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Abstract 

The adheUeQV MXQcWLRQ (AJ) LV aQ acWLQ fLOaPeQW-aQchRULQg MXQcWLRQ. IW SOa\V a ceQWUaO UROe LQ 

eSLWheOLaO PRUShRgeQeVLV WhURXgh cadheULQ-baVed UecRgQLWLRQ aQd adheVLRQ aPRQg ceOOV. The 

VWabLOLW\ aQd SOaVWLcLW\ Rf AJV aUe UeTXLUed fRU Whe PRUShRgeQeVLV. AQ acWLQ-bLQdLQg Į-caWeQLQ LV 

aQ eVVeQWLaO cRPSRQeQW Rf Whe cadheULQ-caWeQLQ cRPSOe[ aQd fXQcWLRQV aV a WeQVLRQ WUaQVdXceU 

WhaW chaQgeV LWV cRQfRUPaWLRQ aQd LQdXceV AJ deYeORSPeQW LQ UeVSRQVe WR WeQVLRQ. DeVSLWe PXch 

SURgUeVV LQ XQdeUVWaQdLQg PROecXOaU PechaQLVPV Rf WeQVLRQ VeQVLWLYLW\ Rf Į-caWeQLQ, LWV 

VLgQLfLcaQce RQ eSLWheOLaO PRUShRgeQeVLV LV VWLOO XQNQRZQ. HeUe Ze VhRZ WhaW Whe WeQVLRQ 

VeQVLWLYLW\ Rf Į-caWeQLQ LV eVVeQWLaO fRU eSLWheOLaO ceOOV WR fRUP URXQd VSheURLdV WhURXgh SURSeU 

PXOWLceOOXOaU UeaUUaQgePeQW. UVLQg a QRYeO iQ YiWUR VXVSeQVLRQ cXOWXUe PRdeO, Ze fRXQd WhaW 

eSLWheOLaO ceOOV fRUP URXQd VSheURLdV eYeQ fURP UecWaQgXOaU-VhaSed ceOO PaVVeV ZLWh hLgh aVSecW 

UaWLRV ZLWhRXW XVLQg hLgh WeQVLRQ aQd WhaW h\SeUVeQVLWLYe PXWaQWV affecWed WhLV PRUShRgeQeVLV. 

AQaO\VeV Rf AJ fRUPaWLRQ aQd ceOOXOaU WUacNLQg dXULQg URXQdLQg PRUShRgeQeVLV VhRZed ceOOXOaU 

UeaUUaQgePeQW, SURbabO\ WhURXgh AJ UePRdeOLQg. The UeaUUaQgePeQW RccXUV aW Whe ceOO PaVV OeYeO, 

bXW QRW VLQgOe-ceOO OeYeO. H\SeUVeQVLWLYe Į-caWeQLQ PXWaQW-e[SUeVVLQg ceOOV dLd QRW VhRZ ceOOXOaU 

UeaUUaQgePeQW aW Whe ceOO PaVV OeYeO, VXggeVWLQg WhaW SURSeU AJ SOaVWLcLW\ UeTXLUeV aSSURSULaWe 

WeQVLRQ VeQVLWLYLW\ Rf Į-caWeQLQ. 
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Introduction 

The PRUShRgeQeVLV PechaQLVP LQ PXOWLceOOXOaU RUgaQLVPV LV RQe Rf Whe PRVW LPSRUWaQW UeVeaUch 

WRSLcV fRU deYeORSPeQWaO aQd ceOO bLRORgLVWV. The eSLWheOLaO WLVVXe WhaW VeSaUaWeV Whe LQVLde aQd 

RXWVLde Rf Whe OLYLQg eQYLURQPeQW cRQWULbXWeV WR a VLgQLfLcaQW SaUW Rf PRUShRgeQeVLV. IW LV a VheeW-

OLNe VWUXcWXUe cRPSRVed Rf eSLWheOLaO ceOOV cRQQecWed b\ VeYeUaO W\SeV Rf ceOO-ceOO MXQcWLRQV. The 

eSLWheOLaO VheeW caQ VWUeWch, beQd, RU SaUWO\ SURWUXde WR fRUP baVLc VWUXcWXUeV cRPPRQ aPRQg VSecLeV, 

VXch aV gURRYeV, hROORZ VWUXcWXUeV, aQd bUaQchLQg (1). SLQce Whe eaUO\ 20Wh ceQWXU\, Whe 

PRUShRgeQeVLV Rf PXOWLceOOXOaU RUgaQLVPV haV beeQ VWXdLed. E[SeULPeQWV RQ Whe VeSaUaWLRQ aQd 

UeaVVePbO\ Rf Vea XUchLQ ePbU\RV RU VSRQgeV LQdLcaWed WhaW ceOOV caQ VRUW WhePVeOYeV deSeQdLQg RQ 

WLVVXe VSecLfLcLW\ aQd VSRQWaQeRXVO\ UeaVVePbOe WheLU WLVVXeV (2, 3). SXch feaWXUeV ZeUe aOVR 

RbVeUYed LQ YeUWebUaWeV, aQd dLffeUeQceV LQ ceOO-ceOO adheVLYe fRUce (4) RU VXUface WeQVLRQ (5) Rf ceOOV 

ZeUe SURSRVed aV Whe SULPaU\ facWRU caXVLQg VRUWLQg LQ PaPPaOLaQ ceOOV. SXbVeTXeQW VWXdLeV VhRZed 

WhaW Whe adheVLYe fRUce LQcUeaVeV LQ SURSRUWLRQ WR Whe QXPbeU Rf adheVLRQ PROecXOeV aQd LQYeUVe 

SURSRUWLRQ WR cRUWLcaO WeQVLRQ (ZhLch decUeaVeV adheVLYe aUea), aQd dLffeUeQceV LQ Whe WRWaO adheVLYe 

fRUce caXVeV VRUWLQg (6, 7). The acWXaO PRUShRgeQeVLV LQ OLYLQg RUgaQLVPV LV PRUe cRPSOe[, aQd 

PaQ\ VWXdLeV haYe beeQ cRQdXcWed XVLQg YaULRXV RUgaQLVPV. The\ UeYeaOed Whe LPSRUWaQce Rf 

VSaWLRWePSRUaO UegXOaWLRQ Rf SURgUaPPed ceOO deaWh (8), ceOO dLYLVLRQ (9), ceOO PLgUaWLRQ (10), aQd 

ceOO defRUPaWLRQ (11) fRU PRUShRgeQeVLV. CeOO dLYLVLRQ aQd aSRSWRVLV cRQWULbXWe WR ORcaO ceOO QXPbeU 

aQd UeaUUaQgePeQW UegXOaWLRQ, ZhLOe ceOO PLgUaWLRQ cRQWULbXWeV WR WLVVXe UeaUUaQgePeQW RQ a OaUgeU 
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VcaOe. SLgQaOLQg SOa\V aQ LPSRUWaQW UROe LQ deWeUPLQLQg Whe WLPLQg Rf WheVe chaQgeV WhURXgh 

cRPPXQLcaWLRQ beWZeeQ dLVWaQW ceOOV (12). 

MaQ\ ceOOXOaU defRUPaWLRQV WhaW dLUecWO\ cRQWULbXWe WR OaUge defRUPaWLRQV Rf eSLWheOLaO 

WLVVXeV deSeQd RQ Whe fRUceV geQeUaWed b\ acWRP\RVLQ LQ LQdLYLdXaO ceOOV (13, 14). ReceQWO\, Whe 

LQYROYePeQW Rf fRUce LQ eSLWheOLaO PRUShRgeQeVLV haV beeQ LQWeQVLYeO\ VWXdLed XVLQg WheRUeWLcaO 

aSSURacheV. MaQ\ PaWhePaWLcaO PRdeOV haYe beeQ eVWabOLVhed WR SUedLcW PRUShRORgLcaO chaQgeV LQ 

eSLWheOLaO WLVVXeV LQ UeVSRQVe WR PechaQLcaO VWLPXOL (15±19). BecaXVe SUecLVLRQ PaQLSXOaWLRQ RU 

PeaVXUePeQW Rf fRUce iQ YiYR LV hLghO\ chaOOeQgLQg, WheRUeWLcaO PRdeOLQg RccXSLeV aQ eVVeQWLaO 

SRVLWLRQ LQ XQdeUVWaQdLQg PXOWLceOOXOaU behaYLRU dXULQg PRUShRgeQeVLV. TheVe e[SeULPeQWaO aQd 

WheRUeWLcaO LQYeVWLgaWLRQV gaYe a beWWeU XQdeUVWaQdLQg Rf Whe geQeUaWLRQ aQd WUaQVPLVVLRQ Rf WeQVLRQ 

aQd LWV UeVSRQVeV WR PXOWLceOOXOaU RUgaQLVPV¶ PRUShRgeQeVLV. 

AdheUeQV MXQcWLRQV (AJV) aUe LQLWLaOO\ fRUPed ZheQ ceOOV cRPe LQWR cRQWacW ZLWh each 

RWheU aQd VeUYe aV VLWeV fRU WUaQVPLWWLQg WeQVLRQ beWZeeQ ceOOV. AJV aUe cadheULQ-baVed aQd fRUPed 

QeaU Whe aSLcaO UegLRQ Rf ceOO bRXQdaULeV, ZheUe Whe acWLQ c\WRVNeOeWRQ LV aQchRUed b\ Į-caWeQLQ (20). 

AJV SOa\ a YLWaO UROe LQ WUaQVPLWWLQg fRUceV UeTXLUed fRU ceOO defRUPaWLRQ WR Whe SOaVPa PePbUaQe aV 

acWLQ-aQchRULQg VLWeV aQd WUaQVPLWWLQg WheP WR adMaceQW ceOOV (21, 22). The cRQWUacWLRQ Rf AJ-

aQchRUed acWRP\RVLQ caXVeV aSLcaO cRQVWULcWLRQ aW Whe AJ ORcaWLRQ. AJV ZLWhVWaQd WeQVLRQ aQd 

PaLQWaLQ cRQQecWLRQV beWZeeQ adMaceQW ceOOV (23). TheQ, Whe defRUPaWLRQ Rf LQdLYLdXaO ceOOV caXVeV 
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Whe defRUPaWLRQ Rf Whe eQWLUe eSLWheOLaO VheeW. The dLVUXSWLRQ Rf eLWheU LQWUaceOOXOaU AJ-acWLQ fLOaPeQW 

aVVRcLaWLRQ RU e[WUaceOOXOaU cadheULQ-cadheULQ aVVRcLaWLRQ aW AJV caXVeV PRUShRgeQeWLc faLOXUe. IQ 

Whe SURceVV Rf eSLWheOLaO PRUShRgeQeVLV, VXch aV Whe YeQWUaO fXUURZ fRUPaWLRQ LQ DURVRShila 

ePbU\RV aQd Whe QeXUaO WXbe LQ YeUWebUaWeV, AJV PXVW PaLQWaLQ VXffLcLeQW VWUXcWXUaO VWabLOLW\ (24). 

MaQ\ PROecXOeV aUe LQYROYed LQ eQVXULQg Whe VWUXcWXUaO VWabLOLW\ Rf AJV. CadheULQV eQabOe 

adheVLRQ WR QeLghbRULQg ceOOV WhURXgh hRPRShLOLc bLQdLQg LQ WheLU e[WUaceOOXOaU UegLRQ, aQd Į-

caWeQLQ bLQdV WR Whe c\WRSOaVPLc UegLRQ WhURXgh ȕ-caWeQLQ WR fRUP Whe cadheULQ-caWeQLQ cRPSOe[ (25, 

26). Į-CaWeQLQ bLQdV WR acWLQ fLOaPeQWV eLWheU dLUecWO\ (27, 28) RU b\ acWLQ-bLQdLQg SURWeLQV, LQcOXdLQg 

YLQcXOLQ (29±31). Į-CaWeQLQ LV eVVeQWLaO LQ AJ fRUPaWLRQ VLQce Whe ORVV Rf Į-caWeQLQ, RU LWV acWLQ-

bLQdLQg abLOLW\, caXVeV faLOXUe Rf AJ fRUPaWLRQ aQd ORVV Rf acWLQ fLOaPeQW¶V aVVRcLaWLRQ ZLWh Whe 

cRPSOe[ (32±36). IQ addLWLRQ WR Į-caWeQLQ, RWheU acWLQ-bLQdLQg SURWeLQV, VXch aV afadLQ (37, 38) RU 

ZO-1 (39) accXPXOaWe LQ AJV, aQd acWLQ fLOaPeQWV aUe aOVR fUeTXeQWO\ aVVRcLaWed ZLWh AJ LQ WLVVXeV. 

IQ a W\SLcaO SROaUL]ed eSLWheOLaO ceOO, Whe AJ VXUURXQdV Whe aSLcaO UegLRQ Rf Whe ceOO aV a beOW, aQd aQ 

acWLQ fLOaPeQW bXQdOe deYeORSV ZLWh LW. MaQ\ Rf Whe abRYe acWLQ-bLQdLQg SURWeLQV caQ bLQd WR Į-

caWeQLQ. APRQg WheP; YLQcXOLQ bLQdV WR Į-caWeQLQ LQ a WeQVLRQ-deSeQdeQW PaQQeU (29±31). The 

LPSRUWaQce Rf YLQcXOLQ LQ AJ-aVVRcLaWed PRUShRgeQeVLV LV eYLdeQW; ORVV Rf YLQcXOLQ OeadV WR faLOXUe 

Rf Whe QeXUaO WXbe cORVXUe, a SURceVV LQYROYLQg aSLcaO cRQVWULcWLRQ deVcULbed abRYe, aQd VeYeUeO\ 

affecWV heaUW deYeORSPeQW (40), LQ ZhLch AJV aUe cRQVWaQWO\ VXbMecWed WR hLgh WeQVLRQ. 
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UQdeU WeQVLRQ-fUee cRQdLWLRQV, Į-caWeQLQ dReV QRW bLQd WR YLQcXOLQ dXe WR Whe facW WhaW Whe 

Į-heOL[ bXQdOe cRQWaLQLQg Whe VSecLfLc Į-heOL[ WhaW bLQdV WR YLQcXOLQ LV VWabLOL]ed b\ LQWUaPROecXOaU 

LQWeUacWLRQV aQd caQQRW LQWeUacW ZLWh YLQcXOLQ (41, 42). WheQ WeQVLRQ OaUgeU WhaQ 5 SN LV aSSOLed WR 

Whe PROecXOe, Whe Į-heOL[ bXQdOe becRPeV XQVWabOe, aOORZLQg Whe YLQcXOLQ-bLQdLQg Į-heOL[ WR be 

e[SRVed aQd bLQd WR YLQcXOLQ (41, 43). IW haV beeQ dLUecWO\ cRQfLUPed b\ AFM VWUeWchLQg aQd UeaO-

WLPe TIRF RbVeUYaWLRQ WhaW YLQcXOLQ LV UecUXLWed ZheQ WeQVLRQ LV aSSOLed WR Whe Į-caWeQLQ PROecXOe 

(44). ThXV, Į-caWeQLQ LV a fRUce-VeQVLWLYe YLQcXOLQ-bLQdLQg SURWeLQ. AVVRcLaWLRQ/dLVVRcLaWLRQ Rf acWLQ-

bLQdLQg SURWeLQ YLQcXOLQ WR Į-caWeQLQ ZRXOd cRQWULbXWe WR WeQVLRQ-deSeQdeQW UegXOaWLRQ Rf acWLQ 

fLOaPeQW-AJ aQchRULQg. 

WhaW LV Whe Sh\VLRORgLcaO VLgQLfLcaQce Rf Whe WeQVLRQ VeQVLWLYLW\ Rf Į-caWeQLQ? APLQR acLd 

UeVLdXeV LPSRUWaQW fRU YLQcXOLQ bLQdLQg aQd WeQVLRQ-deSeQdeQW cRQfRUPaWLRQaO chaQgeV haYe beeQ 

LdeQWLfLed baVed RQ cU\VWaO VWUXcWXUeV, aQd WeQVLRQ VeQVLWLYLW\ PXWaQWV haYe beeQ geQeUaWed baVed RQ 

WhLV LQfRUPaWLRQ (41, 45, 46). SeYeUaO gURXSV haYe LQYeVWLgaWed Whe cROOecWLYe PLgUaWLRQ Rf eSLWheOLaO 

ceOOV XVLQg VRPe Rf WhRVe PXWaQWV(37, 47). ThRVe UeSRUWV VhRZ WhaW ZheQ WeQVLRQ VeQVLWLYLW\ LV 

eOeYaWed, aOORZLQg Whe cRQVWLWXWLYe bLQdLQg Rf YLQcXOLQ WR Į-caWeQLQ, Whe PXWaWLRQ UedXceV Whe VSeed 

Rf cROOecWLYe ceOO PLgUaWLRQ. CROOecWLYe ceOO PLgUaWLRQ aQd ORcaO UeaUUaQgePeQW beWZeeQ ceOOV aUe 

eVVeQWLaO fRU cRQYeUgeQW e[WeQVLRQ (CE) (48). ObVeUYaWLRQV XVLQg aQ Į-caWeQLQ PXWaQW OacNLQg Whe 

YLQcXOLQ-bLQdLQg VLWe LQ ]ebUafLVh ePbU\RV LQdLcaWe WhaW YLcXOLQ¶V LQabLOLW\ WR bLQd WR Į-caWeQLQ aOVR 
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decUeaVeV Whe UaWe Rf cROOecWLYe PRYePeQW LQ CE aQd SUeYeQWV Whe cRPSOeWLRQ Rf CE (49). ThXV, 

aOWhRXgh Whe cRQWe[WV dLffeU, WheUe LV accXPXOaWLQg eYLdeQce RQ Whe LPSRUWaQce Rf SURSeU bLQdLQg 

aQd dLVVRcLaWLRQ Rf acWLQ-bLQdLQg SURWeLQV WR Į-caWeQLQ LQ Whe SOaQaU PRYePeQW LQ ceOOV LQ Whe VaPe 

dLUecWLRQ. HRZeYeU, Whe VLgQLfLcaQce Rf WhLV SURSeUW\ Rf Į-caWeQLQ LQ WhUee-dLPeQVLRQaO (3D) 

PRUShRgeQeVLV LV aOPRVW XQNQRZQ. AddLWLRQaOO\, LW LV XQcOeaU hRZ AJ UePRdeOLQg LV LQYROYed LQ Whe 

PRUShRgeQeVLV.   

IQ WhLV VWXd\, Ze XVed a QeZO\ deYeORSed PRUShRgeQeWLc PRdeO V\VWeP WR LQYeVWLgaWe Whe 

VLgQLfLcaQce Rf Whe WeQVLRQ VeQVLWLYLW\ Rf Į-caWeQLQ RQ 3D PRUShRgeQeVLV Rf eSLWheOLaO ceOOV. We 

SeUfRUPed aQaO\VeV aW Whe PROecXOaU cRPSOe[, ceOOXOaU, aQd PXOWLceOOXOaU OeYeOV. The\ VXggeVWed WhaW 

Į-caWeQLQ¶V abLOLW\ WR dLVVRcLaWe acWLQ-bLQdLQg SURWeLQV, LQ a WeQVLRQ-deSeQdeQW PaQQeU LV eVVeQWLaO 

fRU Whe QRUPaO AJ PaWXUaWLRQ aQd Whe VSheURLd URXQdLQg PRUShRgeQeVLV. 
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Results 

Importance of tension sensitivity of α-catenin on 3D morphogenesis of epithelial cells 

TR cOaULf\ Whe VLgQLfLcaQce Rf Whe WeQVLRQ VeQVLWLYLW\ Rf Į-caWeQLQ, aQ LPSRUWaQW cRPSRQeQW Rf AJ, LQ 

WhUee-dLPeQVLRQaO (3D) eSLWheOLaO PRUShRgeQeVLV, Į-caWeQLQ PXWaQWV ZLWh aUWLfLcLaOO\ PaQLSXOaWed 

WeQVLRQ VeQVLWLYLW\ fRU YLQcXOLQ bLQdLQg LQ Whe PLddOe Rf Whe PROecXOe ZeUe XVed LQ WhLV VWXd\ (Fig. 

1A) (29, 41, 46). Į-CaWeQLQ haV a fRUce-VeQVLQg deYLce LQ Whe PLddOe UegLRQ, ZheUe WhUee bXQdOeV 

cRQVLVWLQg Rf fRXU Į-heOLceV aUe VWabLOL]ed b\ LQWeUacWLQg ZLWh each RWheU (41). The acWXaO PechaQLVWLc 

XQdeUVWaQdLQg Rf Whe WeQVLRQ VeQVLWLYLW\ Rf Į-caWeQLQ LV aV fROORZV: ZheQ Whe PROecXOe LV VWUeWched, 

RQe Rf WhUee bXQdOeV deVWabLOL]eV aQd e[SRVeV a YLQcXOLQ-bLQdLQg Į-heOL[ WR eQabOe bLQdLQg WR 

YLQcXOLQ. The R326E, R548E, RU R551E PXWaWLRQ deVWabLOL]eV Whe bXQdOe b\ ZeaNeQLQg Whe 

LQWeUacWLRQ beWZeeQ bXQdOeV, aQd Whe M319G RU L378P PXWaWLRQ cRQVWLWXWLYeO\ e[SRVeV Whe YLQcXOLQ-

bLQdLQg Į-heOL[. R2/7 ceOOV, aQ Į-caWeQLQ-defLcLeQW VXbcORQe Rf DLD-1 ceOOV deULYed fURP hXPaQ 

cRORUecWaO caQceU ZaV XVed (36, 50), e[SUeVVLQg each Į-caWeQLQ PXWaQW VWabO\. TheVe PXWaQWV ZeUe 

XVed SUeYLRXVO\ WR LQYeVWLgaWe Whe VLgQLfLcaQce Rf WeQVLRQ VeQVLWLYLW\ RQ Whe eSLWheOLaO ceOO VheeW 

fRUPaWLRQ (29, 41). IW ZaV fRXQd WhaW Whe C-WeUPLQXV deOeWLRQ RU SRLQW PXWaWLRQV LQ Į-caWeQLQ, ZhLch 

LQdXceV h\SeUVeQVLWLYLW\ (Fig. 1A), aOORZed Whe fRUPaWLRQ Rf Whe WLghW MXQcWLRQ QeWZRUN VLPLOaU WR 

ZLOd-W\Se (WT), LQdLcaWLQg WhaW Whe eVVeQWLaO Į-caWeQLQ fXQcWLRQ UePaLQV LQ aOO PXWaQWV. UQdeU 

cRQYeQWLRQaO WZR-dLPeQVLRQaO (2D) cXOWXUe cRQdLWLRQV, RQO\ VOLghW dLffeUeQceV ZeUe RbVeUYed LQ Whe 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted October 28, 2021. ; https://doi.org/10.1101/2021.10.27.466008doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.27.466008


 

 10 

ceOO heLghW XQLfRUPLW\ aQd fXQcWLRQaO ceOO adheVLRQ WLPLQg afWeU ceOO aWWachPeQW. TheUefRUe, 3D 

cXOWXUe PRdeO ZaV XVed LQ WhLV VWXd\ WR eOLPLQaWe Whe effecW Rf Whe VWLff VXbVWUaWe RQ Whe eSLWheOLaO 

VheeWV, aQd WR Vee PRUShRgeQeVLV WhaW PRUe VWURQgO\ UefOecWV Whe QaWXUe Rf Whe AJ.  

FLUVW, VSheURLd fRUPaWLRQ e[SeULPeQWV ZeUe cRQdXcWed LQ cRPPeUcLaOO\ aYaLOabOe 

QRQadheUeQW URXQd-bRWWRPed ZeOO SOaWeV WR cRQfLUP Lf Whe WeQVLRQ VeQVLWLYLW\ Rf Į-caWeQLQ LV LQYROYed 

LQ eSLWheOLaO PRUShRgeQeVLV (Fig. 1, Movie 1, 2). R2/7 ceOOV VWabO\ e[SUeVVLQg WT aQd PXWaQW Į-

caWeQLQ (Fig. 1A) ZeUe Veeded LQWR URXQd-bRWWRPed ZeOOV, aQd Whe PRUShRORg\ Rf Whe ceOO PaVV ZaV 

UecRUded RYeU WLPe. CeOOV e[SUeVVLQg WT Į-caWeQLQ adheUed WR each RWheU WR fRUP a VLQgOe aggUegaWe, 

ZhLch WheQ gUadXaOO\ defRUPed LQWR a VSheULcaO VhaSe ZLWh a VPRRWh VXUface (Fig. 1B, Movie 1). IQ 

cRQWUaVW, ceOOV e[SUeVVLQg Whe C-WeUPLQaO deOeWLRQ PXWaQW (1±402) VLPLOaUO\ fRUPed a VLQgOe 

aggUegaWe bXW ZLWh a dLVWRUWed VhaSe (Fig. 1B, Movie 1). PRLQW PXWaQWV ZLWh dLffeUeQW OeYeOV Rf 

LQcUeaVed WeQVLRQ VeQVLWLYLW\ (R326E, R548E, R551E, R326/548/551E; 3RE, M319G, L378P, aQd 

M319G/L378P) (41) e[SUeVVLQg ceOOV aOVR fRUPed dLVWRUWed VSheURLdV accRUdLQg WR Whe degUee Rf 

eQhaQced WeQVLRQ VeQVLWLYLW\ (Fig. 1C, Movie 2). TheUefRUe, ZheQ Į-caWeQLQ WeQVLRQ VeQVLWLYLW\ LV 

QRUPaO, ceOOV fRUP URXQd VSheURLdV LQ WhLV V\VWeP, ZhLOe URXQdLQg LV VXSSUeVVed ZheQ Whe WeQVLRQ 

VeQVLWLYLW\ LV LQcUeaVed, LQdLcaWLQg Whe LPSRUWaQce Rf Į-caWeQLQ WeQVLRQ VeQVLWLYLW\ LQ VSheURLd 

PRUShRgeQeVLV LQWR a URXQd VhaSe. IW LV eaVLO\ aVVXPed WhaW cORQaO ceOOV ZLWh Whe VaPe geQeWLc 

bacNgURXQd ZRXOd fRUP V\PPeWULcaO URXQd VSheURLdV. IQ WhLV SRLQW Rf YLeZ, fRUPaWLRQ Rf defRUPed 
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VSheURLdV b\ ceOOV e[SUeVVLQg D-caWeQLQ h\SeUVeQVLWLYe PXWaQWV LV XQe[SecWed aQd YeU\ LQWULgXLQg. 

 

Construction of an experimental epithelial morphogenesis model and quantitative analysis 

IQ Whe URXQd-bRWWRPed ZeOOV, Whe SURMecWLRQ LPage Rf Whe LQLWLaO VhaSe fURP abRYe ZaV cLUcXOaU 

VLPLOaU WR Whe fLQaO VhaSe, ZhLch ZaV haUd WR cRQWURO (Fig. 1, Fig. 2A). TheUefRUe, deYeORSLQg a QeZ 

3D cXOWXUe PRdeO ZaV aWWePSWed LQ ZhLch Whe LQLWLaO VhaSe cRXOd be cRQWUROOed, aQd TXaQWLWaWLYe 

LPage aQaO\VLV LV SRVVLbOe. DLVSeUVed ceOOV ZeUe Veeded LQWR V-bRWWRP UecWaQgXOaU PLcURZeOOV Pade 

Rf QRQadheVLYe SRO\dLPeWh\OVLOR[aQe (PDMS) PROded LQ a PeWaO PROd (Fig. 2A). 

TR LQYeVWLgaWe Whe UeOaWLRQVhLS beWZeeQ Whe LQLWLaO aQd fLQaO VhaSeV Rf Whe ceOO aggUegaWeV, 

VSheURLd fRUPaWLRQ e[SeULPeQWV ZLWh DLD-1 ceOOV ZeUe SeUfRUPed XVLQg Whe PLcURZeOO ZLWh VeYeUaO 

dLffeUeQW aVSecW UaWLRV (Fig. 2, Movie 3). The LQLWLaO VhaSe Rf Whe ceOO PaVV UePaLQed XQchaQged XQWLO 

abRXW 4±5 h afWeU VeedLQg aQd chaQged WR a VSheULcaO VhaSe b\ 12±18 h (Fig. 2B, Movie 3). AfWeU 

WhaW, QR chaQge LQ VhaSe ZaV RbVeUYed (Fig. 2B, D, Movie 3). TR eYaOXaWe WhLV WePSRUaO chaQge 

PRUe RbMecWLYeO\, Whe SURMecWed cRQWRXU Rf Whe VSheURLd LQ Whe XY SOaQe ZaV WUaced aQd Whe WePSRUaO 

chaQge Rf LWV cLUcXOaULW\ ZaV SORWWed (Fig. 2C). AOWhRXgh Whe ceOOV ZeUe acWLYeO\ RVcLOOaWLQg XS WR 4±

5 h afWeU VeedLQg, WheUe ZaV OLWWOe chaQge LQ Whe cLUcXOaULW\ (Whe laWeQW ShaVe LQ WhLV UeSRUW). AQ 

LQcUeaVe LQ cLUcXOaULW\ ZaV RbVeUYed beWZeeQ 5 aQd 18 h, eVSecLaOO\ XS WR 12 h (UiViQg ShaVe). AfWeU 

WhaW, Whe cLUcXOaULW\ UePaLQed aOPRVW cRQVWaQW (VWaWic ShaVe). The fLQaO cLUcXOaULW\ aQd Whe OeQgWh Rf 
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WLPe WR Ueach LW ZeUe aOPRVW cRQVWaQW UegaUdOeVV Rf Whe aVSecW UaWLR Rf Whe LQLWLaO VhaSe. ThXV, 

eVWabOLVhLQg aQ e[SeULPeQWaO PRdeO WhaW caQ TXaQWLWaWLYeO\ caSWXUe Whe PRUShRORgLcaO chaUacWeULVWLcV 

Rf ceOO aggUegaWe (VSheURLd) fRUPaWLRQ ZaV VXcceVVfXO. IQ WhLV VXVSeQVLRQ cXOWXUe V\VWeP, LW ZaV 

fRXQd WhaW DLD-1 ceOOV eYeQWXaOO\ becaPe VSheULcaO eYeQ Lf Whe aVSecW UaWLR Rf Whe LQLWLaO VhaSe ZaV 

OaUge XS WR 3:1. 

Ne[W, Whe deSeQdeQce Rf WhLV PRUShRgeQeWLc SURceVV RQ Į-caWeQLQ ZaV cRQfLUPed (Fig. S1, 

Movie 4). AV VhRZQ LQ Fig. 2, DLD-1 ceOO aggUegaWeV fRUPed URXQd VSheURLdV (Fig. S1A–C, Movie 

4). IQ cRQWUaVW, R2/7 ceOOV OacNLQg Į-caWeQLQ e[SUeVVLRQ VhRZed QR chaQge LQ ceOO PaVV VhaSe RYeU 

WLPe. SWabOe e[SUeVVLRQ Rf fXOO-OeQgWh WT Į-caWeQLQ (1±906) UeVcXed WhLV abQRUPaOLW\ fXOO\ (Fig. 

S1A–C, Movie 4). AOWhRXgh RWheU SURWeLQV Pa\ be LQYROYed LQ ceOO adheVLRQ LQ geQeUaO, WhLV 

PRUShRgeQeVLV deSeQdV RQ Whe SUeVeQce Rf Whe SURSeU cadheULQ-caWeQLQ cRPSOe[ cRQWaLQLQg Į-

caWeQLQ. 

 

Detailed analyses of Į-catenin tension sensitivity in the process of rounding morphogenesis 

FLUVW, Whe effecW Rf PXWaWLRQV WhaW LQcUeaVe Whe WeQVLRQ VeQVLWLYLW\ Rf Į-caWeQLQ RQ Whe 

VSheURLd fRUPaWLRQ ZaV e[aPLQed (Fig. 3, Movie 5). The WULSOe SRLQW PXWaWLRQV, 3RE, LQ ZhLch 

WeQVLRQ VeQVLWLYLW\ LV LQcUeaVed cRPSaUed WR WT, caXVed a deOa\ LQ Whe VhaSe chaQge, aOWhRXgh Whe 

fLQaO PRUShRORg\ Rf Whe VSheURLd ZaV VLPLOaU WR WhaW Rf WT (Fig. 3A, Movie 5). CeOOV e[SUeVVLQg 
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PXWaQW Į-caWeQLQ ZLWh h\SeUVeQVLWLYLW\ WR WeQVLRQ (L378P RU Whe C-WeUPLQaO deOeWLRQ, 1±402) VhRZed 

LQVXffLcLeQW URXQdLQg aQd OeVV VPRRWh cRQWRXUV WhaQ WT, UeVSecWLYeO\. AOWhRXgh Whe RQVeW Rf Whe 

ULVLQg ShaVe ZaV VLPLOaU (5±6 h afWeU VeedLQg), Whe VORSe Rf Whe LQcUeaVe LQ cLUcXOaULW\ ZaV VPaOOeU 

WhaQ WhaW Rf Whe WT (Fig. 3B), aQd Whe cLUcXOaULW\ UePaLQed ORZeU WhaQ WhaW Rf Whe WT fRU 48 h (Fig. 

3C). We YLVXaOL]ed ceOO-ceOO adheVLRQ LQ VSheURLdV afWeU 48 h XVLQg LPPXQRfOXRUeVceQce VWaLQLQg. 

TJV ZeUe fRUPed LQ a W\SLcaO XQLfRUP QeWZRUN LQ WT-e[SUeVVLQg ceOOV LQdLcaWLQg WhaW Whe cRUWLcaO 

ceOO Oa\eU Rf Whe VSheURLd LV cRQVLdeUed a fXOO\ deYeORSed eSLWheOLaO VheeW (Fig. 3D). NeLWheU Whe C-

WeUPLQaO deOeWLRQ QRU SRLQW PXWaWLRQV (3RE aQd L378P) affecWed Whe fRUPaWLRQ Rf TJV (Fig. 3D). 

TheVe UeVXOWV TXaQWLWaWLYeO\ dePRQVWUaWe WhaW aSSURSULaWe WeQVLRQ VeQVLWLYLW\ Rf Į-caWeQLQ LV YLWaO fRU 

URXQdLQg dXULQg VSheURLd fRUPaWLRQ. The PRUShRgeQeWLc abQRUPaOLW\ caXVed b\ LQcUeaVed 

VeQVLWLYLW\ LV QRW dXe WR a VeYeUe dLVWXUbaQce LQ Whe fRUPaWLRQ Rf ceOO-ceOO adheVLRQ. 

The YLQcXOLQ bLQdLQg-QXOO PXWaQW (L344P; Fig. 4) (46) caQ be LQWeUSUeWed aV a dXOO WeQVLRQ 

VeQVLWLYLW\ PXWaQW WhaW caQQRW UeVSRQd WR aQ\ degUee Rf WeQVLRQ fRU YLQcXOLQ bLQdLQg. ThLV PXWaWLRQ 

caXVed a VOLghW deOa\ LQ Whe LQcUeaVe LQ cLUcXOaULW\ bXW dLd fRUP URXQd VSheURLdV (Fig. 4A, B, Movie 

5). The cLUcXOaULW\ dXULQg Whe VWaWLc ShaVe ZaV VLgQLfLcaQWO\ hLgheU LQ ceOOV e[SUeVVLQg Į-caWeQLQ 

(L344P) WhaQ LQ WT-e[SUeVVLQg ceOOV (Fig. 4C). CeOOV e[SUeVVLQg WhLV PXWaWLRQ aOVR e[hLbLWed QRUPaO 

LQWeUceOOXOaU adheVLRQ fRUPaWLRQ (Fig. 4D), aV dLd Whe WT aQd RWheU PXWaQWV (Fig. 3D). TheVe UeVXOWV 

Oed XV WR WhLQN WhaW URXQdLQg PRUShRgeQeVLV LQ WhLV V\VWeP UeTXLUeV YeU\ ORZ WeQVLRQ, UecUXLWLQg OeVV 
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YLQcXOLQ WR AJV. 

IQ 2D cXOWXUe, WT-e[SUeVVLQg ceOOV VhRZed YLQcXOLQ accXPXOaWLRQ PaLQO\ aW ceOO 

bRXQdaULeV, eVSecLaOO\ aW YeUWe[eV ZheUe VeYeUaO ceOOV PeeW (Fig. 4E). IQ cRQWUaVW, WheUe ZaV OLWWOe 

YLQcXOLQ accXPXOaWLRQ aW ceOO bRXQdaULeV LQ 3D cXOWXUe (Fig. 4F). The L378P PXWaWLRQ LQ Į-caWeQLQ 

caXVed VXbVWaQWLaO YLQcXOLQ accXPXOaWLRQ aW Whe ceOO bRXQdaU\ LQ 2D aQd 3D cXOWXUeV, ZhLOe Whe 

L344P PXWaWLRQ dLd QRW. CeOOV cXOWXUed LQ Whe SUeVeQce Rf bOebbLVWaWLQ fURP VeedLQg XQWLO 48 h 

VhRZed a VLPLOaU VSheURLd fRUPaWLRQ WR XQWUeaWed ceOOV (Fig. S2, Movie 7), LQdLcaWLQg WhaW Whe 

cRQWUacWLOe fRUce Rf P\RVLQ II dReV QRW cRQWULbXWe PXch WR Whe VSheURLd fRUPaWLRQ LQ WhLV V\VWeP. 

WheQ P\RVLQ II acWLYLW\ ZaV VXSSUeVVed LQ ceOOV e[SUeVVLQg SRLQW PXWaQWV (3RE aQd L378P), WheUe 

ZaV QR RbYLRXV dLffeUeQce LQ PRUShRgeQeVLV cRPSaUed ZLWh XQWUeaWed ceOOV, LQdLcaWLQg WhaW P\RVLQ 

II acWLYLW\ LV QRW LQYROYed LQ PRUShRORgLcaO abQRUPaOLWLeV caXVed b\ Whe PXWaWLRQV. (Fig. S2, Movie 

7). 

AOWeUQaWLYeO\, ZheQ acWLQ SRO\PeUL]aWLRQ aQd deSRO\PeUL]aWLRQ ZeUe LQhLbLWed b\ 

c\WRchaOaVLQ D (C\WRD) aQd JaVSOaNLQROLde (JaVS), UeVSecWLYeO\, bRWh LQhLbLWRUV cRPSOeWeO\ 

VXSSUeVVed URXQd VSheURLd fRUPaWLRQ (Fig. S3, Movie 8). IW cOeaUO\ LQdLcaWeV WhaW Whe URXQd VSheURLd 

fRUPaWLRQ LV VWURQgO\ deSeQdeQW RQ acWLQ UePRdeOLQg. D\QaPLc acWLQ UePRdeOLQg LV Qeeded fRU ceOO 

PRWLOLW\ (51). The UeVXOWV caQ aOVR be LQWeUSUeWed aV Whe aVVRcLaWLRQ Rf F-acWLQ ZLWh Whe cadheULQ-

caWeQLQ cRPSOe[ LV QeceVVaU\ fRU PRUShRgeQeVLV, ZhLch LV cRQVLVWeQW ZLWh SUeYLRXV UeSRUWV XVLQg Į-
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caWeQLQ OacNLQg Whe acWLQ-bLQdLQg dRPaLQ LQ PLce (33) aQd DURVRShila (28). 

 

The effect of tension sensitivity of α-catenin on the maturation process of AJ 

SLQce a SURWeLQ PROecXOe Į-caWeQLQ LV aQ LPSRUWaQW cRQVWLWXeQW Rf Whe SURWeLQ cRPSOe[, AJ, 

LW ZaV h\SRWheVL]ed WhaW abQRUPaO WeQVLRQ VeQVLWLYLW\ PLghW affecW Whe SURceVV Rf AJ fRUPaWLRQ aQd 

VXSSUeVV URXQdLQg. TR RbWaLQ hLgh-UeVROXWLRQ LPageV, ceOO-ceOO adheVLRQ fRUPaWLRQ afWeU VeedLQg RQ 

cRYeUVOLSV ZaV e[aPLQed (Fig. 5). AV SUeYLRXVO\ RbVeUYed (52), ceOOV fRUPed SXQcWaWe AJV (SXQcWXP 

adheUeQV; PAV) aW Whe eaUO\ VWageV afWeU VeedLQg (9±12 h), aQd WheQ Whe\ ZeUe UeRUgaQL]ed LQWR OLQeaU 

adheVLRQV (]RQXOa adheUeQV; ZAV) (Fig. 5A). The caOcLXP VZLWch e[SeULPeQW ZaV aOVR SeUfRUPed. 

BURNeQ LQWeUceOOXOaU adheVLRQV b\ UePRYaO Rf caOcLXP fURP Whe cXOWXUe PedLXP ZeUe UefRUPed b\ 

UeSOeQLVhLQg caOcLXP (Fig. S4). FXUWheUPRUe, Whe PRUShRORg\ Rf PAV VWabO\ fRXQd aW Whe SeULSheULeV 

Rf VPaOO ceOO LVOaQdV ZaV cRPSaUed (Fig. S5). IQ WRWaO, Į-caWeQLQ (L344P)-e[SUeVVLQg ceOOV fRUPed 

ORQgeU aQd PRUe PAV, ZhLOe Whe OeQgWh aQd QXPbeU Rf PAV ZeUe UedXced LQ Į-caWeQLQ (L378P)-

e[SUeVVLQg ceOOV (Fig. 5A, B, C; Fig. S4A, B, C; Fig. S5). The L378P PXWaWLRQ aOVR caXVed TJV WR 

fRUP eaUOLeU (Fig. 5D; Fig. S4D). SLQce ceOOV Veeded RQ Whe cRYeUVOLSV fLUVW fRUP PAV, ZhLch aUe WheQ 

WUaQVfRUPed LQWR ZA (52), WheVe UeVXOWV VXggeVW WhaW LQcUeaVed WeQVLRQ VeQVLWLYLW\ Rf Į-caWeQLQ 

SURPRWeV Whe PaWXUaWLRQ Rf ceOO-ceOO adheVLRQ RU caXVeV ZA fRUPaWLRQ, VNLSSLQg Whe PA fRUPaWLRQ 

SURceVV. 
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TheUe ZaV aQ aWWePSW WR aQaO\]e Whe SURceVV Rf ceOO-ceOO adheVLRQ fRUPaWLRQ LQ VXVSeQVLRQ 

cXOWXUe. HRZeYeU, LW ZaV WRXgh WR SUeSaUe fL[ed VaPSOeV fRU RbVeUYaWLRQ becaXVe ceOO aggUegaWeV LQ 

Whe eaUO\ VWageV ZeUe eaVLO\ bURNeQ b\ geQWOe SLSeWWLQg. TR LQYeVWLgaWe Whe fRUPaWLRQ Rf ceOO-ceOO 

adheVLRQ LQ 3D PRUShRgeQeVLV, ceOO aggUegaWeV cRQVLVWLQg Rf a VPaOO QXPbeU Rf ceOOV RQ MaWULgeO 

ZeUe fRUPed (Fig. S6). NR RbYLRXV PA adheVLRQ ZaV RbVeUYed eYeQ aW eaUO\ WLPe SRLQWV (6±9 h) 

(Fig. S6). SLQce Whe fRUPaWLRQ Rf PAV LV WeQVLRQ-deSeQdeQW (30) aQd VLQce LW LV OLNeO\ WhaW AJV aUe 

QRW VXbMecWed WR VWURQg fRUceV dXULQg Whe VSheURLd fRUPaWLRQ (Fig. 4F, S2), LW LV OLNeO\ WhaW PAV dR 

QRW fXOO\ deYeORS XQdeU VXch cRQdLWLRQV.  

 

The effect of membrane internalization on epithelial cell morphogenesis 

The WXUQRYeU Rf cRPSRQeQW PROecXOeV LV faVW LQ PAV, RU VLPLOaU VSRW-OLNe cadheULQ-baVed 

adheVLRQV, aQd UeOaWLYeO\ VORZ LQ ZAV (53, 54), VXggeVWLQg WhaW PAV aUe PRUe SOaVWLc WhaQ ZAV. 

AOWhRXgh WheUe ZaV QR cOeaU PA fRUPaWLRQ LQ 3D cXOWXUe, LW ZaV VSecXOaWed WhaW AJV aW Whe eaUO\ 

VWageV dXULQg PaWXUaWLRQ ZeUe fRUPed dXULQg Whe URXQd VSheURLd fRUPaWLRQ. DecUeaVed AJ 

SOaVWLcLW\ caXVeV abQRUPaOLWLeV LQ WLVVXe UeaUUaQgePeQWV VXch aV ceOO LQWeUcaOaWLRQ (55). BaVed RQ 

WheVe fLQdLQgV, LW ZaV h\SRWheVL]ed WhaW AJ SOaVWLcLW\ LV LQWLPaWeO\ LQYROYed LQ Whe URXQd VSheURLd 

fRUPaWLRQ. AJ SOaVWLcLW\ LV NQRZQ WR be UegXOaWed b\ Whe LQWeUQaOL]aWLRQ Rf PePbUaQe SURWeLQV, 

LQcOXdLQg cadheULQV, aQd d\QaPLQ GTPaVe PedLaWeV E-cadheULQ eQdRc\WRVLV (56, 57). The effecW Rf 
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d\QaPLQ LQhLbLWLRQ b\ d\QaVRUe RQ URXQdLQg Rf VSheURLdV ZaV e[aPLQed (Fig. 6, Movie 9). 

D\QaPLQ LQhLbLWLRQ caXVed VXSSUeVVLRQ Rf URXQdLQg fRU bRWh WT Į-caWeQLQ-e[SUeVVLQg aQd 

PXWaQW-e[SUeVVLQg ceOOV (Fig. 6A±C, Movie 9). TheVe UeVXOWV VXSSRUW Whe h\SRWheVLV. 

 

Increased tension sensitivity of α-catenin inhibits collective rather than local cellular 

rearrangements during round spheroid formation 

The behaYLRU Rf LQdLYLdXaO ceOOV dXULQg URXQdLQg ZaV WheQ aQaO\]ed baVed RQ Whe Ldea 

WhaW URXQdLQg VhRXOd QRW RccXU XQOeVV Whe VSaWLaO aUUaQgePeQW Rf ceOOV LV chaQged. FRU WhLV ceOO 

UeaUUaQgePeQW LQ aQ eSLWheOLaO VheeW WR RccXU, AJ UePRdeOLQg ZLWh dLVVRcLaWLRQ Rf ROd AJV aQd 

fRUPaWLRQ Rf QeZ AJV LV QeceVVaU\. FLUVW, WR WeVW Whe h\SRWheVLV WhaW Whe dLVSOacePeQW RU 

UeaUUaQgePeQW Rf QeLghbRULQg ceOOV OeadV WR URXQd VSheURLd fRUPaWLRQ, ceOO QXcOeL XVLQg GFP-

Wagged HLVWRQe 2B ZeUe YLVXaOL]ed aQd ceOO PRYePeQWV dXULQg Whe VSheURLd fRUPaWLRQ ZaV 

aQaO\]ed (Fig. 7, Movie 10,11). TR RbWaLQ beWWeU Z-VWacN LPageV b\ cRQfRcaO PLcURVcRS\, Ze 

XWLOL]ed aPRUShRXV fOXRURSRO\PeU CYTOP, ZhLch haV ORZ UefUacWLYe LQde[ QeaU WR ZaWeU, aV a 

VXbVWUaWe Rf Whe PLcURZeOOV. HeUe Whe fRcXV ZaV RQ Whe ULVLQg ShaVe (6±18 h afWeU VeedLQg) aQd 

QXcOeL SRVLWLRQV ZeUe WUacNed (Fig. 7A–E). B\ caOcXOaWLQg Whe cRUUeOaWLRQ cReffLcLeQWV (U) Rf Whe 

dLUecWLRQ Rf dLVSOacePeQW Rf each ceOO Rf a SaLU Rf QeLghbRULQg ceOOV LQ each fUaPe, Ze caQ 

deWeUPLQe ZheWheU Whe WZR ceOOV aUe PRYLQg LQ Whe VaPe dLUecWLRQ ZLWh a hLgh SRVLWLYe cRUUeOaWLRQ 
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(0 < U ≦ +1) RU aZa\ fURP each RWheU ZLWh hLgh QegaWLYe cRUUeOaWLRQ (0 > U ≧ -1) (Fig. 7A, Movie 

10). The dLVWULbXWLRQ Rf U RYeU Whe eQWLUe SeULRd VhRZV WZR SeaNV, RQe QeaU 0 aQd Whe RWheU QeaU 

+1, LQdLcaWLQg WhaW Whe QeLghbRULQg ceOOV RfWeQ PRYe LQ a hLghO\ cRUUeOaWed RU XQcRUUeOaWed PaQQeU 

(Fig. 7B). EYeQWV, ZhLch ceOOV SaVV b\ each RWheU ZLWh QegaWLYe U dR QRW RccXU YeU\ RfWeQ. Ne[W, 

Whe chaQgeV LQ Whe dLVWULbXWLRQ Rf U RYeU WLPe LQ a 2D deQVLW\ SORW ZLWh WLPe aV Whe hRUL]RQWaO a[LV 

ZaV YLVXaOL]ed (Fig. 7C). IQ Whe WZR cRQdLWLRQV LQ ZhLch URXQdLQg SURceeded QRUPaOO\ (WT aQd 

L344P PXWaQW Į-caWeQLQ-e[SUeVVLQg ceOOV), Whe SURSRUWLRQ Rf hLghO\ cRUUeOaWed PRYePeQWV WeQded 

WR LQcUeaVe dXULQg Whe fLUVW haOf Rf Whe ULVLQg ShaVe (6±12 h, eVSecLaOO\ XS WR 9 h), ZheQ Whe chaQge 

LQ cLUcXOaULW\ ZaV PRVW UePaUNabOe (Fig. 7C). The dLVWULbXWLRQ Rf U ZaV aOPRVW Whe VaPe LQ L378P 

PXWaQW Į-caWeQLQ-e[SUeVVLQg ceOOV WhaW caQQRW fRUP URXQd VSheURLdV (Fig. 7B). FXUWheUPRUe, Whe 

LQhLbLWLRQ Rf d\QaPLQ had aOPRVW QR effecW RQ WheVe ceOO PRYePeQWV (Fig. 7B). UQdeU WheVe 

cRQdLWLRQV, WheUe ZaV OLWWOe chaQge LQ Whe dLVWULbXWLRQ RYeU WLPe (Fig. 7C). TheUe ZaV QR dLffeUeQce 

LQ Whe SeUceQWage Rf hLghO\ cRUUeOaWed PRYePeQWV eYeQ ZheQ Whe UaQge ZaV OLPLWed WR 6±9 h (Fig. 

7D, E). TheVe UeVXOWV LQdLcaWe WhaW WhLV URXQdLQg SURceVV caQQRW be e[SOaLQed PaLQO\ b\ ORcaO 

e[chaQgeV Rf QeLghbRULQg ceOO SRVLWLRQV, deWecWed aV PRYePeQWV ZLWh QegaWLYe U. ThXV, Whe 

h\SRWheVLV LV deQLed. 

 TR VeaUch fRU RWheU feaWXUeV WR fRcXV RQ, Ze aWWePSWed WR VLPXOWaQeRXVO\ RbVeUYe ceOO 

PRYePeQW fURP Whe RYeUWXUQed SOaQe XVLQg Whe VWacNed LPage daWa RbWaLQed LQ SUeYLRXV 
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e[SeULPeQWV (Fig. 7F, S7, Movie 11). AV a UeVXOW, LW ZaV RbVeUYed WhaW LQ WT Į-caWeQLQ-e[SUeVVLQg 

ceOOV, ORQg ceOO aggUegaWeV aW Whe LQLWLaO VWaWe UeSeaWedO\ beQW fURP bRWh eQdV RU aW Whe ceQWeU aQd 

gUadXaOO\ becaPe URXQd (Fig. 7F - WT, S7A, Movie 11). ThRVe ceOO aggUegaWeV aSSeaU WR 

cRQVWLWXWe VeYeUaO SaUWV. OQe SaUW cRPSULVeV feZ ceOOV adheULQg WR each RWheU. ThRVe SaUWV PRYe aV 

a gURXS Rf ceOOV OLNe VZLQg aUPV XVLQg Whe UegLRQ beWZeeQ WZR SaUWV aV a VXSSRUWLQg SRLQW. WheQ 

Whe SaUWV cRPe LQWR cRQWacW ZLWh each RWheU b\ beQdLQg, Whe\ fXVe WR fRUP a VLQgOe cRPSRQeQW. 

ThLV eYeQW LV VeeQ aV a MXPS LQ cLUcXOaULW\ dXULQg Whe ULVLQg ShaVe (FLg. S7). WheQeYeU WhLV fXVLRQ 

haSSeQV, AJ UePRdeOLQg LV UeTXLUed; VRPe Rf Whe e[LVWLQg AJV VhRXOd be bURNeQ, aQd QeZ RQeV 

VhRXOd be fRUPed (Fig. S8). The VaPe behaYLRU ZaV RbVeUYed LQ ceOOV e[SUeVVLQg Whe L344P 

PXWaQW (Fig. 7F - L344P, Movie 11). SLPLOaU beQdLQg PRWLRQV ZeUe RbVeUYed LQ ceOOV e[SUeVVLQg 

Whe L378P PXWaWLRQ aQd WT ceOOV WUeaWed WR VXSSUeVV PePbUaQe XSWaNe (Fig. 7F - L378P, and 

WT + MiTMAB, Movie 11). We QRWe WhaW Ze XVed MLTMAB LQVWead Rf d\QaVRUe WR LQhLbLW 

d\QaPLQ, becaXVe d\QaVRUe ZaV WXUQed RXW WR VhRZ ShRWRWR[Lc effecWV dXULQg fOXRUeVceQW LPagLQg. 

HRZeYeU, Whe\ cRXOd QRW hROd Whe beQW VWaWe aQd UeWXUQed WR WheLU RULgLQaO eORQgaWed VhaSe afWeU a 

ZhLOe (Fig. 7F - L378P, and WT + MiTMAB, Movie 11). TheVe UeVXOWV Pade XV LPagLQe WhaW 

AJ¶V ORZ SOaVWLcLW\ ZRXOd VXSSUeVV VXch fXVLRQ beWZeeQ SaUWV. 

TR WeVW WhLV, aQ e[SeULPeQW ZaV SeUfRUPed LQ ZhLch SUefRUPed VSheURLdV ZeUe fXVed 

(Fig. 8, S8, Movie 12). TR XVe VSheURLdV ZLWh VLPLOaU VL]e, UeOaWLYeO\ VPaOO QXPbeU (abRXW 10±20) 
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Rf ceOOV ZeUe Veeded LQWR V-bRWWRPed PLcURZeOOV ZLWh aQ aVSecW UaWLR Rf 1:1, aQd WZR VSheURLdV 

ZeUe SLcNed LQ Whe VWaWLc ShaVe (fRUPed afWeU 24 h Rf cXOWXUe), aQd WUaQVfeUUed WR RWheU V-bRWWRPed 

PLcURZeOO SOaWeV WR achLeYe cRQWacW beWZeeQ WheP. IQ WT aQd L344P PXWaQW Į-caWeQLQ-e[SUeVVLQg 

ceOOV, Whe adheVLYe VXUface e[SaQded ZLWhLQ feZ hRXUV afWeU cRQWacW, fRUPLQg a VLQgOe URXQd 

VSheURLd (Fig. 8A, Movie 12). IQ cRQWUaVW, ceOOV e[SUeVVLQg Whe L378P PXWaWLRQ dLd QRW deYeORS a 

cOeaU cRQWacW VXUface eYeQ afWeU 9 h (Fig. 8A, Movie 12). The L378P PXWaWLRQ VXSSUeVVed Whe 

e[SaQVLRQ Rf Whe cRQWacW aUea aQd NeSW Whe dLVWaQce beWZeeQ WZR VSheURLdV ORQg, ZheUeaV Whe WT 

aQd L344P PXWaQWV e[SaQded Whe cRQWacW VXUface aQd VhRUWeQed Whe dLVWaQce beWZeeQ Whe WZR 

VSheURLdV (Fig. 8B, C). TheVe UeVXOWV VhRZ WhaW Whe aSSURSULaWe WeQVLRQ VeQVLWLYLW\ Rf Į-caWeQLQ 

cRQWULbXWeV WR Whe fXVLRQ beWZeeQ VSheURLdV, OeadLQg WR VSheURLd URXQdLQg SURbabO\ WhURXgh Whe AJ 

UePRdeOLQg (Fig. 9). 

 

Discussion 

IW haV beeQ RfWeQ RbVeUYed WhaW YaULRXV WLVVXe cXOWXUe ceOOV fRUP URXQd VSheURLdV iQ YiWUR, (6, 7), aQd 

PaQ\ VSecLeV Rf RUgaQLVPV e[hLbLW URXQd ePbU\RV aW eaUO\ VWageV (58). IQ WhLV VWXd\, LW ZaV fRXQd 

WhaW eYeQ UecWaQgXOaU ceOO PaVVeV ZLWh hLgh aVSecW UaWLRV cRQVLVWLQg Rf dLVVRcLaWed ceOOV caQ 

WUaQVfRUP LQWR URXQd VSheURLdV accRPSaQLed b\ LQWeUceOOXOaU MXQcWLRQ fRUPaWLRQ. AOWeUQaWLYeO\, 

URXQdLQg caQ be UegaUded aV a fXQdaPeQWaO SURSeUW\ Rf eSLWheOLaO ceOO PRUShRgeQeVLV LQ VXVSeQVLRQ 
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cXOWXUe. The PLQLPXP UeTXLUePeQWV fRU URXQdLQg aUe aV fROORZV: (1) Whe ceOOV adheUe WR each RWheU 

ZLWh Whe VaPe VWUeQgWh, (2) Whe\ caQ chaQge WheLU UeOaWLYe VSaWLaO SRVLWLRQV. TheVe UeTXLUePeQWV 

LQYROYe WhaW Whe adheVLRQ haV SOaVWLcLW\ ZLWh d\QaPLc aVVRcLaWLRQ aQd dLVVRcLaWLRQ aQd WhaW Whe ceOOV 

PXVW haYe PRWLOLW\. IW LV eaV\ WR LPagLQe WhaW a ceOO PaVV cRQVLVWLQg Rf LQdLYLdXaO ceOOV ZLWh Whe VaPe 

adheVLRQ SURSeUWLeV fRUPV a URXQd VSheURLd ZheQ Whe\ PRYe UaQdRPO\ WR achLeYe aQ eQeUgeWLcaOO\ 

VWabOe VWaWe (7, 59). IQ cRQWUaVW, Whe WLVVXe¶V VXUface WeQVLRQ caXVed b\ Whe cRUWLcaO WeQVLRQ Rf 

LQdLYLdXaO ceOOV haV aOVR aWWUacWed aWWeQWLRQ aV aQ eVVeQWLaO facWRU LQ dULYLQg VSheURLd¶V URXQdLQg (7, 

59). 

TheUe aUe WhUee ShaVeV Rf VSheURLd fRUPaWLRQ (Figs. 2–4). TheUe LV OLWWOe chaQge LQ 

cLUcXOaULW\ (Fig. 2), bXW LQdLYLdXaO ceOOV e[hLbLW RVcLOOaWRU\ PRWLRQV (Movies 3–6) aW Whe OaWeQW ShaVe. 

The ceOO-ceOO MXQcWLRQV aUe \eW XQRbVeUYed. CeOOV afWeU dLVVRcLaWLRQ ZaLW fRU a VXffLcLeQW aPRXQW Rf 

cadheULQ e[SUeVVLRQ RQ WheLU VXUface ZLWh UeSeaWed ZeaN aVVRcLaWLRQ aQd dLVVRcLaWLRQ. IQ Whe Qe[W 

ULVLQg ShaVe, Whe cLUcXOaULW\ LQcUeaVeV. TJV aUe SaUWLaOO\ RbVeUYed LQ WhLV ShaVe, aQd Whe ceOO aggUegaWe 

cRPSacWLRQ begLQV, VXggeVWLQg WhaW Whe AJ fRUPaWLRQ VWaUWed aW Whe begLQQLQg Rf WhLV ShaVe. IQ Whe 

WhLUd VWaWLc ShaVe, Whe cLUcXOaULW\ dReV QRW chaQge, aQd Whe TJ QeWZRUN fRUPaWLRQ LV cRPSOeWed RQ Whe 

VSheURLd VXUface, VXggeVWLQg WhaW Whe VWUeQgWh Rf ceOO-ceOO adheVLRQ e[ceedV WhaW Rf ceOO PRWLOLW\, aQd 

Whe RYeUaOO VhaSe UePaLQV VWabOe (Figs. 3 and 4). IQ WhLV ShaVe, Whe VSheURLdV caQ VWLOO be VeeQ PRYLQg 

(Movies 3–6). MaQ\ VWXdLeV haYe beeQ cRQdXcWed WR chaUacWeUL]e Whe VSheURLd fRUPaWLRQ SURceVV 
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RYeU WLPe XVLQg facWRUV deVcULbLQg PRUShRORg\ VXch aV dLaPeWeU aQd cLUcXOaULW\ (60±63). HRZeYeU, 

WR Whe beVW Rf RXU NQRZOedge, WhLV LV Whe fLUVW VWXd\ WR defLQe dLVWLQcW fRUPaWLRQ VWageV aQd aQaO\]e 

Whe URXQdLQg SURceVV aW Whe PROecXOaU OeYeO. 

IQ Whe ULVLQg ShaVe, AJV ZeUe WhRXghW WR be cRQYeUWLQg fURP PAV WR ZAV, bXW LW ZaV 

chaOOeQgLQg WR UecRgQL]e AJV XVLQg LPPXQRVWaLQLQg Rf VSheURLdV becaXVe RQO\ a ZeaN fRUce ZaV 

aSSOLed WR AJV LQ VSheURLdV, UecUXLWLQg a feZ AJ-VSecLfLc YLQcXOLQ. SLQce Whe PROecXOaU WXUQRYeU Rf 

PAV LV faVWeU WhaQ WhaW Rf ZAV (53, 54), Whe SOaVWLcLW\ Rf AJV LQ Whe PA ShaVe LV SURbabO\ hLgh. SLQce 

Whe TJ QeWZRUN adMaceQW WR ZA LV aOVR cRPSOeWe b\ Whe eQd Rf URXQdLQg, LW LV UeaVRQabOe WR aVVXPe 

WhaW AJ UePRdeOLQg aVVRcLaWed ZLWh ceOO UeaUUaQgePeQW dXULQg URXQdLQg RccXUV SULPaULO\ dXULQg Whe 

PA ShaVe. AW WhLV VWage, hRZeYeU, ceOO UeaUUaQgePeQW b\ SRVLWLRQaO e[chaQgeV Rf adMaceQW ceOOV ZaV 

QRW RfWeQ VeeQ. CeOOV LQVWead PRYed cROOecWLYeO\ aV LQ Whe gUadXaO fROdLQg Rf a ORQg ceOO PaVV (Fig. 

7 and Movie 11). EYeQ dXULQg Whe VWaWLc ShaVe, AJ UePRdeOLQg caQ RccXU VXch WhaW eVWabOLVhed 

VSheURLdV cRXOd defRUP aQd fXVe (Fig. 8). 

IQ Į-caWeQLQ PXWaQWV ZLWh aUWLfLcLaOO\ LQcUeaVed WeQVLRQ VeQVLWLYLW\, URXQdLQg Rf VSheURLdV 

LQ URXQd-bRWWRPed ZeOOV ZaV LQhLbLWed ZLWh LQcUeaVLQg VeQVLWLYLW\ (Fig. 1). IQ V-bRWWRPed 

PLcURZeOOV, Whe LQcUeaVe LQ cLUcXOaULW\ ZaV deOa\ed ZLWh PRdeUaWe VeQVLWLYLW\ bXW eYeQWXaOO\ Ueached 

Whe VaPe OeYeO Rf cLUcXOaULW\ aV Whe WT. IQ Whe h\SeUVeQVLWLYe PXWaQWV, Whe LQcUeaVe LQ cLUcXOaULW\ 

ZaV PaUNedO\ VXSSUeVVed (Fig. 3). TR WeVW Whe SRVVLbLOLW\ WhaW P\RVLQ II-LQdXced VWUXcWXUaO chaQgeV 
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LQ Į-caWeQLQ aQd cRQVeTXeQW YLQcXOLQ bLQdLQg LV LPSRUWaQW fRU SURSeU URXQdLQg, Ze LQhLbLWed P\RVLQ 

II acWLYLW\ ZLWh bOebbLVWaWLQ (Fig. S2) RU YLQcXOLQ bLQdLQg XVLQg Whe L344P PXWaWLRQ (Fig. 4). IQ bRWh 

caVeV, URXQdLQg RccXUUed aOPRVW QRUPaOO\. TheVe UeVXOWV VhRZ WhaW VWURQg P\RVLQ II acWLYLW\ LV QRW 

UeTXLUed fRU WhLV PRUShRgeQeVLV. AQd WeQVLRQ VeQVLWLYLW\ fRU dLVVRcLaWLQg YLQcXOLQ XQdeU ORZ WeQVLRQ 

LV cUXcLaO fRU URXQdLQg PRUShRgeQeVLV LQ WhLV V\VWeP. MRUShRgeQeVLV LQ WhLV V\VWeP VhRZed QR 

YLQcXOLQ accXPXOaWLRQ RQ AJV, eYeQ LQ ceOOV e[SUeVVLQg WT Į-caWeQLQ, VXggeVWLQg WhaW AJV aUe QRW 

XQdeU hLgh WeQVLRQ (Fig. 4). SLQce acWLQ SRO\PeUL]aWLRQ RU deSRO\PeUL]aWLRQ LQhLbLWLRQ dReV QRW 

LQdXce URXQdLQg Rf VSheURLdV aW aOO (Fig. S3), ceOO PRWLOLW\ LQdXced b\ acWLQ SRO\PeUL]aWLRQ LV OLNeO\ 

QeceVVaU\ fRU URXQdLQg PRUShRgeQeVLV. 

The h\SeUVeQVLWLYe PXWaWLRQ affecWV Whe AJ fRUPaWLRQ SURceVV (Figs. 5, S4, and S5), ZhLOe 

LW VXSSRUWV ceOO adheVLRQ fXQcWLRQ eQRXgh WR fRUP TJ QeWZRUNV (Fig. 3). AJV PaWXUe LQWR ZAV WhURXgh 

Whe PA VWage LQ Whe QRUPaO SURceVV Rf AJ fRUPaWLRQ, aQd TJV aUe fRUPed aORQg Whe ZAV. IQ Whe 

h\SeUVeQVLWLYe PXWaQW, TJV fRUPed ZLWhRXW dLVWLQcW deYeORSPeQW Rf PAV aQd VeePed WR PaWXUe 

TXLcNO\ LQWR ZAV. The WXUQRYeU Rf AJ cRPSRQeQWV LV faVWeU LQ PA (53, 54) aQd VORZeU LQ AJV fRUPed 

b\ h\SeUVeQVLWLYe PXWaQW Į-caWeQLQ (47). TheUefRUe, LW ZaV h\SRWheVL]ed WhaW Whe WeQVLRQ-VeQVLWLYe 

PXWaWLRQ PLghW VXSSUeVV URXQdLQg b\ UedXcLQg AJ SOaVWLcLW\. WheQ geQeUaO PePbUaQe eQdRc\WRVLV 

SURWeLQV, LQcOXdLQg cadheULQ, ZeUe LQhLbLWed XVLQg d\QaVRUe, a d\QaPLQ LQhLbLWRU, URXQdLQg ZaV aOVR 

VXSSUeVVed (Fig. 6), VXSSRUWLQg Whe Ldea WhaW QRUPaO WXUQRYeU Rf AJ cRPSRQeQWV, RU AJ SOaVWLcLW\, LV 
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LPSRUWaQW fRU URXQdLQg PRUShRgeQeVLV. 

IQ addLWLRQ WR ceOO-ceOO adheVLRQ, Whe abLOLW\ Rf each ceOO WR chaQge LWV SRVLWLRQ LV WhRXghW 

WR be eVVeQWLaO LQ URXQdLQg. The QXcOeXV ZaV WUacNed fRU SRVLWLRQLQg each ceOO aQd Whe dLUecWLRQ Rf 

dLVSOacePeQW Rf Whe SRVLWLRQ Rf each SaLU Rf QeLghbRULQg ceOOV fRU each fUaPe ZaV PeaVXUed. If 

LQdLYLdXaO ceOOV ZeUe PRYLQg UaQdRPO\, LW LV e[SecWed WhaW Whe dLVSOacePeQW Rf a VLgQLfLcaQW QXPbeU 

Rf QeLghbRULQg ceOOV ZRXOd be LQdLcaWed aV a ORZ cRUUeOaWLRQ WRZaUd dLVSOacePeQW. BXW LQ facW, LW 

ZaV VeeQ RQO\ LQfUeTXeQWO\, ZLWh PaQ\ ceOOV VhRZLQg dLVSOacePeQW LQ Whe VaPe dLUecWLRQ, L.e., hLghO\ 

cRUUeOaWed PRYePeQW (Fig. 7A–E). DeWaLOed aQaO\VLV UeYeaOed WhaW ZheQ VRPe SaUWV Rf ORQg ceOO 

PaVV beQd, a cLUcXOaULW\ MXPSV ZeUe RbVeUYed, ZhLch ZaV aQ eVVeQWLaO cRQWULbXWLRQ WR Whe LQcUeaVe 

LQ cLUcXOaULW\ (Figs. 7F and S7A, B). PUeYLRXV gUaShV Rf Whe LQcUeaVe LQ cLUcXOaULW\ (Figs. 2–4) 

VhRZed Whe aYeUage cLUcXOaULW\ Rf PaQ\ VSheURLdV aQd WhXV ZRXOd QRW haYe UefOecWed Whe 

chaUacWeULVWLc PRUShRORgLcaO chaQgeV Rf LQdLYLdXaO VSheURLdV. ThLV PRYePeQW ZaV cRPPRQO\ 

RbVeUYed LQ WT aQd h\SeUVeQVLWLYe PXWaQWV, bXW LQ Whe WT, Whe PRYePeQW ZaV fROORZed b\ QeZ 

adheVLRQ aQd aQ LQcUeaVe LQ cLUcXOaULW\. IQ cRQWUaVW, LQ Whe h\SeUVeQVLWLYe PXWaQW, Whe beQdLQg ZaV 

QRW VXVWaLQed, aQd Whe ceOOV PRYed agaLQ, ZhLch dLd QRW LPSURYe cLUcXOaULW\. WheQ WZR ceOO PaVVeV 

fXVe b\ cRQWacWLQg each RWheU, VRPe Rf Whe e[LVWLQg AJV VhRXOd be bURNeQ, aQd QeZ AJV fRUPed, L.e., 

AJ UePRdeOLQg LV UeTXLUed (Fig. S8). IQ Whe WT aQd PXWaQWV ZLWh ORZ WeQVLRQ VeQVLWLYLW\, WhLV AJ 

UePRdeOLQg aSSeaUV WR RccXU ZLWhRXW SURbOePV bXW LQ h\SeUVeQVLWLYe PXWaQWV dR QRW. TR WeVW WhLV 
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Ldea, Whe WZR VSheURLdV ZeUe SOaced Qe[W WR each RWheU WR Vee Lf Whe\ ZRXOd fXVe. AV e[SecWed, RQO\ 

Whe h\SeUVeQVLWLYe PXWaWLRQ VXSSUeVVed VSheURLd fXVLRQ (Fig. 8). 

Į-CaWeQLQ haV beeQ deVLgQed WR bLQd WR YLQcXOLQ ZheQ Whe fRUce RQ Whe PROecXOe e[ceedV 

a Sh\VLRORgLcaOO\ VXffLcLeQW PagQLWXde (>5 SN, cRUUeVSRQdLQg WR Whe fRUce geQeUaWed b\ a P\RVLQ II 

PROecXOe)(43, 64). UQdeU Sh\VLRORgLcaO fRUceV, accXPXOaWed YLQcXOLQ, aQ acWLQ-bLQdLQg SURWeLQ, 

fXQcWLRQV aV acWLQ-bLQdLQg VcaffROdV LQ AJV aQd VWUeQgWheQV WheP WR ZLWhVWaQd VWURQg fRUceV (29±31). 

SXSSRVe WhLV VeQVLWLYLW\ VeW SRLQWV ZeUe hLgheU, L.e., Lf Į-caWeQLQ ZRXOd bLQd WR YLQcXOLQ XQdeU ORZeU 

WeQVLRQ, VPRRWh UePRdeOLQg Rf AJV ZRXOd QRW be SRVVLbOe. ThXV, eYROXWLRQaULO\, Whe WeQVLRQ 

VeQVLWLYLW\ Rf Whe Į-caWeQLQ PROecXOe haV beeQ RSWLPaOO\ WXQed. 

A W\SLcaO e[aPSOe Rf ceOOXOaU UeaUUaQgePeQWV haV beeQ UeSRUWed, VXch aV geUP-baQd 

e[WeQVLRQ LQ Whe DURVRShila ePbU\R, ZheUe ORcaO QeLghbRU e[chaQge Rf ceOOV LV YLWaO fRU 

PRUShRgeQeVLV (55). IQ cRQWUaVW, LQ WhLV VWXd\, VXch QeLghbRU e[chaQge dReV QRW SOa\ aW OeaVW a PaMRU 

UROe LQ Whe URXQdLQg Rf VSheURLdV. IQ YiYR eSLWheOLaO VheeWV aUe ORcaWed RQ WRS Rf Whe baVePeQW 

PePbUaQe, PaNLQg LW YeU\ eaV\ fRU WheP WR PRYe RQ Whe VXbVWUaWe. HRZeYeU, VSheURLdV Pade fURP 

eSLWheOLaO ceOOV aORQe XQdeU e[SeULPeQWaO VXVSeQVLRQ cXOWXUe cRQdLWLRQV dR QRW fRUP a baVePeQW 

PePbUaQe aV VeeQ iQ YiYR. The UROe Rf ceOO PRYePeQW LQ PRUShRgeQeVLV LV WhRXghW WR be dLffeUeQW 

LQ caVeV ZheUe ceOO PRYePeQW RQ Whe baVePeQW PePbUaQe LV eaV\ aQd LQ caVeV ZheUe WheUe LV QR 

VXbVWUaWe WR VXSSRUW ceOO PRYePeQW. IQ Whe e[SeULPeQWaO V\VWeP XVed LQ WhLV VWXd\, ceOO PRWLOLW\ LWVeOf 
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ZaV QeceVVaU\. IQ addLWLRQ, Whe PRYePeQW Rf fROdLQg aV a gURXS aSSeaUed WR PaNe a UeOaWLYeO\ OaUge 

cRQWULbXWLRQ. The degUee Rf QeLghbRU e[chaQge Rf ceOOV ZaV ORZ, aQd WheLU cRQWULbXWLRQ WR URXQdLQg 

ZaV SURbabO\ PLQRU. 

Į-CaWeQLQ UedXceV AJ SOaVWLcLW\ WR eQVXUe Whe fRUce WUaQVPLVVLRQ XQdeU VWURQg WeQVLRQ aQd 

LQcUeaVeV SOaVWLcLW\ WR aOORZ UePRdeOLQg ZheQ Whe WeQVLRQ LV ZeaNeQed. IW LV WhRXghW WhaW WeQVLRQ 

VeQVLWLYLW\ LV eVVeQWLaO fRU VXcceVVfXO VZLWchLQg beWZeeQ WheVe WZR fXQcWLRQV. FXUWheUPRUe, WeQVLRQ 

UaQge fRU Whe VZLWchLQg LV aOVR LPSRUWaQW. IQ WhLV VeQVe, Whe Į-caWeQLQ PROecXOe LV cRQVLdeUed WR be 

cOeYeUO\ deVLgQed WR UeVSRQd WR Sh\VLRORgLcaO UaQge Rf WeQVLRQ. SLQce Whe dLUecW acWLQ-bLQdLQg Rf Į-

caWeQLQ LWVeOf LV aOVR WeQVLRQ-VeQVLWLYe, LW LV QeceVVaU\ WR fXUWheU LQYeVWLgaWe Whe UeOaWLRQVhLS beWZeeQ 

WhLV aQd Whe acWXaO adheVLRQ WR VXbVWUaWeV iQ YiYR. 

WheQ ceOO cORQeV ZLWh Whe VaPe SURSeUWLeV gaWheU, LW LV YeU\ QaWXUaO WR WhLQN WhaW Whe\ 

fRUP a URXQd aggUegaWe. IW LV aOVR aVVXPed WhaW PaQ\ dLVWRUWed aggUegaWeV caQ be fRUPed b\ 

VWRchaVWLc fOXcWXaWLRQV Rf each ceOO behaYLRU. IQ UeaOLW\, cORQaO eSLWheOLaO ceOOV fRUP URXQd VSheURLdV 

ZLWh hLgh SURbabLOLW\ iQ YiWUR, aQd URXQd ePbU\RV aUe fRUPed fURP eggV ZLWh hLgh SUecLVLRQ 

dXULQg deYeORSPeQW. TeQVLRQ VeQVLWLYLW\ Rf D-caWeQLQ aSSeaUV WR VXSSRUW deVLgQed PRUShRgeQeVLV 

SURWecWLQg fURP VWRchaVWLc fOXcWXaWLRQV. 

 

Experimental procedures 
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Cell culture 

DLD-1 ceOOV fURP ATCC, LWV VXbcORQe R2/7 ceOOV (36) (SURYLded b\ F. YaQ RR\, GheQW UQLYeUVLW\, 

BeOgLXP), aQd R2/7 ceOO OLQeV e[SUeVVLQg YaULRXV Į-caWeQLQ PXWaQWV ZeUe cXOWXUed LQ DXObeccR¶V 

MRdLfLed EagOe MedLXP (DMEM; WaNR) VXSSOePeQWed ZLWh 10% feWaO bRYLQe VeUXP (FBS). 

 

Spheroid formation 

DLD-1 ceOOV, R2/7 ceOOV, RU R2/7 ceOO OLQeV e[SUeVVLQg WT RU PXWaQW Į-caWeQLQ ZeUe cXOWXUed RQ Whe 

fROORZLQg cRQWaLQeUV. FRU Whe VSheURLd fRUPaWLRQ LQ URXQd-bRWWRPed ZeOOV, QRQadheUeQW URXQd-

bRWWRPed 96-ZeOO SOaWeV (EZ-BLQdShXW SP, IZaNL) ZeUe XVed. CeOOV ZeUe VXVSeQded LQ a cXOWXUe 

PedLXP, Veeded LQ each ZeOO aW 100 ceOOV/ZeOO, aQd cXOWXUed fRU 48 h. FRU Whe VSheURLd fRUPaWLRQ LQ 

V-bRWWRPed UecWaQgXOaU PLcURZeOOV, SRO\dLPeWh\OVLOR[aQe (PDMS; S\OgaUd 184, DRZ CRUQLQg) RU 

CYTOP (CTX-809SP2, AVahL GOaVV) ZaV VhaSed b\ PLcURfabULcaWed PeWaO PROd (deVcULbed LQ Whe 

fROORZLQg VXbVecWLRQ) accRUdLQg WR PaQXfacWXUe LQVWUXcWLRQV aQd aWWached WR a 35PP gOaVV-

bRWWRPed dLVh (MaWVXQaPL GOaVV), WheQ WUeaWed ZLWh 10% PROR[aPeU 188 (POXURQLc F68, GE 

HeaOWhcaUe) RYeUQLghW WR SUeYeQW ceOO aWWachPeQW (65, 66). The dLVh ZaV ULQVed WhUee WLPeV XVLQg 

PBS aQd fLOOed ZLWh cXOWXUe PedLXP, RU LPagLQg PedLXP (FOXRBULWe DMEM, TheUPR FLVheU) 

VXSSOePeQWed ZLWh 10% FBS. A gOaVV cORQLQg c\OLQdeU (LQQeU dLaPeWeU 7 PP; IZaNL) ZaV SOaced RQ 

Whe VXbVWUaWe WR OLPLW Whe aUea Rf ceOO VeedLQg, aQd ceOO VXVSeQVLRQ (1 î 104 ceOOV fRU Whe ceOO WUacNLQg 
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aQd 2 î 104 ceOOV fRU aOO RWheU e[SeULPeQWV) ZaV added WR Whe VXbVWUaWe XVLQg. CeOOV ZeUe cXOWXUed LQ 

Whe PLcURZeOOV fRU 48 h aYRLdLQg aQ\ VWUeaP Rf cXOWXUe PedLXP WhaW Pa\ bULQg ceOOV RXW Rf Whe ZeOOV. 

FRU VSheURLd fRUPaWLRQ RQ aQ ECM geO, 10 �L MaWULgeO (CRUQLQg) ZaV SOaced RQ URXQd cRYeUVOLSV 

(dLaPeWeU 14 PP, MaWVXQaPL GOaVV) aQd geOOed b\ LQcXbaWLQg fRU 10 PLQ aW 37�C. CeOO VXVSeQVLRQ 

(1 î 105 ceOOV) ZaV added WR Whe geO, aQd ceOOV ZeUe cXOWXUed fRU 9±24 h. 

 

Spheroid fusion 

FRU VSheURLd fXVLRQ aVVa\V, R2/7 ceOO OLQeV e[SUeVVLQg WT RU PXWaQW Į-caWeQLQ ZeUe cXOWXUed RQ V-

bRWWRPed VTXaUe PLcURZeOOV (ZLdWh 250 �P î heLghW 250 �P î deSWh 160 �P) fRU 24 h WR RbWaLQ 

UeOaWLYeO\ VPaOO VSheURLdV. TZR VSheURLdV ZeUe SLcNed XS XVLQg a PLcURSLSeWWe aQd WUaQVfeUUed 

WRgeWheU LQWR RQe ZeOO Rf QRQadheUeQW V-bRWWRPed 96-ZeOO SOaWeV (EZ-BLQdShXW SP, IZaNL). TheQ, 

Whe WZR VSheURLdV ZeUe aOORZed WR cRQWacW ZLWh each RWheU aQd ZeUe cXOWXUed fRU 9 h. 

 

Preparation of metal mold 

The PROd fRU PaNLQg PDMS PLcURZeOOV ZaV PaQXfacWXUed b\ XOWUaSUecLVLRQ cXWWLQg XVLQg a VLQgOe 

cU\VWaO dLaPRQd WRRO ZLWh aQ XOWUahLgh SUecLVLRQ PachLQe (NPIC-M200, NagaVe IQWegUe[ CR., LWd.). 

The PaWeULaO Rf Whe PROd ZaV QLcNeO-ShRVShaWe eOecWUROeVV SOaWLQg RQ a VWaLQOeVV VWeeO baVe ZLWh 
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dLaPeWeU Rf 10 PP aQd heLghW Rf 6 PP. The WhLcNQeVV Rf QLcNeO-ShRVShaWe SOaWLQg ZaV 300 �P. 

The dLaPRQd cXWWLQg WRRO had UecWaQgXOaU edge ZLWh fOaW eQd Rf 50 �P aQd QRVe aQgOe Rf 53 degUee 

WR fRUP Whe VhaSe Rf ZeOO ZaOO aQd bRWWRP. The fLQaO deSWh Rf cXW ZaV 0.4 �P aQd VXUface URXghQeVV 

Rf 4 QP LQ aYeUage ZaV RbWaLQed. AfWeU Whe PROd ZaV fRUPed b\ cXWWLQg, a fOXRURcaUbRQ cRaWLQg ZaV 

deSRVLWed b\ UeacWLYe LRQ eWchLQg PachLQe VR WhaW PDMS caQ be eaVLO\ UePRYed fURP Whe PROd. 

 

Antibodies and reagents 

The fROORZLQg SULPaU\ aQWLbRdLeV ZeUe XVed: aQWL-Į-caWeQLQ UabbLW SRO\cORQaO aQWLbRd\ (C2018）

aQd aQWL-YLQcXOLQ PRXVe PRQRcORQaO aQWLbRd\ (VIN-11-5; SLgPa-AOdULch); aQWL-DDDDK Wag UabbLW 

SRO\cORQaO aQWLbRd\, ZhLch UecRgQL]eV Whe FOag Wag (MBL); aQWL-ZO-1 PRXVe PRQRcORQaO aQWLbRd\ 

(T8-754; a gLfW fURP Sa. TVXNLWa, OVaNa UQLYeUVLW\, JaSaQ). AOe[a FOXRU 488-cRQMXgaWed dRQNe\ 

aQWL-PRXVe IgG aQWLbRd\, AOe[a FOXRU 555-cRQMXgaWed dRQNe\ aQWL-UabbLW IgG, RU AOe[a FOXRU 647-

cRQMXgaWed dRQNe\ aQWL-PRXVe IgG aQWLbRdLeV (TheUPR FLVheU) ZeUe XVed aV VecRQdaU\ aQWLbRdLeV 

fRU LPPXQRfOXRUeVceQW VWaLQLQg. AOe[a FOXRU 488-cRQMXgaWed RU AOe[a FOXRU 647-cRQMXgaWed 

ShaOORLdLQ (TheUPR FLVheU) ZaV XVed fRU VWaLQLQg acWLQ fLOaPeQWV. 4ƍ,6-dLaPLdLQR-2-SheQ\OLQdRO 

(DAPI; DRMLQdR LabRUaWRULeV) ZaV XVed fRU VWaLQLQg Rf QXcOeL. 

(í)-BOebbLVWaWLQ (WaNR) ZaV SUeSaUed aV a 50 PM VWRcN LQ dLPeWh\OVXOfR[Lde (DMSO) aQd XVed aW 

50 �M. C\WRchaOaVLQ D (SLgPa) ZaV SUeSaUed aV a 2 PM VWRcN LQ DMSO aQd XVed aW 2 �M. 
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JaVSOaNLQROLde (CaObLRcheP) ZaV SUeSaUed aV a 1 PM VWRcN LQ DMSO aQd XVed aW 10 �M. D\QaVRUe 

(SaQWa CUX]) ZaV SUeSaUed aV aQ 80 PM VWRcN LQ DMSO aQd XVed aW 80 �M. MLTMAB (AbcaP) 

ZaV SUeSaUed aV a 100 PM VWRcN LQ ZaWeU aQd XVed aW 30 �M. 

 

Immunostaining 

FRU LPPXQRfOXRUeVceQce VWaLQLQg, VSheURLdV fRUPed LQ V-bRWWRPed PLcURZeOOV ZeUe cROOecWed LQ 

PLcURWXbeV, fL[ed ZLWh 1% SaUafRUPaOdeh\de (PFA) LQ 100 PM HEPES-KOH (SH 7.5) aW URRP 

WePSeUaWXUe fRU 30 PLQ, ZaVhed RQce ZLWh 30 PM GO\cLQe LQ PBS (G-PBS) fRU 10 PLQ, aQd 

SeUPeabLOL]ed XVLQg 0.5% TULWRQ X-100 LQ G-PBS fRU 10 PLQ. The\ ZeUe ZaVhed RQce XVLQg G-

PBS fRU 10 PLQ aQd LQcXbaWed ZLWh 4% QRUPaO dRQNe\ VeUXP (NDS) LQ G-PBS fRU 30 PLQ WR UedXce 

QRQVSecLfLc bLQdLQg Rf aQWLbRdLeV. The\ ZeUe LQcXbaWed ZLWh SULPaU\ aQWLbRdLeV RYeUQLghW aW 4�C, 

ZaVhed WhULce ZLWh G-PBS fRU 10 PLQ, LQcXbaWed ZLWh 4% NDS LQ G-PBS fRU 10 PLQ, VecRQdaU\ 

aQWLbRdLeV, aQd fOXRUeVceQW UeageQWV (fOXRUeVceQW OabeOed-ShaOORLdLQ aQd DAPI) fRU 2 h, aQd ZaVhed 

WhULce XVLQg G-PBS fRU 10 PLQ. The\ ZeUe WheQ VXVSeQded LQ PURORQg GOaVV aQWLfade PRXQWaQW 

(TheUPR FLVheU) aQd cXUed fRU 2 d. CeOOV cXOWXUed RQ cRYeUVOLSV ZeUe fL[ed aQd VWaLQed LQ Whe VaPe 

Za\, e[ceSW fRU dLffeUeQceV LQ Whe dXUaWLRQ Rf each RSeUaWLRQ: fL[aWLRQ (20 PLQ), SeUPeabLOL]aWLRQ (5 

PLQ), ZaVhLQg (3 PLQ), SULPaU\ aQd VecRQdaU\ aQWLbRd\ LQcXbaWLRQ (30 PLQ each). 
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Imaging 

IPageV ZeUe WaNeQ XVLQg Whe fROORZLQg PLcURVcRSeV. FRU ShaVe-cRQWUaVW OLYe-LPagLQg, a LeLca 

DMIRE2 LQYeUWed PLcURVcRSe eTXLSSed ZLWh a CCD caPeUa (SeQVLcaP, PCO) cRQWUROOed b\ Whe 

VRfWZaUe SacNage MeWaMRUSh YeUVLRQ 7.7.7.0 (MROecXOaU DeYLceV), a VWage-WRS CO2 LQcXbaWRU 

(TRNaL HLW), aQd aQ N POaQ 2.5î/0.07NA Ph1 OeQV ZaV XVed. FRU LPagLQg Rf fL[ed VaPSOeV, a NLNRQ 

A1R LQYeUWed cRQfRcaO PLcURVcRSe cRQWUROOed b\ NLNRQ NIS-EOePeQWV VRfWZaUe (NLNRQ), eTXLSSed 

ZLWh a POaQ ASR 60î/1.40NA OeQV, ZaV XVed. FRU cRQfRcaO OLYe-LPagLQg, 1) Whe NLNRQ A1R 

PLcURVcRSe eTXLSSed ZLWh a VWage-WRS CO2 LQcXbaWRU (TRNaL HLW) aQd a POaQ ASR VC 20î/0.75NA 

OeQV, RU 2) aQ OO\PSXV IX71 LQYeUWed PLcURVcRSe eTXLSSed ZLWh a VSLQQLQg dLVN cRQfRcaO XQLW 

(CSU-X1, YRNRgaZa) aQd CMOS caPeUa (OUca FOaVh 4.0, HaPaPaWVX PhRWRQLcV) cRQWUROOed b\ 

VRfWZaUe SacNage MeWaMRUSh YeUVLRQ 7.10.2.240 (MROecXOaU DeYLceV), a VWage-WRS CO2 LQcXbaWRU 

(TRNaL HLW), aQd a UPOaQ S ASR 20î/0.75NA OeQV ZaV XVed. 

 

Plasmids and transfection 

A YecWRU e[SUeVVLQg fXOO-OeQgWh PRXVe ĮE-caWeQLQ ZLWh a FOag Wag aW LWV CௗWeUPLQXV (SCA-ĮE-

caWeQLQ±FOag) (67) ZaV a gLfW fURP M. TaNeLchL (RIKEN BDR, JaSaQ). SCA-ĮE-caWeQLQ-FOag 

(L344P) ZaV cRQVWUXcWed XVLQg VLWe-VSecLfLc PXWageQeVLV WR LQWURdXce a PXWaWLRQ UeVXOWLQg LQ Whe 

VLQgOe aPLQR acLd VXbVWLWXWLRQ fURP L WR P (46) LQWR SCA-ĮE-caWeQLQ-FOag. TR eVWabOLVh VWabOe cORQeV 
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e[SUeVVLQg PXWaQW Į-caWeQLQ [1±906(L344P)], WhLV YecWRU aQd PGK-h\g (68) ZeUe cRWUaQVfecWed 

XVLQg LLSRfecWaPLQe 2000 (IQYLWURgeQ), aQd ceOOV ZeUe VeOecWed b\ WUeaWPeQW ZLWh 400 �g POí1 

h\gURP\cLQ B fRU 2±4 ZeeNV. 

The e[SUeVVLRQ YecWRU Rf hLVWRQe H2B Wagged ZLWh EGFP aW Whe C-WeUPLQXV ZaV geQeUaWed 

XVLQg Whe EGFP-N1 YecWRU (CORQWech). The aPSOLfLed H2B cDNA ZaV cORQed LQWR Whe 

HLQdIII/BaPHI VLWe Rf EGFP-N1. TR eVWabOLVh ceOO OLQeV VWabO\ e[SUeVVLQg GFP-H2B, R2/7 ceOOV 

VWabO\ e[SUeVVLQg WT (1±906) RU PXWaQW [1±906 (L378P RU L344P)] Į-caWeQLQ ZeUe WUaQVfecWed ZLWh 

WhLV YecWRU. EGFP-e[SUeVVLQg ceOOV ZeUe VRUWed XVLQg a ceOO VRUWeU (SH800, SRQ\), VSaUVeO\ UeSOaWed, 

aQd WheQ VLQgOe cORQeV ZeUe LVROaWed. 

 

Image analyses 

IPageV ZeUe SURceVVed aQd aQaO\]ed XVLQg IPageJ VRfWZaUe (NaWLRQaO IQVWLWXWeV Rf HeaOWh) RU 

CeOOPURfLOeU VRfWZaUe (69). TR PeaVXUe VSheURLd PRUShRORg\, Whe RXWOLQeV Rf VSheURLdV LQ ShaVe-

cRQWUaVW LPageV RU XY Pa[LPXP LQWeQVLW\ SURMecWLRQ LPageV Rf H2B-GFP (FLg. S7) ZeUe WUaced b\ 

fUeehaQd dUaZLQg, aQd Whe cLUcXOaULW\ (³fRUP facWRU´ LQ CeOOPURfLOeU) ZaV caOcXOaWed XVLQg Whe 

fRUPXOa: 

𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦 ൌ 4𝜋 
𝑎𝑟𝑒𝑎

𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟ଶ 
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TR PeaVXUe PA OeQgWh, cRQfRcaO Z-VWacN LPageV Rf Į-caWeQLQ aQd F-acWLQ ZeUe SURMecWed 

WR VLQgOe LPageV b\ Pa[LPXP SURMecWLRQ. SSRW-OLNe Į-caWeQLQ-SRVLWLYe RbMecWV aWWached WR F-acWLQ 

bXQdOeV ZeUe cRQVLdeUed PAV. The cRQWRXU Rf each PA LQ Whe Į-caWeQLQ chaQQeO ZaV WUaced PaQXaOO\ 

XVLQg fUeehaQd dUaZLQg WR defLQe PA UegLRQV aQd Pa[ FeUeW dLaPeWeUV (aOVR NQRZQ aV Pa[LPXP 

caOLSeU; Whe ORQgeVW dLVWaQce beWZeeQ WZR WLSV aORQg Whe WUaced cRQWRXU Rf PAV) ZaV PeaVXUed. 

TR PeaVXUe TJ OeQgWh, cRQfRcaO Z-VWacN LPageV Rf QXcOeL aQd ZO-1 ZeUe SURMecWed aV ZeOO. 

The EQhaQceOUSXSSUeVVFeaWXUeV PRdXOe Rf CeOOPURfLOeU eQhaQced OLQeaU VWUXcWXUeV LQ Whe ZO-

1chaQQeO, aQd aXWRPaWed VegPeQWaWLRQ ZaV SeUfRUPed WR defLQe Whe TJ-fRUPed UegLRQ. The TJ 

UegLRQ ZaV WheQ VNeOeWRQL]ed WR VLQgOe-SL[eO ZLdWh, aQd Whe QXPbeU Rf SL[eOV UeSUeVeQWLQg WRWaO TJ 

OeQgWh ZaV cRXQWed. CeOO QXPbeU ZaV cRXQWed XVLQg aQ aXWRPaWed VegPeQWaWLRQ Rf QXcOeL, aQd TJ 

OeQgWh ZaV QRUPaOL]ed b\ dLYLdLQg XVLQg Whe ceOO QXPbeU RU fLeOd aUea. 

TR aQaO\]e ceOO PRYePeQWV dXULQg Whe VSheURLd fRUPaWLRQ, 3D DRG (DLffeUeQce Rf 

GaXVVLaQ, cRPbLQed GaXVVLaQ UadLL LQ VLgPa Rf 1.9/3.8 SL[eOV fRU X/Y dLPeQVLRQV, aQd 0.7/1.4 SL[eOV 

fRU Z dLPeQVLRQ) ZaV SeUfRUPed WR ePShaVL]e QXcOeXV VhaSe aQd LdeQWLfLed dLVWLQcW QXcOeL b\ 

fLQdLQg ORcaO Pa[LPa. TheVe QXcOeL SRVLWLRQV ZeUe VWRUed LQ a SQL daWabaVe (SQLLWe3), aQd WheLU 

dLVSOacePeQWV WhURXghRXW Whe WLPe VeULeV ZeUe MRLQed XVLQg Whe QeaUeVW QeLghbRU PeWhRd. 

TR aQaO\]e Whe PRUShRORg\ Rf VSheURLd dRXbOeWV dXULQg fXVLRQ, dRXbOeW OeQgWh aQd cRQWacW 

OeQgWh PeaVXUePeQWV ZeUe UecRUded PaQXaOO\ b\ dUaZLQg a VLQgOe OLQe aORQg Whe ORQg a[LV Rf a SaLU 
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Rf VSheURLdV RU aORQg Whe fXVed UegLRQ (Whe bRUdeU Rf WZR VSheURLdV), UeVSecWLYeO\. 

 

Statistical analyses 

DaWa aUe e[SUeVVed aV PeaQ � 95% cRQfLdeQce LQWeUYaO (CI) Rf aW OeaVW WhUee LQdeSeQdeQW 

e[SeULPeQWV. AOO VWaWLVWLcaO aQaO\VeV ZeUe SeUfRUPed LQ R VRfWZaUe. P-YaOXeV ZeUe caOcXOaWed XVLQg 

SWXdeQW¶V W-WeVW fRU cRPSaULVRQ Rf WZR gURXSV, aQd OQe-Za\ ANOVA fROORZed b\ DXQQeWW¶V RU 

TXNe\¶V PXOWLSOe cRPSaULVRQ WeVWV fRU PRUe WhaQ WhUee gURXSV, UeVSecWLYeO\. IQ aOO caVeV, P<0.05 ZaV 

cRQVLdeUed VWaWLVWLcaOO\ VLgQLfLcaQW. 

 

Data availability 

AOO daWa aUe LQdLcaWed LQ Whe PaQXVcULSW. 

 

Supporting information 

ThLV aUWLcOe cRQWaLQV VXSSRUWLQg LQfRUPaWLRQ. 
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Figure legends 

Fig. 1. Wild-type α-catenin-expressing cells form round-shaped spheroids in round-bottomed 

wells, which is not supported by tension sensitivity mutants.  

(A) SchePaWLc dUaZLQg Rf Į-caWeQLQ aQd LWV PXWaQWV. The UeVLdXe QXPbeULQg fRU PRXVe ĮE-caWeQLQ 

LV gLYeQ. 1±906; fXOO OeQgWh, 1±402; C-WeUPLQXV deOeWLRQ. WT; ZLOd-W\Se, 3RE; 

R326E/R548E/R551E. CRORUed OLQeV RQ Whe dRPaLQ LOOXVWUaWLRQ LQdLcaWeV Whe SRVLWLRQV Rf SRLQW 

PXWaWLRQV. FXQcWLRQaO dRPaLQV aQd VWUeQgWh Rf YLQcXOLQ bLQdLQg affLQLW\ aUe LQdLcaWed. -; QR bLQdLQg, 

�; PRdeUaWe, +; VWURQg, ++; YeU\ VWURQg, +++; e[WUePeO\ VWURQg (HLUaQR eW aO., 2018). (B) SWLOO LPageV 

b\ WLPe-OaSVe PLcURVcRS\. R2/7 ceOOV e[SUeVVLQg WT (1±906; WRS) RU PXWaQW (1±402; bRWWRP) Į-

caWeQLQ ZeUe Veeded RQ URXQd-bRWWRPed ZeOOV, UeVSecWLYeO\, aQd OLYe-LPaged fRU 42 h. (C) SSheURLdV 

Rf YaULRXV PXWaQWV afWeU 48 h cXOWXUe. ScaOe baUV, 100 �P. 

Fig. 2. Initial aspect ratios of cell masses and final spheroid circularity.  

(A) SchePaWLc dUaZLQgV Rf a URXQd-bRWWRPed ZeOO aQd a V-bRWWRPed PLcURZeOO. (B) FRUPaWLRQ Rf 
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URXQd VSheURLdV LQ V-bRWWRPed PLcURZeOOV. SWLOO LPageV b\ WLPe-OaSVe PLcURVcRS\. ScaOe baU, 250 

�P. DLD-1 ceOOV ZeUe Veeded RQ V-bRWWRPed PLcURZeOOV ZhLch haYe 1:1, 1.5:1, 2:1 RU 3:1 aVSecW 

UaWLR, UeVSecWLYeO\, aQd OLYe-LPaged fRU 48 h. (C) The cLUcXOaULW\ Rf VSheURLdV WhaW PeaVXUed eYeU\ 

1 h. EUURU baUV VhRZ PeaQ � 95%CI. (D) VLVXaOL]aWLRQ Rf QXcOeXV aQd F-acWLQ Rf a URXQd VSheURLd. 

R2/7 ceOOV e[SUeVVLQg WT Į-caWeQLQ ZeUe Veeded RQ V-bRWWRPed PLcURZeOOV ZhLch haYe 3:1 aVSecW 

UaWLR, cXOWXUed fRU 48 h, fL[ed, VWaLQed, aQd LPaged. The XZ aQd YZ YLeZ LPageV ZeUe SURdXced aW 

Whe hRUL]RQWaO aQd YeUWLcaO OLQeV LQdLcaWed LQ Whe XY YLeZ LPage, UeVSecWLYeO\, VhRZLQg 3D URXQd 

PRUShRORg\. ScaOe baU, 20 �P.  

Fig. 3. Increased tension sensitivity of α-catenin suppresses increase in circularity of spheroids 

in V-bottomed microwells. 

(A) SWLOO LPageV b\ WLPe-OaSVe PLcURVcRS\. ScaOe baU, 250 �P. R2/7 ceOOV e[SUeVVLQg Į-caWeQLQ 

PXWaQWV ZLWh LQcUeaVed VeQVLWLYLW\ [1±906 (3RE), WRS, 1±402, PLddOe, 1±906 (L378P), bRWWRP] ZeUe 

Veeded RQ V-bRWWRPed PLcURZeOOV, UeVSecWLYeO\, aQd OLYe-LPaged fRU 48 h. (B) The cLUcXOaULW\ Rf 

VSheURLd cRQWRXU ZaV PeaVXUed aQd SORWWed agaLQVW WLPe. EUURU baUV VhRZ PeaQ � 95%CI. (C) The 

cLUcXOaULW\ Rf VSheURLdV aW 48 h afWeU VeedLQg. H\SeUVeQVLWLYe PXWaWLRQV VXSSUeVV LQcUeaVe LQ 

cLUcXOaULW\. EUURU baUV VhRZ PeaQ � 95%CI. (***; P<0.001, Q.V.; QRW VLgQLfLcaQW.) (D) VLVXaOL]aWLRQ 

Rf F-acWLQ, FLAG-Wagged Į-caWeQLQ aQd ZO-1, VhRZLQg SURSeU dLVWULbXWLRQ Rf F-acWLQ aQd Į-caWeQLQ 

WRgeWheU ZLWh WLghW MXQcWLRQ QeWZRUNV UeYeaOed ZLWh ZO-1. WhLWe aUURZheadV LQ LQVeW LQdLcaWe aSLcaO 
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ceOO-ceOO MXQcWLRQV. CeOOV ZeUe cXOWXUed RQ V-bRWWRPed PLcURZeOOV fRU 48 h, fL[ed, VWaLQed, aQd 

LPaged. ZO-1 LPageV LQ Whe bRWWRP SaQeOV aUe Pa[LPXP LQWeQVLW\ SURMecWLRQ Rf 20 VOLceV (20 �P 

LQ deSWh) fURP Whe aSLcaO VXUface Rf VSheURLdV. DLVSOa\ UaQge Rf SL[eO LQWeQVLW\ ZaV adMXVWed 

LQdeSeQdeQWO\ WR cOaULf\ MXQcWLRQaO VWUXcWXUeV. ZO-1, gUeeQ; Į-caWeQLQ, PageQWa(LQVeW). ScaOe baUV, 

20 �P. 

Fig. 4. Vinculin does not accumulate at AJs during rounding of WT α-catenin-expressing 

spheroids on V-bottomed microwells. 

(A) SWLOO LPageV b\ WLPe-OaSVe PLcURVcRS\. ScaOe baU, 250 �P. R2/7 ceOOV e[SUeVVLQg dXOO PXWaQW Į-

caWeQLQ [1±906 (L344P)] WhaW OacNV YLQcXOLQ bLQdLQg abLOLW\ ZeUe Veeded RQ V-bRWWRPed PLcURZeOOV 

aQd OLYe-LPaged fRU 48 h. (B) The cLUcXOaULW\ Rf VSheURLd cRQWRXU ZaV PeaVXUed aQd SORWWed agaLQVW 

WLPe. EUURU baUV VhRZ PeaQ � 95%CI. (C) The cLUcXOaULW\ Rf VSheURLdV aW 48 h afWeU VeedLQg. EUURU 

baUV VhRZ PeaQ � 95%CI. (***; P<0.001.) (D) VLVXaOL]aWLRQ Rf F-acWLQ, FLAG-Wagged Į-caWeQLQ 

aQd ZO-1 VhRZLQg SURSeU dLVWULbXWLRQ Rf F-acWLQ aQd cadheULQ WRgeWheU ZLWh WLghW MXQcWLRQ QeWZRUNV 

UeYeaOed ZLWh ZO-1. WhLWe aUURZheadV LQ LQVeW LQdLcaWe aSLcaO ceOO-ceOO MXQcWLRQV. ZO-1, gUeeQ; Į-

caWeQLQ, PageQWa (LQVeW). CeOOV ZeUe cXOWXUed RQ V-bRWWRPed PLcURZeOOV fRU 48 h, fL[ed, VWaLQed, aQd 

LPaged. (E, F) IPPXQRVWaLQLQg Rf VLQcXOLQ aQd FLAG-Wagged Į-caWeQLQ. CeOOV ZeUe cXOWXUed RQ 

cRYeUVOLSV (E) RU V-bRWWRPed PLcURZeOOV (F) fRU 48 h, fL[ed, VWaLQed, aQd LPaged. IQ WT VSheURLdV, 

WeQVLRQ-deSeQdeQW YLQcXOLQ accXPXOaWLRQ WR AJV (ZhLWe aUURZheadV) LV QRW RbYLRXV, VhRZLQg OeVV 
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WeQVLRQ aSSOLed aW AJV. ScaOe baUV, 20 �P. 

Fig. 5. Tension sensitivity mutation of α-catenin alters junctional maturation. 

(A) VLVXaOL]aWLRQ Rf FLAG-Wagged Į-caWeQLQ (PageQWa) aQd ZO-1, aQd Rf F-acWLQ (gUeeQ). R2/7 ceOOV 

e[SUeVVLQg ZLOd-W\Se 1±906 (WT; WRS), h\SeUVeQVLWLYe PXWaQW 1±906 (L378P; PLddOe), RU dXOO 

PXWaQW 1±906 (L344P; bRWWRP) Į-caWeQLQ ZeUe Veeded RQ cRYeUVOLSV, UeVSecWLYeO\, cXOWXUed fRU 9, 

12, 24 h, fL[ed aQd VWaLQed. WhLWe aUURZV LQdLcaWe PAV. ScaOe baUV, 20 �P. (B) MeaVXUePeQW Rf PA 

OeQgWh. VLROLQ SORWV VhRZ daWa dLVWULbXWLRQ aQd each dRWV UeSUeVeQWV PeaQ YaOXeV Rf each bLRORgLcaO 

UeSOLcaWeV. (C) MeaVXUePeQW Rf PA QXPbeU QRUPaOL]ed b\ aUea. Each dRWV UeSUeVeQWV PeaQ YaOXeV 

Rf bLRORgLcaO UeSOLcaWeV. (D) MeaVXUePeQW Rf TJ OeQgWh UeYeaOed b\ ZO-1 QRUPaOL]ed b\ ceOO QXPbeU 

RYeU WLPe, VhRZLQg faVW PaWXUaWLRQ Rf TJ QeWZRUN LQ Whe h\SeUVeQVLWLYe PXWaQW (L378P). Each dRWV 

UeSUeVeQWV WechQLcaO UeSOLcaWeV. (B–D) EUURU baUV VhRZ PeaQ � 95%CI. (*; P<0.05, **; P<0.01, Q.V.; 

QRW VLgQLfLcaQW.) See MaWeUialV aQd MeWhRdV fRU deWaLOV Rf Whe PeaVXUePeQWV. 

Fig. 6. Dynamin inhibition suppresses increase in circularity of spheroids formed in V-

bottomed microwells. 

(A) SWLOO LPageV b\ WLPe-OaSVe PLcURVcRS\. ScaOe baU, 250 �P. R2/7 ceOOV e[SUeVVLQg ZLOd-W\Se (1±

906 (WT; WRS), h\SeUVeQVLWLYe PXWaQW [1±906 (L378P; PLddOe)], RU dXOO PXWaQW [1±906 (L344P; 

bRWWRP)] Į-caWeQLQ ZeUe Veeded RQ V-bRWWRPed PLcURZeOOV, UeVSecWLYeO\, aQd OLYe-LPaged fRU 48 h 

LQ Whe SUeVeQce Rf 80 �M D\QaVRUe, a d\QaPLQ LQhLbLWRU. (B) The cLUcXOaULW\ Rf VSheURLd cRQWRXU 
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ZaV PeaVXUed aQd SORWWed agaLQVW WLPe. EUURU baUV VhRZ PeaQ � 95%CI. (C) The cLUcXOaULW\ Rf 

VSheURLdV aW 48 h afWeU VeedLQg. NRWe WhaW LQ L378P PXWaQW, decUeaVe LQ cLUcXOaULW\ b\ d\QaVRUe 

WUeaWPeQW ZaV QRW deWecWed. EUURU baUV VhRZ PeaQ � 95%CI. (***; P<0.001, Q.V.; QRW VLgQLfLcaQW.) 

Fig. 7. Collective but not single cell rearrangement is found often in the spheroid rounding.  

(A) A GFP-H2B LPage VhRZLQg QXcOeL (OefW) UeSUeVeQWLQg Whe SRVLWLRQ Rf ceOOV aQd YLVXaOL]aWLRQ Rf 

ceOO WUacNLQg aQaO\VLV SURceVV (ULghW). Each ceOO SRVLWLRQ LQ Whe XY SOaQe LV VhRZQ LQ VPaOO VTXaUe 

aQd LWV cRORU e[SUeVVeV Whe deSWh (µcROdeU¶ cRORU VhRZV deeSeU (cORVeU WR bRWWRP) SRVLWLRQ). 

DLVSOacePeQW Rf each ceOO ZaV caOcXOaWed b\ cRPSaULQg LWV SRVLWLRQ WR WhaW Rf Whe SUeYLRXV fUaPe. 

TheQ, dLVSOacePeQW cRUUeOaWLRQ (U) ZaV caOcXOaWed b\ cRPSaULQg 3D dLVSOacePeQW YecWRUV Rf WZR 

QeLghbRULQg ceOOV (cRQQecWed b\ OLQeV) aQd VhRZQ b\ Whe VaPe cRORU VcaOe (µcROdeU¶ cRORU VhRZV 

QegaWLYe, µhRWWeU¶ cRORU VhRZV a SRVLWLYe cRUUeOaWLRQ, UeVSecWLYeO\). FUaPe QXPbeUV W aUe LQdLcaWed 

LQ each LPage (fUaPe LQWeUYaO = 10 Vec). R2/7 ceOOV e[SUeVVLQg H2B-GFP aQd ZLOd-W\Se [1±906 

(WT)] RU PXWaQWV [1±906 (L378P), RU 1±906 (L344P)] Į-caWeQLQ ZeUe Veeded RQ V-bRWWRPed 

PLcURZeOOV, UeVSecWLYeO\, cXOWXUed fRU 6 h aQd WheQ OLYe-LPaged fRU 11.5 h. R2/7 ceOOV e[SUeVVLQg 

H2B-GFP aQd ZLOd-W\Se Į-caWeQLQ ZeUe aOVR Veeded aQd cXOWXUed aV ZeOO aQd WheQ OLYe-LPaged fRU 

Whe VaPe dXUaWLRQ LQ Whe SUeVeQce Rf 10 �M MLTMAB, a d\QaPLQ LQhLbLWRU (WT+MLTMAB). (B) 

HLVWRgUaP VhRZLQg daWa dLVWULbXWLRQ Rf dLVSOacePeQW cRUUeOaWLRQ U. (C) TZR-dLPeQVLRQaO deQVLW\ 

SORW VhRZLQg daWa dLVWULbXWLRQ Rf dLVSOacePeQW cRUUeOaWLRQ U RYeU WLPe. The deQVLW\ LV QRUPaOL]ed WR 
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0±1 aQd cRded b\ SVeXdR cRORU. (D, E) PeUceQWageV Rf ceOO dLVSOacePeQW SaLUV U gUeaWeU WhaQ 0.8, aW 

beWZeeQ 6±9 hRXUV afWeU VeedLQg. Each dRW UeSUeVeQWV a bLRORgLcaO UeSOLcaWe. EUURU baUV VhRZ PeaQ 

� 95%CI. (Q.V.; QRW VLgQLfLcaQW.) (F) SWLOO LPageV b\ cRQfRcaO WLPe-OaSVe PLcURVcRS\. SWacN LPageV 

aUe VhRZQ aV Pa[LPXP LQWeQVLW\ SURMecWLRQ LPageV Rf Whe WRS (XY) RU WUaQVYeUVe (YZ) YLeZ. TLPe 

afWeU VeedLQg LV LQdLcaWed LQ each fUaPe. YeOORZ aQd bOXe aUURZV LQdLcaWe Whe dLUecWLRQ Rf ceOO PaVV 

PRYePeQW (µfROdLQg¶ aQd µRSeQLQg¶, UeVSecWLYeO\). ScaOe baUV, 100 �P.  

Fig. 8. Fusion experiments of spheroids of cells expressing α-catenin with different tension 

sensitivity.  

(A) SWLOO LPageV b\ cRQfRcaO WLPe-OaSVe PLcURVcRS\. R2/7 ceOOV e[SUeVVLQg ZLOd-W\Se (1±906 (WT; 

WRS), h\SeUVeQVLWLYe PXWaQW (1±906 (L378P; PLddOe)), RU dXOO PXWaQW (1±906 (L344P; bRWWRP)) Į-

caWeQLQ ZeUe Veeded RQ V-bRWWRPed PLcURZeOOV, UeVSecWLYeO\, cXOWXUed fRU 24 h. SSheURLdV ZeUe WheQ 

WUaQVfeUUed RQWR V-bRWWRPed ZeOOV Rf 96-ZeOO SOaWe aQd OLYe-LPaged fRU 9 h. H\SeUVeQVLWLYe PXWaWLRQ 

(L378P) VXSSUeVVed VSheURLd fXVLRQ, VXggeVWLQg Whe LPSRUWaQce Rf SOaVWLcLW\ Rf AJ LQ VSheURLd 

fXVLRQ. ScaOe baU, 50 �P. (B) The OeQgWh Rf a VSheURLd SaLU aORQg Whe ORQg a[LV ZaV PeaVXUed. AQ\ 

SURWUXVLRQV RQ VSheURLdV ZeUe LgQRUed, aQd YaOXeV ZeUe QRUPaOL]ed WR WhaW aW 0 h. (C) The OeQgWh Rf 

QeZ cRQWacWV beWZeeQ WZR VSheURLdV ZaV PeaVXUed aV LOOXVWUaWed. (B, C) EUURU baUV VhRZ PeaQ � 

95%CI. (*; P<0.05, **; P<0.01, ***; P<0.001, Q.V.; QRW VLgQLfLcaQW.) 

Fig. 9. Schematic illustration of the proposed model. 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted October 28, 2021. ; https://doi.org/10.1101/2021.10.27.466008doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.27.466008


 

 48 

TUaQV-VcaOe UeOaWLRQVhLSV fURP PROecXOaU UeVSRQVeV WR PXOWLceOOXOaU behaYLRUV dXULQg URXQdLQg 

PRUShRgeQeVLV Rf eSLWheOLaO VSheURLd aUe LOOXVWUaWed.  UQdeU VXVSeQVLRQ cRQdLWLRQ, eORQgaWed ceOO 

aggUegaWeV gUadXaOO\ defRUP LQWR VSheULcaO VhaSe b\ fROdLQg eYeQWV. IW accRPSaQLeV AJ UePRdeOLQg 

(L.e., dLVVRcLaWLRQ aQd fRUPaWLRQ), ZhLch UeTXLUeV SOaVWLcLW\ Rf AJV. WheQ Į-caWeQLQ WeQVLRQ 

VeQVLWLYLW\ LV LQcUeaVed WR Whe Pa[LPXP b\ PXWaWLRQ, Whe PROecXOe LV fL[ed WR µRSeQed¶ fRUP, ZhLch 

VWURQgO\ bLQdV WR YLQcXOLQ. IW OeadV WR decUeaVe LQ AJ SOaVWLcLW\, SUeYeQWV AJ UePRdeOLQg, aQd UeVXOWV 

LQ faLOXUe Rf Whe cROOecWLYe UeaUUaQgePeQW. ThXV, SURSeU WeQVLRQ VeQVLWLYLW\ Rf Į-caWeQLQ eQVXUeV 

URXQdLQg PRUShRgeQeVLV Rf eSLWheOLaO VSheURLdV.  

 

Supplementary figure legends 

Fig. S1. Spheroid formation in V-bottomed microwells and its quantitative analysis.  

(A) SWLOO LPageV b\ WLPe-OaSVe PLcURVcRS\. DLD-1 ceOOV (WRS), R2/7 ceOOV (PLddOe), RU R2/7 ceOOV 

e[SUeVVLQg WT Į-caWeQLQ (1±906; bRWWRP) ZeUe Veeded RQ V-bRWWRPed PLcURZeOOV, UeVSecWLYeO\, 

aQd OLYe-LPaged fRU 48 h. CeOOV e[SUeVVLQg WT Į-caWeQLQ fRUP URXQd VSheURLdV eYeQ fURP LQLWLaO 

UecWaQgXOaU VhaSe ZLWh hLgh aVSecW UaWLR. ScaOe baU, 250 �P. (B) The cLUcXOaULW\ Rf VSheURLd cRQWRXU 

ZaV PeaVXUed aQd SORWWed agaLQVW WLPe. The cadheULQ-caWeQLQ cRPSOe[ fXQcWLRQ baVed RQ Į-caWeQLQ 

e[SUeVVLRQ LV eVVeQWLaO fRU LQcUeaVe LQ cLUcXOaULW\. EUURU baUV VhRZ PeaQ � 95%CI. (C) The cLUcXOaULW\ 

Rf VSheURLdV aW 48 h afWeU VeedLQg. EUURU baUV VhRZ PeaQ � 95%CI. (***; P<0.001.) 
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Fig. S2. Myosin II inhibition does not alter circularity changes of spheroids of both WT and 

mutant cells. 

(A) SWLOO LPageV b\ WLPe-OaSVe PLcURVcRS\. R2/7 ceOOV e[SUeVVLQg ZLOd-W\Se (1-906 (WT; WRS), 

h\SeUVeQVLWLYe PXWaQWV [1±906 (L378P; PLddOe) RU 1±906 (3RE; bRWWRP)] Į-caWeQLQ ZeUe Veeded RQ 

V-bRWWRPed PLcURZeOOV, UeVSecWLYeO\, aQd OLYe-LPaged fRU 48 h LQ Whe SUeVeQce Rf 50 �M 

BOebbLVWaWLQ. ScaOe baU, 250 �P. (B) The cLUcXOaULW\ Rf VSheURLdV WhaW PeaVXUed eYeU\ 1 h. EUURU baUV 

VhRZ PeaQ � 95%CI. (C) The cLUcXOaULW\ Rf VSheURLdV aW 48 h afWeU VeedLQg. EUURU baUV VhRZ PeaQ 

� 95%CI. (***; P<0.001.) 

Fig. S3. Inhibition of actin remodeling completely suppresses round spheroid formation. 

(A) SWLOO LPageV b\ WLPe-OaSVe PLcURVcRS\. ScaOe baU, 250 �P. R2/7 ceOOV e[SUeVVLQg WT Į-caWeQLQ 

ZeUe Veeded RQ V-bRWWRPed PLcURZeOOV aQd OLYe-LPaged fRU 48 h LQ Whe SUeVeQce Rf 20 �M acWLQ 

SRO\PeUL]aWLRQ LQhLbLWRU, C\WRchaOaVLQ D (C\WRD; WRS) RU 2 �M acWLQ fLOaPeQW VWabLOL]eU, 

JaVSOaNLQROLde (JaVS; bRWWRP), UeVSecWLYeO\. (B) The cLUcXOaULW\ Rf VSheURLdV WhaW PeaVXUed eYeU\ 1 

h. EUURU baUV VhRZ PeaQ � 95%CI. (C) The cLUcXOaULW\ Rf VSheURLdV aW 48 h afWeU VeedLQg. EUURU baUV 

VhRZ PeaQ � 95%CI. (***; P<0.001.) 

Fig. S4. Tension sensitivity mutation of α-catenin affects the process of junctional formation 

after calcium switch. 

 (A) VLVXaOL]aWLRQ Rf F-acWLQ, FLAG-Wagged Į-caWeQLQ aQd ZO-1. R2/7 ceOOV e[SUeVVLQg ZLOd-W\Se 
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[1±906 (WT; WRS)], h\SeUVeQVLWLYe PXWaQW [1±906 (L378P; PLddOe)], RU dXOO PXWaQW [1±906 (L344P; 

bRWWRP)] Į-caWeQLQ ZeUe Veeded RQ cRYeUVOLSV, UeVSecWLYeO\, cXOWXUed fRU 24 h LQ QRUPaO PedLXP, 

aQd fRU aQRWheU 4 h LQ ORZ caOcLXP PedLXP WR dLVVLSaWe ceOO-ceOO adheVLRQ. TheQ, ceOOV ZeUe agaLQ 

cXOWXUed LQ QRUPaO PedLXP fRU 0.5, 1, 2 h, fL[ed aQd VWaLQed WR cRPSaUe ceOO-ceOO adheVLRQ fRUPaWLRQ 

SURceVV. WhLWe aUURZV LQdLcaWe PAV. (B) MeaVXUePeQW Rf PA OeQgWh. VLROLQ SORWV VhRZ daWa 

dLVWULbXWLRQ aQd each dRWV UeSUeVeQWV PeaQ YaOXeV Rf each bLRORgLcaO UeSOLcaWeV. (C) PA QXPbeU 

QRUPaOL]ed b\ aUea. Each dRWV UeSUeVeQWV bLRORgLcaO UeSOLcaWeV. (D) MeaVXUePeQW Rf TJ OeQgWh 

QRUPaOL]ed b\ ceOO QXPbeU RYeU WLPe. Each dRWV UeSUeVeQWV bLRORgLcaO UeSOLcaWeV. ScaOe baUV, 5 �P. 

(B–D) EUURU baUV VhRZ PeaQ � 95%CI. (*; P<0.05, Q.V.; QRW VLgQLfLcaQW.) See MaWeUialV aQd MeWhRdV 

fRU deWaLOV Rf Whe PeaVXUePeQWV. 

Fig. S5. Tension sensitivity mutation of α-catenin alters junctional formation at cell island 

peripheries. 

(A) VLVXaOL]aWLRQ Rf F-acWLQ, FLAG-Wagged Į-caWeQLQ aQd ZO-1. R2/7 ceOOV e[SUeVVLQg ZLOd-W\Se (1±

906 (WT; OefW), h\SeUVeQVLWLYe PXWaQW [1±906 (L378P; PLddOe)], RU dXOO PXWaQW [1±906 (L344P; 

ULghW)] ZeUe Veeded RQ cRYeUVOLSV, UeVSecWLYeO\, cXOWXUed fRU 24 h, fL[ed, aQd VWaLQed. ScaOe baUV, 10 

�P. (B) MeaVXUePeQW Rf PA OeQgWh. VLROLQ SORWV VhRZ daWa dLVWULbXWLRQ aQd each dRWV UeSUeVeQWV 

PeaQ YaOXeV Rf each bLRORgLcaO UeSOLcaWeV. EUURU baUV VhRZ PeaQ � 95%CI. (*; P<0.05, ***; 

P<0.001.) See MaWeUialV aQd MeWhRdV fRU deWaLOV Rf Whe PeaVXUePeQW. 
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Fig. S6. Effects of tension sensitivity mutation of α-catenin on the junctional formation of 

spheroids formed on Matrigel. 

(A–C) VLVXaOL]aWLRQ Rf Whe QXcOeXV, F-acWLQ, FLAG-Wagged Į-caWeQLQ aQd ZO-1 VhRZLQg ceOO-ceOO 

MXQcWLRQ fRUPaWLRQ SURceVV XQdeU 3D cXOWXUe cRQdLWLRQ. IPageV aUe VhRZQ aV Pa[LPXP LQWeQVLW\ 

SURMecWLRQ Rf eQWLUe Z-VWacN e[ceSW fRU PagQLfLed LPageV (Mag.), ZhLch aUe VLQgOe VOLceV Rf Whe 

UegLRQ Rf Whe ZhLWe bR[. R2/7 ceOOV e[SUeVVLQg ZLOd-W\Se [1±906 (WT; A)], h\SeUVeQVLWLYe PXWaQW 

[1±906 (L378P; B)], RU dXOO PXWaQW [1±906 (L344P; C)] ZeUe Veeded RQ MaWULgeO, UeVSecWLYeO\, 

cXOWXUed fRU 6, 9, 12 h, fL[ed, aQd VWaLQed. ScaOe baUV, 10 �P.  

Fig. S7. Contribution of folding movement of cell mass to circularity increase. 

(A) SWLOO LPageV b\ cRQfRcaO WLPe-OaSVe PLcURVcRS\ (OefW) aQd Whe cLUcXOaULW\ Rf VSheURLdV WhaW 

PeaVXUed eYeU\ 10 PLQ (ULghW). SWacN LPageV aUe VhRZQ aV Pa[LPXP LQWeQVLW\ SURMecWLRQ LPageV 

Rf Whe WRS (XY) RU WUaQVYeUVe (YZ) YLeZ. TLPe afWeU VeedLQg LV LQdLcaWed LQ each fUaPe. YeOORZ 

aUURZV LQdLcaWe Whe dLUecWLRQ Rf ceOO PaVV PRYePeQW. ScaOe baU, 100 �P. Each WLPe SRLQW LQdLcaWed 

LQ Whe LPage LV aOVR VhRZQ LQ Whe gUaSh (bOacN aUURZV). Red aUURZV VhRZ WLPLQgV Rf OaUge LQcUeaVe 

LQ Whe cLUcXOaULW\. R2/7 ceOOV e[SUeVVLQg H2B-GFP aQd WT Į-caWeQLQ ZeUe Veeded RQ V-bRWWRPed 

PLcURZeOOV, UeVSecWLYeO\, cXOWXUed fRU 6 h aQd WheQ OLYe-LPaged fRU 11.5 h. FROdLQg PRYePeQW ZaV 

RfWeQ RbVeUYed LQ eaUO\ WLPe (6±12 h) Rf Whe ULVLQg ShaVe, QRW LQ OaWeU WLPe (12±17.5 h), cRQVLVWeQW 

ZLWh Whe WLPLQg Rf LQcUeaVe LQ hLgh cRUUeOaWLRQ PRYePeQW LQ Fig. 7C. (B) OWheU e[aPSOeV Rf Whe 
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cLUcXOaULW\ chaQgeV Rf VSheURLdV WhaW PeaVXUed eYeU\ 10PLQ. 

Fig. S8. Schematic drawing of cellular rearrangement during fusion of two multicellular parts. 

NeceVVLW\ Rf MXQcWLRQaO UePRdeOLQg (L.e., dLVVRcLaWLRQ aQd fRUPaWLRQ) fRU Whe fXVLRQ Rf WZR VSheURLdV 

LV VhRZQ. CeOO-ceOO MXQcWLRQV (bOXe VTXaUe) beWZeeQ ceOOV QXPbeUed 1±3 aQd 4±6 aUe QRW fRXQd LQ 

Whe fXVed UeVXOWaQW VSheURLd aQd VhRXOd haYe beeQ dLVVRcLaWed, aQd WheQ, QeZ MXQcWLRQV VhRXOd be 

fRUPed beWZeeQ ceOOV 1±6 aQd 3±4, UeVSecWLYeO\.   
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Supplementary movie legends 

Movie 1. Effects of tension sensitivity mutation of α-catenin on morphogenesis in round-

bottomed wells. 

PhaVe-cRQWUaVW WLPe-OaSVe LPagLQg Rf R2/7 ceOOV e[SUeVVLQg ZLOd-W\Se [1±906 (WT)] RU 

h\SeUVeQVLWLYe PXWaQW (1±402) Į-caWeQLQ Veeded LQ QRQ-adheUeQW URXQd-bRWWRPed ZeOOV VhRZLQg 

URXQd (WT) RU dLVWRUWed (1-402) PRUShRORg\. The WLPeVWaPS UeSUeVeQWV h:PLQ. OULgLQaO WLPe 

LQWeUYaO = 20 PLQ. 

Movie 2. Effects of tension sensitivity mutation of α-catenin on morphogenesis in round-

bottomed wells. 

PhaVe-cRQWUaVW WLPe-OaSVe LPagLQg Rf R2/7 ceOOV e[SUeVVLQg ZLOd-W\Se [1±906 (WT)] RU 

h\SeUVeQVLWLYe PXWaQW [1±906 (R326E RU R548E RU R551E RU 3RE RU M319G RU L378P RU M 

319G/L378P)] Į-caWeQLQ Veeded LQ QRQ-adheUeQW URXQd-bRWWRPed ZeOOV VhRZLQg dLffeUeQW degUee Rf 

dLVWRUWLRQ accRUdLQg WR WeQVLRQ VeQVLWLYLW\. The WLPeVWaPS UeSUeVeQWV h:PLQ. OULgLQaO WLPe LQWeUYaO 

= 1 h. 

Movie 3. Initial aspect ratios of cell mass and final spheroid circularity. 

PhaVe-cRQWUaVW WLPe-OaSVe LPagLQg Rf DLD-1 ceOOV Veeded LQ V-bRWWRPed PLcURZeOOV ZLWh dLffeUeQW 

aVSecW UaWLRV. AVSecW UaWLRV aUe 1:1, 1.5:1, 2:1 RU 3:1fURP WRS, UeVSecWLYeO\. FLQaO VhaSe Rf VSheURLdV 
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aQd WLPLQgV Rf VSheURLd URXQdLQg ZaV cRQVWaQW aPRQg aOO aVSecW UaWLRV. The WLPeVWaPS UeSUeVeQWV 

h:PLQ. RULgLQaO WLPe LQWeUYaO = 10 PLQ.  

Movie 4. Effects of α-catenin depletion on morphogenesis in V-bottomed microwells. 

PhaVe-cRQWUaVW WLPe-OaSVe LPagLQg Rf DLD-1 ceOOV, R2/7 ceOOV, aQd R2/7 ceOOV e[SUeVVLQg ZLOd-W\Se 

[1-906 (WT)] Į-caWeQLQ Veeded RQ V-bRWWRPed PLcURZeOOV. The WLPeVWaPS UeSUeVeQWV h:PLQ. 

OULgLQaO WLPe LQWeUYaO = 1 PLQ. 

Movie 5. Effects of tension sensitivity increase of α-catenin on morphogenesis in V-bottomed 

microwells. 

PhaVe-cRQWUaVW WLPe-OaSVe LPagLQg Rf R2/7 ceOOV e[SUeVVLQg h\SeUVeQVLWLYe PXWaQW Į-caWeQLQ [1±906 

(R326E/R548E/R551E; 3RE), 1±402, 1±906 (L378P)] Veeded RQ V-bRWWRPed PLcURZeOOV. The 

WLPeVWaPS UeSUeVeQWV h:PLQ. OULgLQaO WLPe LQWeUYaO = 1 PLQ. 

Movie 6. Effects of tension sensitivity decrease of α-catenin on morphogenesis in V-bottomed 

microwells. 

PhaVe-cRQWUaVW WLPe-OaSVe LPagLQg Rf R2/7 ceOOV e[SUeVVLQg dXOO PXWaQW Į-caWeQLQ [1±906 (L344P)] 

Veeded RQ V-bRWWRPed PLcURZeOOV. The WLPeVWaPS UeSUeVeQWV h:PLQ. OULgLQaO WLPe LQWeUYaO = 1 PLQ. 

Movie 7. Effects of myosin II inhibition on morphogenesis in V-bottomed microwells. 

PhaVe-cRQWUaVW WLPe-OaSVe LPagLQg Rf R2/7 ceOOV e[SUeVVLQg ZLOd-W\Se [1±906 (WT)], RU 
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h\SeUVeQVLWLYe PXWaQW [1±906 (L378P) RU 1±906 (3RE)] Į-caWeQLQ LQ Whe SUeVeQce Rf 50 �M 

BOebbLVWaWLQ, UeVSecWLYeO\. The WLPeVWaPS UeSUeVeQWV h:PLQ. OULgLQaO WLPe LQWeUYaO = 1 PLQ. 

Movie 8. Effects of actin dynamics inhibition on morphogenesis in V-bottomed microwells. 

PhaVe-cRQWUaVW WLPe-OaSVe LPagLQg Rf R2/7 ceOOV e[SUeVVLQg ZLOd-W\Se [1±906 (WT)] Į-caWeQLQ LQ 

Whe SUeVeQce Rf 20 �M C\WRchaOaVLQ D, aQ LQhLbLWRU Rf acWLQ SRO\PeUL]aWLRQ RU 2 �M JaVSOaNLQROLde, 

aQ acWLQ fLOaPeQW VWabLOL]eU. The WLPeVWaPS UeSUeVeQWV h:PLQ. OULgLQaO WLPe LQWeUYaO = 1 PLQ. 

Movie 9. Effects of Dynamin inhibition on morphogenesis in V-bottomed microwells. 

PhaVe-cRQWUaVW WLPe-OaSVe LPagLQg Rf R2/7 ceOOV e[SUeVVLQg ZLOd-W\Se [1±906 (WT)], h\SeUVeQVLWLYe 

PXWaQW [1±906 (L378P)], RU dXOO PXWaQW [1±906(L344P)] Į-caWeQLQ LQ Whe SUeVeQce Rf 80 �M 

D\QaVRUe, UeVSecWLYeO\. The WLPeVWaPS UeSUeVeQWV h:PLQ. OULgLQaO WLPe LQWeUYaO = 1 PLQ. 

Movie 10. Visualization of cellular tracking during spheroid formation. 

The SRVLWLRQV Rf QXcOeXV aQd dLVSOacePeQW cRUUeOaWLRQV Rf QeLghbRULQg ceOO SaLUV deWecWed fURP 

VSLQQLQg-dLVN cRQfRcaO WLPe-OaSVe LPageV aUe YLVXaOL]ed aV fROORZV. Each dRW LQdLcaWeV QXcOeXV 

SRVLWLRQ LQ Whe XY SOaQe, aQd LWV deSWh LV e[SUeVVed aV a cRORU Rf each dRW (µcROdeU¶ cRORU VhRZV 

deeSeU (cORVeU WR bRWWRP) SRVLWLRQ). DLVSOacePeQW cRUUeOaWLRQ Rf each QeLghbRULQg ceOO SaLU 

(cRQQecWed b\ OLQeV) LV aOVR VhRZQ b\ Whe VaPe cRORU VcaOe (µcROdeU¶ cRORU VhRZV QegaWLYe, µhRWWeU¶ 

cRORU VhRZV a SRVLWLYe cRUUeOaWLRQ, UeVSecWLYeO\). FUaPe QXPbeUV aUe LQdLcaWed aW WRS ULghW. TLPe 
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LQWeUYaO = 10 Vec. 

Movie 11. Effects of tension sensitivity mutation of α-catenin or Dynamin inhibition on cell 

behavior during spheroid formation. 

SSLQQLQg-dLVN cRQfRcaO WLPe-OaSVe LPagLQg LQ GFP-H2B WR YLVXaOL]e QXcOeXV LQ ZLOd-W\Se [1±906 

(WT)], h\SeUVeQVLWLYe PXWaQW [1±906 (L378P)], RU dXOO PXWaQW [1±906(L344P)] Į-caWeQLQ 

e[SUeVVLQg R2/7 ceOOV. WLOd-W\Se Į-caWeQLQ e[SUeVVLQg R2/7 ceOOV cXOWXUed LQ Whe SUeVeQce Rf 10 �M 

MLTMAB LV aOVR VhRZQ. The PRYLe VhRZV a Pa[LPXP LQWeQVLW\ SURMecWLRQ LQ XY aQd ZY SOaQe Rf 

42 RSWLcaO VOLceV acTXLUed aW a 3.6 �P VWeS VL]e. The WLPeVWaPS UeSUeVeQWV h:PLQ:Vec. OULgLQaO WLPe 

LQWeUYaO = 10 Vec. 

Movie 12. Effects of tension sensitivity mutation of α-catenin on spheroid fusion. 

CRQfRcaO bULghW-fLeOd WLPe-OaSVe LPagLQg LQ R2/7 ceOOV e[SUeVVLQg ZLOd-W\Se [1±906 (WT)], 

h\SeUVeQVLWLYe PXWaQW [1±906 (L378P)], RU dXOO PXWaQW [1±906(L344P)] Į-caWeQLQ. The PRYLe 

VhRZV a VLQgOe VOLce. The WLPeVWaPS UeSUeVeQWV h:PLQ. TLPe LQWeUYaO = 5 PLQ. 
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Fig. 9  Nishimura et al.
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