl

10.3389/fncel .2017.00133

23 17 11

Neuronal migration in 3D brain tissue.

14

2020

Naotaka Nakazawa, Gianluca Grenci, Mineko Kengaku

Mechanical stress by extracellular confinement trigger a mode transition of neuronal migration.

58

2020

Beta I11 -

43

2020




Chuying Zhou, You Kure Wu, Mineko Kengaku

The dynamic interplay between microtubule-based motors and nuclear movement in migrating cerebellar granule cells.

43

2020

Kazuto Fujishima, Mineko Kengaku

Cytoskeletal regulation of Purkinje cell dendritic arbor morphology.

53

2020

You Kure Wu, Chuying Zhou, Hiroki Umeshima, Naotaka Nakazawa, Mineko Kengaku

Nuclear Migration in 3D Brain Tissue Driven by Cytoskeletal Forces.

20th LSACJ2019-International Conference on Interdisciplinary Life Sciences 2019

2019

Mineko Kengaku, You Kure Wu, Naotaka Nakazawa, Gianluca Grenci

Cytoskeletal forces driving nuclear migration in developing neurons.

The 10th IBRO World Congress of Neuroscience 1BR02019

2019




Kazuto Fujishima, Kelly Kawabata-Galbraith, Mineko Kengaku

Cell-extrinsic control of dendritic tree patterns of the cerebellar Purkinje cell.

Current Trends and Future Directions of Synapse-Circuit Plasticity Research

2019

Chuying Zhou Gianluca Grenci

52

2019

52

2019

Mineko Kengaku

High resolution imaging of cytoskeletal dynamics in developing neurons.

Carl Zeiss Microscopy Seminar

2019




Mineko Kengaku

Cytoskeletal control of neuronal migration in the developing brain.

The SPIRITS International Symposium-2019 Regulation of cell fate and disease treatment

2019

Mineko Kengaku

High-resolution Imaging of Neuronal Migration in the Developing Brain.

Kyoto University-UCLA International Symposium/25th iCeMS International Symposium

2018

Mineko Kengaku

Cytoskeletal control of nuclear movement during neuronal migration.

Capital Medical University Symposium ‘* A New Era of Molecular and Cellular Neuroscience

2018

. Studying cell dynamics in the developing brain using in vitro reconstruction systems.

41

2018




Mineko Kengaku

Dynamics and mechanisms of nuclear migration in brain cells.

1CeMS-I1THEMS Joint Workshop on Interdisciplinary Biology

2018

Kazuto Fujishima and Mineko Kengaku

Molecular mechanism of cytoarchitecture formation of cerebellar neurons.

The 3rd Japan-US Technical Information Exchange Forum Blast Injury

2018

2017

Mineko Kengaku

Developing neurons on the move - dynamic sculpting of one-of-a-kind dendritic trees.

BSI Retreat 2017

2017




Mineko Kengaku, You Kure Wu and Hiroki Umeshima

Molecular basis of the mechanical force driving neuronal migration in the developing brain.

Joint Meeting of the German and Japanese Societies of Developmental Biologists

2017

. Cytoskeletal control of dynamic motility of the nucleus during neuronal
migration.

39

2016

Mineko Kengaku

The molecular nature of the force driving nuclear transport during neuronal migration.

Swiss-Kyoto Joint Symposium on Life Science

2016

Mineko Kengaku

Mechanics underlying cell architecture formation in the developing brain.

Center for Functional Connectomics Seminar, Korea Institute of Science and Technology

2016




2018

336

2018

368

http://www.time.icems.kyoto-u.ac.jp/

(Kosodo Yoichi)




(Tanaka Motomu)

(00706814)

(14301)

Mechanobiology Institute

Korean Brain Research
Institute

Heidelberg University




