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AbVWUacWb
b
OUgaQRidV UecaSiWXlaWe cRPSle[ 3D RUgaQ VWUXcWXUeV aQd UeSUeVeQW a XQiTXeb
RSSRUWXQiW\ WR SURbe Whe SUiQciSleV Rf Velf-RUgaQi]aWiRQ. While Ze caQ alWeU aQb
RUgaQRidŖV PRUShRlRg\ b\ PaQiSXlaWiQg Whe cXlWXUe cRQdiWiRQV, Whe PRUShRlRg\ Rf aQb
RUgaQRid RfWeQ UeVePbleV WhaW Rf iWV RUigiQal RUgaQ, VXggeVWiQg WhaW RUgaQRidb
PRUShRlRgieV aUe gRYeUQed b\ a VeW Rf WiVVXe-VSecific cRQVWUaiQWV. HeUe, Ze eVWabliVh ab
fUaPeZRUk WR ideQWif\ cRQVWUaiQWV RQ aQ RUgaQRidŖV PRUShRlRgical feaWXUeV b\b
TXaQWif\iQg WheP fURP PicURVcRS\ iPageV Rf RUgaQRidV e[SRVed WR a UaQge Rfb
SeUWXUbaWiRQV. We aSSl\ WhiV fUaPeZRUk WR MadiQ-DaUb\ CaQiQe KidQe\ c\VWV aQd VhRZb
WhaW Whe\ Rbe\ a QXPbeU Rf cRQVWUaiQWV WakiQg Whe fRUP Rf VcaliQg UelaWiRQVhiSV RU caSVb
RQ ceUWaiQ SaUaPeWeUV. FRU e[aPSle, Ze fRXQd WhaW Whe QXPbeU, bXW QRW Vi]e, Rf cellVb
iQcUeaVeV ZiWh iQcUeaViQg c\VW Vi]e. We alVR fiQd WhaW WheVe cRQVWUaiQWV YaU\ ZiWh c\VWb
age aQd caQ be alWeUed b\ YaU\iQg Whe cXlWXUe cRQdiWiRQV. ThiV TXaQWiWaWiYe fUaPeZRUkb
fRU ideQWif\iQg cRQVWUaiQWV RQ RUgaQRid PRUShRlRgieV Pa\ iQfRUP fXWXUe effRUWV WRb
eQgiQeeU RUgaQRidV.b b
b

 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 8, 2021. ; https://doi.org/10.1101/2021.01.08.425947doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.08.425947
http://creativecommons.org/licenses/by/4.0/


IQWURdXcWiRQb
b
OUgaQRidV aUe 3D VWUXcWXUeV WhaW gURZ eQWiUel\ ​in YiWUo ​ fURP ViQgle RU VPall gURXSV Rfb
cellV WhaW PiPic RUgaQ aQaWRP\. OUgaQRidV haYe Whe SRWeQWial WR WUaQVfRUP bRWhb
SeUVRQali]ed aQd UegeQeUaWiYe PediciQe, ViQce WhRXVaQdV Rf RUgaQRidV caQ be gURZQb
XQdeU cRQWURlled cRQdiWiRQV ​in YiWUo ​fURP VPall aPRXQWV Rf dRQRU WiVVXe. IW iV cleaU WhaWb
RUgaQRidV caQ fRUP iQWUicaWe biRlRgical VWUXcWXUeV, aQd WheVe VWUXcWXUeV haYe aQ RYeUallb
VWUXcWXUe WhaW UeVePbleV Whe aVVRciaWed RUgaQ. YeW, aW Whe VaPe WiPe, WheUe iV RfWeQb
eQRUPRXV YaUiabiliW\ beWZeeQ iQdiYidXal RUgaQRidV ​(GaUUeWa eW al. 2020; KRR eW al. 2019;b
PhiSVRQ eW al. 2019; KiP, KRR, aQd KQRblich 2020; VRlSaWR eW al. 2018)​, aQd chaQgiQgb
Whe RUgaQRid cXlWXUe SURWRcRl caQ ViPilaUl\ lead WR laUge chaQgeV ​(YiQ eW al. 2014;b
Sidha\e aQd KQRblich 2020; GjRUeYVki eW al. 2016)​. ThXV, Whe TXeVWiRQ UePaiQV aV WRb
ZhaW cRQVWUaiQWV RUgaQRidV Rbe\ WR giYe UiVe WR Whe aVSecWV Rf WheiU PRUShRlRg\ WhaWb
aUe iPPXWable, aQd ZhaW aVSecWV Rf WheiU PRUShRlRg\ aUe eiWheU YaUiable RU WXQable.b
CaWegRUi]iQg RUgaQRid feaWXUeV iQ WhiV Za\ Pa\ helS UeYeal Whe deVigQ SUiQciSleVb
XQdeUl\iQg RUgaQRid deYelRSPeQW.b
b
OQe Za\ WR fRUPali]e Whe cRQceSW Rf cRQVWUaiQWV iV Yia Whe diPeQViRQaliW\ Rfb
PRUShRVSace, Zhich iV Whe VeW Rf PRUShRlRgieV aQ RUgaQiVP RU PRdel V\VWeP caQb
haYe. If RQe ZeUe WR PeaVXUe all SRVVible feaWXUeV Rf aQ RUgaQRidŖV PRUShRlRg\ (e.g.b
Vi]e, QXPbeU Rf QXclei, WRgeWheU cRPSUiViQg Whe a[eV Rf aQ RUgaQRidŖV PRUShRVSace)b
acURVV a laUge eQRXgh QXPbeU Rf RUgaQRidV, iW cRXld be WhaW a laUge QXPbeU Rf WheVeb
feaWXUeV ZRXld VWURQgl\ cRYaU\ aQd WhXV cRXld be e[SlaiQed b\ a ViQgle YaUiable. FRUb
e[aPSle, if Vi]e aQd QXPbeU Rf QXclei ZeUe WR be VWURQgl\ cRUUelaWed, WheQ Wheb
diPeQViRQaliW\ ZRXld effecWiYel\ be 1 iQVWead Rf 2, aQd Whe UelaWiRQVhiS beWZeeQ WheVeb
YaUiableV ZRXld cRQVWiWXWe a cRQVWUaiQW RQ RUgaQRid PRUShRlRg\. OQ Whe RWheU haQd, ifb
YaUiableV VhRZ a lack Rf cRUUelaWiRQ, WheQ WhaW ZRXld VXggeVW iQdeSeQdeQW a[eV Rfb
YaUiabiliW\, iQdicaWiQg aQ addiWiRQal degUee Rf fUeedRP iQ RUgaQRid PRUShRVSace.b
E[aPSleV Rf VXch diPeQViRQ UedXcWiRQ haYe beeQ dePRQVWUaWed iQ bRWh ​C. eleganVb
aQd SQaSdUagRQ flRZeUV, fRXU diPeQViRQV caSWXUe RYeU 90% Rf Whe YaUiaQce iQb
PRUShRlRgieV ​(SWeSheQV eW al. 2008; CXi eW al. 2010)​. HRZeYeU, VXch aQal\VeV haYe QRWb
beeQ SeUfRUPed iQ RUgaQRidV \eW. ReceQW ZRUk haV TXaQWiWaWiYel\ deVcUibed bUaiQb
RUgaQRid PRUShRlRgieV ​(AlbaQeVe eW al. 2020)​ aQd XQcRYeUed geQeWic iQWeUacWiRQVb
gRYeUQiQg iQWeVWiQal RUgaQRid PRUShRlRgieV ​(LXkRQiQ eW al. 2020)​, bXW Whe cRQVWUaiQWV RQb
RUgaQRid PRUShRlRgieV haYe QRW beeQ chaUacWeUi]ed.b
b
OQe SRWeQWial UeaVRQ WhaW WheUe aUe feZ TXaQWiWaWiYe aQal\VeV Rf RUgaQRid PRUShRlRgieVb
iV WhaW SUeYiRXV VWXdieV haYe beeQ liPiWed WR a VPall VeW Rf WZR-diPeQViRQal feaWXUeV,b
VXch aV RUgaQRid aUea aQd QXcleaU iQWeQViW\, WhaW fail WR fXll\ caSWXUe PaQ\b
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chaUacWeUiVWic aVSecWV Rf Whe RUgaQRidŖV VhaSe ​(KaVViV eW al. 2019; GUac] eW al. 2015)​. Ab
PajRU challeQge iV WhaW TXaQWif\iQg PRUShRlRgical feaWXUeV VXch aV Whe QXPbeU Rf cellV,b
cell VhaSeV, eWc., RfWeQ UeTXiUeV PicURVcRS\ iPageV be aQQRWaWed WR RXWliQe eachb
iQdiYidXal cell RU QXcleXV. While algRUiWhPV fRU aXWRPaWic VegPeQWaWiRQ fRU iPageV Rfb
laUge WhUee-diPeQViRQal VWUXcWXUeV aUe iPSURYiQg ​(PicciQiQi eW al. 2020) ​, iQ PaQ\b
iQVWaQceV, VegPeQWaWiRQ PXVW VWill be dRQe PaQXall\ WR eQVXUe VXfficieQW accXUac\.b
SXch iVVXeV aUe cRPSRXQded iQ RUgaQRidV ZiWh PaQ\ cell W\SeV aQd cRPSle[b
WhUee-diPeQViRQal VWUXcWXUeV WhaW aUe difficXlW WR TXaQWiWaWiYel\ aligQ aQd cRPSaUe WRb
each RWheU. SiPSleU ŗPRdelŘ RUgaQRid V\VWePV PighW VeUYe aV a SURYiQg gURXQd WR WeVWb
cRQceSWV abRXW PRUShRVSaceV.b
b
HRZ PighW Ze chaUacWeUi]e Whe cRQVWUaiQWV RQ RUgaQRid PRUShRlRgieV? OXU aSSURachb
ZaV WR XVe YaUiaWiRQ iQ RUgaQRid PRUShRlRg\ŠbRWh QaWXUall\ RccXUUiQg aQd YaUiaWiRQb
iQdXced b\ e[WeUQal VWiPXliŠWR VaPSle Whe RUgaQRid PRUShRVSace. AV a SURRf Rfb
cRQceSW, Ze deYelRSed WhiV aSSURach iQ VSheUical c\VWV gURZQ fURP MadiQ-DaUb\b
CaQiQe KidQe\ (MDCK) cellV. We WheQ TXaQWified PRUShRlRgical feaWXUeV (c\VW Vi]e,b
QXPbeU Rf cellV, ecceQWUiciW\, eWc) aQd Whe UelaWiRQVhiSV beWZeeQ WheP (hRZ dReV Wheb
QXPbeU Rf cellV Vcale ZiWh c\VW Vi]e), WhXV UeYealiQg Whe cRQVWUaiQWV RQ MDCK c\VWb
PRUShRlRgieV. TR RYeUcRPe Whe challeQge Rf V\VWePaWicall\ TXaQWif\iQg PRUShRlRgicalb
feaWXUeV, Ze cRPbiQed algRUiWhPV fRU geQeUaWiQg caQdidaWe aQQRWaWiRQV ZiWh VRfWZaUeb
WhaW allRZed fRU TXick PaQXal cRUUecWiRQ. We fRXQd WhaW MDCK c\VW PRUShRlRgieV allb
fell alRQg a VPall VeW Rf diPeQViRQV. TheVe diPeQViRQV eQcRded a QXPbeU Rfb
cRQVWUaiQWV; fRU iQVWaQce, laUgeU c\VWV had iQcUeaVed QXPbeU bXW QRW Vi]e Rf cRQVWiWXeQWb
cellV. We alVR fRXQd WhaW VRPe Rf WheVe cRQVWUaiQWV RQ MDCK c\VW PRUShRlRgieV YaU\b
ZiWh age aQd caQ be SeUWXUbed WhURXgh dUXgV aQd gURZWh facWRUV. OXU UeVXlWVb
dePRQVWUaWe a geQeUal VWUaWeg\ fRU deWeUPiQiQg Whe Za\V iQ Zhich RUgaQRidb
PRUShRlRgieV aUe eiWheU cRQVWUaiQed RU fUee WR YaU\.b
b
ReVXOWVb
b
MDCK c\VW moUShologieV VSan a limiWed nXmbeU of dimenVionVb
b
TR TXaQWif\ cRQVWUaiQWV RQ c\VW PRUShRlRgieV, Ze deVigQed aQ e[SeUiPeQWal aQdb
aQal\Wical ZRUkflRZ fRU cXlWXUiQg c\VWV, SeUfRUPiQg 3D iPagiQg, aQQRWaWiQg VWUXcWXUeV Rfb
iQWeUeVW, aQd PeaVXUiQg PRUShRlRgical feaWXUeV (Fig. 1A). We chRVe WR aSSl\ WhiVb
aSSURach WR MDCK c\VWV becaXVe Rf WheiU UelaWiYe ViPSliciW\ aQd becaXVe Whe\ aUeb
aPeQable WR high PagQificaWiRQ 3D iPagiQg. MDCK cellV aUe aQ iPPRUWali]ed eSiWhelialb
liQe WhaW gURZ iQ adheUeQW cXlWXUe RQ 2D VXbVWUaWeV, bXW fRUP hRllRZ 3D c\VWV ZheQb
cXlWXUed iQ 3D PaWUiceV VXch aV cRllageQ RU MaWUigel (SXSS. Fig. 1). A MDCK c\VWb
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gURZV fURP a ViQgle cell aQd iV cRPSRVed Rf aQ RXWeU la\eU Rf SRlaUi]ed cellVb
VXUURXQdiQg RQe WR PaQ\ lXPeQV. The cRPbiQaWiRQ Rf WheiU ViPSliciW\ ZiWh Whe e[iVWeQceb
Rf a QXPbeU Rf VWUXcWXUal feaWXUeV WR TXaQWif\ Pake MDCK c\VWV aQ ideal V\VWeP fRUb
eVWabliVhiQg a fUaPeZRUk fRU TXaQWif\iQg cRQVWUaiQWV RQ RUgaQRid PRUShRlRgieV.b
b
(We eYalXaWed RWheU RUgaQRid V\VWePV, VXch aV Whe gXW RUgaQRidV, fRU RXU aQal\ViV, bXWb
fRXQd WhaW Whe cRPSle[iW\ Rf WheiU PRUShRlRgieV SUeVeQWed a PXch laUgeU challeQge. FRUb
iQVWaQce, gXW RUgaQRidV haYe cRPSle[ bXd VWUXcWXUeV WhaW RQe ZRXld Qeed WR aligQ WRb
each RWheU fRU TXaQWiWaWiYe cRPSaUiVRQ. The cRPSaUaWiYe ViPSliciW\ Rf MDCK c\VWV WhaWb
aUe aW leaVW QRPiQall\ VSheUical Pade RXU aQal\ViV feaVible aV a SURRf Rf SUiQciSle, ZiWhb
MDCK c\VWV VeUYiQg aV a PRdel fRU PRUe cRPSle[ RUgaQRidV.)b
b
IQ RUdeU WR TXaQWif\ 3D PeaVXUePeQWV Rf PRUShRlRgical feaWXUeV fRU hXQdUedV Rf MDCKb
c\VWV, Ze eVWabliVhed a SiSeliQe fRU VePi-aXWRPaWicall\ aQQRWaWiQg c\VW VWUXcWXUeVb
(QXclei, lXPeQV, aQd c\VW bRXQdaU\). TR ideQWif\ Whe lXPeQ aQd c\VW bRXQdaUieV, Zeb
deYelRSed a cXVWRP aQal\ViV SiSeliQe WhaW geQeUaWed caQdidaWe aQQRWaWiRQV aQdb
acceSWed PaQXal cRUUecWiRQV WR Whe aQQRWaWiRQV aV Qeeded (SXSS. Fig. 2). We XVedb
cellSRVe ​(SWUiQgeU eW al. 2020)​ WR ideQWif\ Whe bRXQdaUieV Rf each QXcleXV aQd a cXVWRPb
aQal\ViV SiSeliQe WR PaQXall\ cRUUecW Whe 3D aQQRWaWiRQV (SXSS. Fig. 3). DXe WR deSWh Rfb
field liPiWaWiRQV, iQ PaQ\ caVeV Ze cRXld QRW iPage Whe fXll deSWh Rf Whe c\VW. We WhXVb
Pade VXUe WR iPage aW leaVW Whe bRWWRP half Rf Whe c\VW, fURP Zhich Ze cRPSXWaWiRQall\b
deWeUPiQed Whe Piddle SRiQW Rf each c\VW aQd PeaVXUed feaWXUeV RQ RQl\ Whe bRWWRPb
half Rf each c\VW WR eQVXUe a faiU cRPSaUiVRQ beWZeeQ all c\VWV. We WheQ PeaVXUedb
PRUShRlRgical feaWXUeV Rf Vi]e, VhaSe, aQd QXPbeU RQ Whe QXclei, lXPeQ, aQd c\VWb
aQQRWaWiRQV aQWiciSaWiQg WhaW WheVe Pa\ be Whe feaWXUeV WhaW YaU\ aPRQgVW c\VWV (Tableb
1). We SeUfRUPed a YaUieW\ Rf cRPSaUiVRQV beWZeeQ PRUShRlRgical feaWXUeV iQ RUdeU WRb
YeUif\ WhaW RXU PeaVXUePeQWV ZeUe cRQViVWeQW ZiWh baVic geRPeWUic cRQVWUaiQWV. FRUb
e[aPSle, becaXVe Whe c\VWV alZa\V aSSeaUed VSheUical, Ze cRQfiUPed WhaW Whe c\VWb
YRlXPe Vcaled ZiWh Whe cXbe Rf Whe c\VW UadiXV (SXSS. Fig. 4). We alVR cRQfiUPed WhaWb
Whe WRWal lXPeQ aQd WRWal QXcleaU YRlXPe ZaV alZa\V leVV WhaQ WhaW Rf Whe c\VW YRlXPe,b
aQd Ze YiVXall\ iQVSecWed c\VWV ZiWh high aQd lRZ feaWXUe PeWUicV WR cRQfiUP WhaW Wheb
TXaQWified diffeUeQceV UeflecWed diffeUeQceV iQ Whe iPageV (SXSS. Fig. 5-6).bb
b
We WheQ ZaQWed WR fiQd UelaWiRQVhiSV beWZeeQ feaWXUeV WhaW cRXld SRWeQWiall\ UeflecWb
biRlRgical cRQVWUaiQWV. FRU e[aPSle, did Whe QXPbeU Rf cellV Vcale ZiWh Whe Vi]e Rf Wheb
c\VW? OU, did laUgeU c\VWV haYe Whe VaPe QXPbeU Rf cellV aV VPalleU c\VWV, bXW ZiWhb
laUgeU cRPSRQeQW cellV? We XVed Whe QXPbeU Rf QXclei aV a SUR[\ fRU Whe QXPbeU Rfb
cellV aQd fRXQd WhaW laUgeU c\VWV had SURSRUWiRQall\ PRUe QXclei (Fig. 1B). BecaXVe cellVb
SeUiSheUal WR Whe lXPeQ(V) had diffeUeQW PRUShRlRg\ WhaQ WhRVe iQWeUQal WR Whe lXPeQV,b
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Ze ZRQdeUed ZheWheU WheiU QXPbeU Vcaled diffeUeQWl\ ZiWh c\VW YRlXPe. We fRXQd WhaWb
Whe QXPbeU Rf SeUiSheUal QXclei Vcaled VXbliQeaUl\ ZiWh c\VW YRlXPe (SXSS. Fig. 7).b
SXUSUiViQgl\, Whe QXPbeU Rf iQWeUQal cellV Vcaled VXSeUliQeaUl\ ZiWh c\VW YRlXPe, WhXVb
eQVXUiQg WhaW Whe WRWal QXPbeU Rf cellV Vcaled liQeaUl\ ZiWh c\VW YRlXPe. GiYeQ WhaW Wheb
QXPbeU Rf cellV Vcaled ZiWh Whe c\VW YRlXPe, Ze SUedicWed WhaW cell Vi]e VhRXld beb
iQdeSeQdeQW Rf c\VW Vi]e. We fRXQd WhaW deVSiWe iQcUeaVeV iQ c\VW YRlXPe Wheb
SeUiSheUal cell heighW aQd ZidWh aUe cRQVWaQW aW a12 ƑP aQd a15 ƑP, UeVSecWiYel\ (Fig.b
1C-D). TRgeWheU, Ze called WhiV VeW Rf cRQVWUaiQWV Whe cRQVWaQW-cell-deQViW\ cRQVWUaiQW.b
b
We alVR ZRQdeUed hRZ lXPeQV, bRWh iQ QXPbeU aQd Vi]e, Vcaled ZiWh iQcUeaViQg c\VWb
Vi]e. FRU e[aPSle, if a c\VW iV laUgeU PXVW iW alVR haYe laUgeU lXPeQV? OQe alWeUQaWiYe iVb
WhaW WheUe iV Pa[iPXP lXPeQ Vi]e, aQd laUgeU c\VWV WheQ haYe PXlWiSle lXPeQV Rf Wheb
VaPe Vi]e aV VPalleU c\VWV. We fRXQd WhaW Whe WRWal lXPeQ YRlXPe iQcUeaVed ZiWhb
iQcUeaViQg c\VW YRlXPe, bXW WhaW WhiV cRXld be achieYed WhURXgh RQe laUge lXPeQ RUb
PaQ\ VPalleU lXPeQV (Fig. 1E-G). HRZeYeU, Ze did QRWice WhaW WheUe ZaV VeePiQgl\ ab
Pa[iPXP QXPbeU Rf lXPeQV SeU c\VW WhaW iQcUeaVed liQeaUl\ ZiWh c\VW YRlXPe. Web
called WhiV cRQVWUaiQW Whe ŗlXPeQ QXPbeU caSŘ, aQd iWV e[iVWeQce VXggeVWV WhaW WheUeb
Pa\ be a PiQiPXP lXPeQ Vi]e (SXSS. Fig. 8).b
b
GiYeQ WhaW MDCK c\VWV Rbe\ a QXPbeU Rf cRQVWUaiQWV, Ze WheQ ZRQdeUed ZheWheUb
WheVe cRQVWUaiQWV aUe cRXSled. IQ RWheU ZRUdV, PighW WheUe be a ViQgle diPeQViRQ (RU ab
feZ diPeQViRQV), each Rf Zhich Pa\ cRPSUiVe VeYeUal cRUUelaWed feaWXUeV, alRQg Zhichb
all MDCK c\VW PRUShRlRgieV fall (Fig. 1H)? TR ideQWif\ diPeQViRQV iQ Whe VSace Rfb
MDCK c\VW PRUShRlRgieV Ze SeUfRUPed SUiQciSal cRPSRQeQW aQal\ViV (PCA) RQ Whe VeWb
Rf 77 c\VWV aQd WheiU 66 PRUShRlRgical feaWXUeV. IQ RUdeU WR aSSl\ PCA WR RXU daWa, Zeb
Qeeded WR VXSSl\ a ViQgle YalXe fRU each feaWXUe fRU each c\VW. FRU all feaWXUeVb
deVcUibiQg QXclei Ze XVed bRWh Whe PeaQ aQd VWaQdaUd deYiaWiRQ acURVV all QXcleib
ZiWhiQ Whe c\VW, e.g. PeaQ QXcleaU YRlXPe aQd VWaQdaUd deYiaWiRQ Rf QXcleaU YRlXPe.b
FRU feaWXUeV deVcUibiQg lXPeQV Ze XVed Whe PeaQ acURVV all lXPeQV iQ Whe c\VW, e.g.b
PeaQ lXPeQ YRlXPe. We didQŖW iQclXde RWheU higheU RUdeU VWaWiVWicV like VWaQdaUdb
deYiaWiRQ becaXVe iW ZaV iPSRVVible WR dR VR fRU Whe PaQ\ c\VWV WhaW had RQl\ RQeb
lXPeQ. We fRXQd WhaW Whe fiUVW WhUee SUiQciSal cRPSRQeQWV UeVSecWiYel\ e[SlaiQ 30%,b
19%, aQd 10% Rf Whe YaUiaWiRQ iQ MDCK c\VW PRUShRlRgieV (Fig. 1I). We WheQb
ZRQdeUed ZheWheU Whe SUiQciSal cRPSRQeQWV UeflecWed aQ\ Rf Whe cRQVWUaiQWV Ze hadb
SUeYiRXVl\ ideQWified. We fRXQd WhaW Whe fiUVW SUiQciSal cRPSRQeQW UeSUeVeQWed lXPeQb
Vi]e aQd iQYeUVel\ QXcleaU Vi]e, UeflecWiQg Whe facW WhaW aV lXPeQV geW laUgeU, QXclei geWb
VPalleU (Fig. 1J-L, SXSS. Fig. 9). The VecRQd SUiQciSal cRPSRQeQW UeSUeVeQWV c\VW Vi]eb
aQd QXPbeU Rf QXclei, UeflecWiQg WhaW iQcUeaVed c\VW Vi]e ZaV aVVRciaWed ZiWh iQcUeaVedb
QXPbeU Rf QXclei, a UelaWiRQVhiS Ze SUeYiRXVl\ ideQWified aV Whe cRQVWaQW-cell-deQViW\b

 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 8, 2021. ; https://doi.org/10.1101/2021.01.08.425947doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.08.425947
http://creativecommons.org/licenses/by/4.0/


cRQVWUaiQW. The WhiUd SUiQciSal cRPSRQeQW UeSUeVeQWed Whe WUade-Rff beWZeeQ lXPeQb
Vi]e aQd Whe QXPbeU Rf lXPeQV, UeflecWiQg WhaW, fRU a giYeQ c\VW Vi]e, iQ RUdeU WR haYeb
PRUe lXPeQV, Whe iQdiYidXal lXPeQV PXVW be VPalleU (UaWheU WhaQ WheUe iV a Pa[iPXPb
lXPeQ Vi]e Zhich iV iQdeSeQdeQW Rf Whe QXPbeU Rf lXPeQV). The WhiUd SUiQciSalb
cRPSRQeQW alVR UeSUeVeQWed a WUade-Rff beWZeeQ QXcleaU Vi]e aQd Whe deQViW\ Rf QXclei,b
UeflecWiQg WhaW, fRU a giYeQ c\VW Vi]e, iQ RUdeU WR haYe PRUe QXclei Whe QXclei PXVW beb
VPalleU (SXSS. Fig. 10). (CRQViVWeQW ZiWh PC1, Ze alVR fRXQd WhaW QXcleaU Vi]eb
aQWi-cRUUelaWed ZiWh lXPeQ Vi]e.) Be\RQd WhRVe WhUee SUiQciSal cRPSRQeQWV, Wheb
UePaiQiQg cRPSRQeQWV accRXQWed fRU leVV YaUiaWiRQ WhaQ cRPSRQeQWV calcXlaWed fURPb
UaQdRPi]ed daWa, VXggeVWiQg WhaW WhRVe PCV likel\ dR QRW UeflecW VXbVWaQWial YaUiaWiRQ iQb
Whe daWa. ThXV, deVSiWe TXaQWif\iQg a laUge QXPbeU Rf feaWXUeV, MDCK c\VWb
PRUShRlRgieV caQ WhXV be UeSUeVeQWed b\ a liPiWed QXPbeU Rf diPeQViRQV.bb
b
ConVWUainWV on MDCK c\VW moUShologieV YaU\ ZiWh ageb
b
MDCK c\VWV gURZ cRQWiQXRXVl\ RYeU Whe cRXUVe Rf ZeekV, fURP a ViQgle cell iQWR laUgeb
c\VWV. TR deWeUPiQe ZheWheU RU QRW c\VW age affecWV Whe cRQVWUaiQWV RQ MDCK c\VWb
PRUShRlRgieV, Ze cRPSaUed Whe TXaQWiWaWiYe UelaWiRQVhiS beWZeeQ YaUiRXV feaWXUeV fRUb
c\VWV Rf diffeUeQW ageV. We SaUWiWiRQed RXU daWa baVed RQ c\VW age, UaQgiQg fURP 3-17b
da\V Rf gURZWh. UViQg Whe VaPe iPagiQg aQd feaWXUe TXaQWificaWiRQ deVcUibed abRYe,b
Ze VaZ WhaW, aV e[SecWed, Rld c\VWV ZeUe laUgeU iQ YRlXPe RQ aYeUage (Fig. 2A-B). Web
alVR QRWiced WhaW, fRU a giYeQ age, WheUe ZaV a VSUead iQ c\VW Vi]eV. ThiV YaUiaWiRQ iQ Vi]eb
eQabled XV WR cRPSaUe cRQVWUaiQWV iQ c\VW Vi]e acURVV diffeUeQW age caWegRUieV (Fig.b
2C). We XVed c\VWV cXlWXUed fRU 9 da\V aV a UefeUeQce SRiQW fRU \RXQgeU aQd RldeU c\VWVb
WR eYalXaWe hRZ cRQVWUaiQWV RQ MDCK c\VW PRUShRlRgieV chaQged ZiWh c\VW age.bb
b
We fiUVW ZRQdeUed if Whe cRQVWaQW-cell-deQViW\ cRQVWUaiQW YaUied fRU c\VWV Rf diffeUeQWb
ageV (Fig. 2D, SXSS. Fig. 11). We fRXQd WhaW c\VWV gURZQ fRU 7-11 da\V Rbe\ed Wheb
cRQVWaQW-cell-deQViW\ cRQVWUaiQW RQ Whe QXPbeU Rf QXclei aQd c\VW YRlXPe. HRZeYeU,b
c\VWV cXlWXUed fRU 3-5 RU 13-17 da\V did QRW Rbe\ WhiV cRQVWUaiQWŠWhe\ had feZeUb
QXclei SeU c\VW YRlXPe. IQWeUeVWiQgl\, Zhile RldeU c\VWV aUe geQeUall\ biggeU, fRU RldeUb
c\VWV WhaW aUe VPall fRU WheiU age, Whe QXPbeU Rf QXclei fRU a giYeQ YRlXPe ZaV ViPilaU WRb
WhaW Rf Piddle aged c\VWV. ThiV Vi]e-deSeQdeQW chaQge VXggeVWV WhaW Whe decUeaVe iQb
Whe cell deQViW\ iQ RldeU c\VWV Pa\ be PRUe deSeQdeQW RQ WheVe RldeU c\VWV haYiQgb
Ueached a ceUWaiQ WhUeVhRld YRlXPe UaWheU WhaQ Whe age Rf Whe c\VW ​SeU Ve ​. We lRRked aWb
Whe age deSeQdeQce Rf Whe cell Vi]e cRPSRQeQW Rf Whe cRQVWaQW-cell-deQViW\ cRQVWUaiQWb
(Fig. 2E, SXSS. Fig. 12). We fRXQd WhaW \RXQgeU c\VWV did QRW Rbe\ Whe VaPe cRQVWUaiQWb
aV c\VWV cXlWXUe fRU 9 da\V, iQVWead Whe\ had laUgeU cellV SeU c\VW YRlXPe.b
b
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HaYiQg eVWabliVhed WhaW aW leaVW RQe cRQVWUaiQW RQ MDCK c\VW PRUShRlRgieV iVb
age-deSeQdeQW, Ze ZRQdeUed ZheWheU RWheU cRQVWUaiQWV ZeUe ViPilaUl\ affecWed b\ age.b
We lRRked aW Whe age deSeQdeQce Rf Whe lXPeQ-QXPbeU-caS cRQVWUaiQW (Fig. 2F, SXSS.b
Fig. 13). We fRXQd WhaW bRWh \RXQgeU aQd RldeU c\VWV Rbe\ed diffeUeQW cRQVWUaiQWV WhaQb
c\VWV cXlWXUed fRU 9 da\V: c\VWV cXlWXUed fRU 3 da\V had a higheU Pa[iPXP QXPbeU Rfb
lXPeQV SeU c\VW YRlXPe, aQd c\VWV cXlWXUed fRU 13-17 da\V had a lRZeU Pa[iPXPb
QXPbeU Rf lXPeQV SeU c\VW YRlXPe. The decUeaVe iQ Whe QXPbeU Rf lXPeQV aV c\VWVb
age be\RQd 9 da\V VXggeVWV WhaW PXlWiSle lXPeQV iQ a c\VW aUe eiWheU PeUgiQg RUb
diVaSSeaUiQg aV c\VWV gURZ RldeU. IQ VXPPaU\, bRWh Whe cRQVWaQW-cell-deQViW\ aQdb
lXPeQ-QXPbeU-caS cRQVWUaiQWV ZeUe QRW fi[ed WhURXghRXW Whe c\VW lifeWiPe bXW UaWheUb
YaUied ZiWh age.b
b
DUXg and enYiUonmenWal SeUWXUbaWionV can change conVWUainW SaUameWeUV bXW do noWb
bUeak Whemb
b
HaYiQg fRXQd cRQVWUaiQWV RQ MDCK c\VW PRUShRlRgieV, Ze ZRQdeUed ZheWheU WheVeb
cRQVWUaiQWV aSSlied WR c\VWV ZhRVe PRUShRlRg\ Ze SeUWXUbed XViQg e[RgeQRXV ageQWV.b
FRU e[aPSle, if Ze SeUWXUb Whe c\VWV ZiWh a dUXg Zhich PakeV Whe c\VWV laUgeU, Zill Wheb
VaPe cRQVWaQW-cell-deQViW\ cRQVWUaiQW VWill aSSl\? If QRW, WheUe aUe WZR Za\V WhaW Wheb
cRQVWUaiQW cRXld be diVRbe\ed. OQe iV WhaW Whe SeUWXUbed c\VWV cRXld fRllRZ Whe VaPeb
cRQVWUaiQW bXW ZiWh diffeUeQW SaUaPeWeUV, fRU e[aPSle, b\ chaQgiQg Whe VlRSe Rf Wheb
UelaWiRQVhiS beWZeeQ cell QXPbeU aQd c\VW YRlXPe. AlWeUQaWiYel\, a SeUWXUbaWiRQ cRXldb
TXaliWaWiYel\ UePRYe a cRQVWUaiQW aQd decRXSle, fRU e[aPSle, Whe QXPbeU Rf QXclei aQdb
c\VW YRlXPe. EiWheU Rf WheVe SRVVibiliWieV ZRXld VXggeVW WhaW Whe cRQVWUaiQWV RQ MDCKb
c\VW PRUShRlRgieV aUe cRQWe[W-VSecific.b
b
TheUe aUe feZ UefeUeQceV WR dUXgV Zhich PRdif\ Whe PRUShRlRg\ Rf MDCK c\VWV iQ Wheb
liWeUaWXUe. ThXV, WR ideQWif\ dUXgV WhaW chaQge MDCK c\VW PRUShRlRgieV Ze deVigQed ab
high-WhURXghSXW dUXg VcUeeQ Rf VPall PRlecXle dUXgV fURP Selleck ChePicalV BiRacWiYeb
CRPSRXQd libUaU\. ThiV libUaU\ cRQWaiQV a2,000 VPall PRlecXle dUXgV iQclXdiQg kiQaVeb
aQd eSigeQeWic iQhibiWRUV aV Zell aV iRQ chaQQel, PeWabRlic, aQd caQceU cRPSRXQdV. TRb
cRQdXcW Whe VcUeeQ, Ze SlaWed MDCK cellV iQ 384-Zell SlaWeV, added 1 ƑM Rf eachb
dUXg, aQd allRZed Whe cellV WR gURZ iQWR c\VWV fRU VeYeQ da\V, aW Zhich SRiQW Whe c\VWVb
ZeUe fi[ed aQd iPaged. We WheQ TXaQWified Whe aUea Rf each c\VW aQd Whe aYeUageb
acURVV c\VWV fRU each SeUWXUbaWiRQ. We fRXQd WhaW, Zhile PRVW dUXgV did QRW aSSeaU WRb
chaQge Whe aUea Rf Whe c\VW UelaWiYe WR cRQWURlV, WheUe ZeUe PaQ\ dUXgV Zhich Pade Wheb
c\VWV VPalleU RU laUgeU (Fig. 3A). We cRQVideUed ŗhiWV'' fRU laUgeU c\VWV WR be Whe dUXgVb
WhaW ZeUe RQ bRWh Whe liVW Rf Whe WRS 100 dUXgV aV UaQked b\ fRld chaQge aQd Whe liVW Rfb
Whe WRS 100 dUXgV aV UaQked b\ ]-VcRUe, a WRWal Rf 78 dUXgV. We fRXQd 80 ŗhiWVŘ fRUb
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VPalleU c\VWV XViQg Whe VaPe aSSURach. We fRXQd WhaW hiWV WhaW UeVXlWed iQ VPalleUb
c\VWV ZeUe eQUiched fRU dUXgV iQ Whe kiQaVe, eSigeQeWic, aQd caQceU caWegRUieV, Zhileb
hiWV fRU laUgeU c\VWV ZeUe eQUiched fRU kiQaVeV, caQceU, aQd G SURWeiQ-cRXSled UeceSWRUb
caWegRUieV (SXSS. Fig. 14). TR gaXge hRZ PaQ\ Rf RXU hiWV Pa\ haYe aUiVeQ b\ chaQce,b
Ze VcUeeQed a SRUWiRQ (1/7Wh) Rf Whe dUXg libUaU\ agaiQ. We fRXQd WhaW WheUe ZaV ab
cRUUelaWiRQ (U=0.63) beWZeeQ Whe fRld chaQge iQ c\VW aUea fURP Whe VcUeeQ aQd WhiVb
WaUgeWed UeSlicaWiRQ, VXggeVWiQg WhaW Whe PajRUiW\ Rf RXU hiWV ZeUe QRW UaQdRP (SXSS.b
Fig. 15). The VcUeeQ hiWV UeSUeVeQWed SRWeQWial caQdidaWeV fRU SeUWXUbiQg MDCK c\VWb
PRUShRlRgieV aQd WheQ aVkiQg ZheWheU SeUWXUbed MDCK c\VWV Rbe\ Whe VaPeb
cRQVWUaiQWV aV XQSeUWXUbed c\VWV.bb
b
We fXUWheU gURXSed hiWV fRU VPalleU aQd laUgeU c\VWV accRUdiQg WR WheiU WaUgeWV (SXSS.b
Table 3-4). We VelecWed fRXU dUXgV fURP RXU liVW Rf hiWV fURP Whe VcUeeQ WhaW iQcUeaVedb
c\VW Vi]e fURP gURXSV WaUgeWiQg PaPPaliaQ WaUgeW Rf UaSaP\ciQ, aXURUa kiQaVe,b
ShRVShRdieVWeUaVe, aQd VeURWRQiQ. SiPilaUl\, Ze VelecWed WhUee dUXgV WhaW Pade c\VWVb
VPalleU fURP gURXSV WaUgeWiQg eSideUPal gURZWh facWRU UeceSWRU, hiVWRQe deaceW\laVeV,b
aQd e[SRUWiQ-1. We addiWiRQall\ XVed idelaliVib, aQ iQhibiWRU Rf Whe delWa fRUP Rfb
ShRVShRiQRViWide 3-kiQaVe VhRZQ WR affecW MDCK c\VW SRlaUiW\ ​(PeQg eW al. 2015) ​, aQdb
RUaWiQib, aQ iQhibiWRU Rf SlaWeleW-deUiYed gURZWh facWRU UeceSWRU. We SlaWed MDCK cellVb
WR fRUP c\VWV, iPPediaWel\ added WheVe dUXgV aW a UaQge Rf cRQceQWUaWiRQV, aQd WheQb
gUeZ Whe c\VWV fRU 9 da\V (Table 2). AddiWiRQall\, Ze WeVWed a QRQ-dUXg SeUWXUbaWiRQb
(cell VeediQg deQViW\) b\ cXlWXUiQg MDCK c\VWV ZiWh a higheU iQiWial cell deQViW\ (Wheb
cRQceQWUaWiRQ Rf Whe cellV ZheQ VeediQg Whe c\VWV). We WheQ fi[ed, VWaiQed, aQd iPagedb
Whe SeUWXUbed c\VWV aV deVcUibed abRYe, afWeU Zhich Ze PeaVXUed Whe VaPe VeW Rfb
PRUShRlRgical feaWXUeV (Fig. 3B-C). We fRXQd WhaW Whe VcUeeQ hiWV WhaW Ze e[SecWed WRb
Pake c\VWV VPalleU did iQdeed lead WR VPalleU c\VWV, bXW QRQe Rf Whe RQeV SUedicWed WRb
Pake WheP laUgeU did VR. We fRXQd WhaW iQcUeaVed VeediQg deQViW\ had QR effecW RQ Wheb
Vi]e Rf Whe c\VWV.b
b
We WheQ ZRQdeUed ZheWheU SeUWXUbed c\VWV Rbe\ed Whe VaPe cRQVWaQW-cell-deQViW\b
aQd lXPeQ-QXPbeU-caS cRQVWUaiQWV aV XQSeUWXUbed c\VWV. We fRXQd WhaW, ZiWh Wheb
e[ceSWiRQ Rf WZR dUXgV (VeliQe[RU aQd VXPaWUiSWaQ VXcciQaWe), SeUWXUbed c\VWV Rbe\edb
Whe VaPe cRQVWaQW-cell-deQViW\ cRQVWUaiQW aV XQSeUWXUbed c\VWV (Fig. 3D-E). C\VWVb
SeUWXUbed ZiWh VXPaWUiSWaQ VXcciQaWe (a VeURWRQiQ UeceSWRU iQhibiWRU) had PRUe QXcleib
SeU giYeQ c\VW YRlXPe WhaQ aQ\ age Rf XQSeUWXUbed c\VWV, Zhile c\VWV SeUWXUbed ZiWhb
VeliQe[RU (aQ e[SRUWiQ-1 iQhibiWRU) had laUgeU QXclei SeU giYeQ c\VW YRlXPe. NRWabl\, Wheb
UelaWiRQVhiS beWZeeQ cell QXPbeU, Vi]e, aQd c\VW YRlXPe iV VWill cRQVWUaiQed fRU c\VWVb
SeUWXUbed ZiWh eiWheU Rf WheVe dUXgV, bXW Whe SaUaPeWeUV Rf Whe cRQVWUaiQW (VSecificall\b
Whe VlRSe) aUe diffeUeQW fURP XQSeUWXUbed c\VWV.bb
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b
We WheQ ZRQdeUed hRZ a SeUWXUbaWiRQ Zhich dReV chaQge a cRQVWUaiQW iQflXeQceVb
RWheU cRQVWUaiQWVŠif c\VWV SeUWXUbed ZiWh dUXg X dR QRW Rbe\ Whe cRQVWaQW-cell-deQViW\b
cRQVWUaiQW, PXVW Whe\ alVR QRW Rbe\ Whe lXPeQ-QXPbeU-caS cRQVWUaiQW? We fRXQd WhaWb
c\VWV SeUWXUbed ZiWh giYiQRVWaW (a hiVWRQe deaceW\laVe iQhibiWRU), idelaliVib (ab
ShRVShRiQRViWide 3-kiQaVe delWa iVRfRUP iQhibiWRU), VXPaWUiSWaQ VXcciQaWe, aQd AXURUa Ab
IQhibiWRU I had PRUe lXPeQV iQ a giYeQ c\VW YRlXPe WhaQ XQSeUWXUbed c\VWV Rf aQ\ ageb
(Fig. 3F).  ThXV, c\VWV SeUWXUbed ZiWh WheVe dUXgV dR QRW Rbe\ Whe VaPeb
lXPeQ-QXPbeU-caS cRQVWUaiQW Rf XQSeUWXUbed c\VWV, iQVWead Whe\ Rbe\ a cRQVWUaiQWb
ZiWh a laUgeU VlRSe. FXUWheU, VRPe SeUWXUbaWiRQV (giYiQRVWaW, idelaliVib, aQd AXURUa Ab
IQhibiWRU I), Zhich chaQged Whe lXPeQ-QXPbeU-caS cRQVWUaiQW, did QRW chaQge Wheb
cRQVWaQW-cell-deQViW\ cRQVWUaiQW. ThaW VRPe SeUWXUbaWiRQV chaQge RQe cRQVWUaiQWb
ZiWhRXW chaQgiQg Whe RWheU VXggeVWV WhaW Whe VeW Rf PRUShRlRgieV aYailable WR MDCKb
c\VWV iV UicheU WhaQ XQSeUWXUbed c\VWV ZRXld VXggeVW.bb
b
ConVWUainWV of SeUWXUbed c\VWV do noW add WogeWheU oU aYeUage oXW Zhen mXlWiSleb
SeUWXUbaWionV aUe aSSliedb
b
E[SRViQg MDCK c\VWV WR heSaWRc\We gURZWh facWRU (HGF) iQ cRllageQ gelV iQdXceV cellVb
WR VeQd RXW VSiQdl\ SURWUXViRQV ​(MRQWeVaQR, SchalleU, aQd OUci 1991; MRQWeVaQR eW al.b
1991)​. TheVe SURWUXViRQV fRUP Whe gURXQdZRUk fRU a chaiQ Rf cellV WR SURlifeUaWe aQdb
XlWiPaWel\ fRUP WXbXleV. We ZRQdeUed hRZ VXch a SeUWXUbaWiRQ PighW chaQge Wheb
cRQVWUaiQWV RQ c\VW PRUShRlRgieV Ze ideQWified, giYeQ WhaW iW leadV WR kQRZQ, TXaliWaWiYeb
chaQgeV iQ c\VW PRUShRlRg\. We added HGF WR MDCK c\VWV aV Whe\ gUeZ fRU QiQeb
da\V (Fig. 4A). We XVed RXU iPagiQg aQd feaWXUe TXaQWificaWiRQ aSSURach WRb
chaUacWeUi]e Whe cRQVWUaiQWV RQ c\VWV e[SRVed WR HGF. We aVked ZheWheU RXUb
PeaVXUePeQWV Rf c\VW VhaSe caSWXUed Whe PRUShRlRg\ Rf VSiQdleV iQ HGF-SeUWXUbedb
c\VWV. We fRXQd WhaW RQe Rf Whe SUiPaU\ diffeUeQceV beWZeeQ XQSeUWXUbed aQdb
HGF-SeUWXUbed c\VWV ZaV c\VW VRlidiW\, a PeaVXUe Rf cRQYe[iW\ (c\VWV ZiWh PRUeb
iQYRlXWiRQV RU SURWUXViRQV haYe lRZeU VRlidiW\ WhaQ ciUcXlaU RU elliSWical c\VWV) (Fig. 4B).b
MeaQ c\VW VRlidiW\ decUeaVed fURP 0.93 fRU XQSeUWXUbed c\VWV WR 0.75 fRUb
HGF-SeUWXUbed c\VWV. We alVR fRXQd WhaW c\VWV e[SRVed WR HGF ZeUe laUgeU, RQb
aYeUage, WhaQ XQSeUWXUbed c\VWV (Fig. 4C).bb
b
GiYeQ Whe TXaliWaWiYe diffeUeQce iQ PRUShRlRg\ Rf HGF-SeUWXUbed c\VWV, Ze ZRQdeUed ifb
HGF-SeUWXUbed c\VWV Rbe\ed Whe cRQVWUaiQWV Rbe\ed b\ XQSeUWXUbed MDCK c\VWV. Web
fRXQd WhaW HGF-SeUWXUbed c\VWV did QRW Rbe\ bRWh aVSecWV Rf Whe cRQVWaQW-cell-deQViW\b
cRQVWUaiQW: Zhile c\VWV SeUWXUbed ZiWh HGF had Whe VaPe QXPbeU Rf cellV SeU c\VWb
YRlXPe, Whe cellV ZeUe laUgeU WhaQ WhRVe Rf XQSeUWXUbed c\VWV Rf aQ\ age (Fig. 4D-E).b
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HRZ dR HGF-SeUWXUbed c\VWV haYe Whe VaPe QXPbeU Rf cellV SeU c\VW YRlXPe, bXWb
laUgeU cellV WhaQ XQSeUWXUbed c\VWV? OQe SRVVibiliW\ ZaV WhaW HGF-SeUWXUbed c\VWVb
haYe a VPalleU SURSRUWiRQ Rf WheiU YRlXPe WakeQ XS b\ lXPeQV aQd a laUgeU SURSRUWiRQb
Rf Whe YRlXPe RccXSied b\ cellV. IQWeUeVWiQgl\, HGF-SeUWXUbed c\VWV dR Rbe\ Wheb
lXPeQ-QXPbeU-caS cRQVWUaiQW, VXggeVWiQg WhaW ZhaW lXPeQV HGF-SeUWXUbed c\VWV haYeb
aUe VPalleU iQ Vi]e bXW ViPilaU iQ QXPbeU (Fig. 4F). The VPalleU SURSRUWiRQ Rf YRlXPeb
WakeQ XS b\ Whe lXPeQV cRXld UeVXlW fURP cellV beiQg WalleU RU adRSWiQg a diffeUeQWb
cRQfigXUaWiRQ. We fRXQd WhaW Whe cellV RfWeQ fRUPed PXlWi-cell la\eUV, Zhich allRZV fRUb
laUgeU cellV WR RccXS\ Whe VaPe RUgaQRid YRlXPe Zhile PaiQWaiQiQg Whe VaPe WRWalb
QXPbeU Rf cellV SeU YRlXPe. IW alVR VXggeVWV WhaW Whe VWUicW SURSRUWiRQaliW\ beWZeeQ cellb
QXPbeU aQd RUgaQRid YRlXPe iV PaiQWaiQed deVSiWe diVUXSWiRQV WR cellXlaUb
cRQfigXUaWiRQV aQd heQce cell QXPbeU Pa\ QRW be cRQWURlled b\ PRUShRlRg\ SeU Ve.b
b
GiYeQ WhaW HGF TXaliWaWiYel\ chaQged VRPe feaWXUeV Rf MDCK c\VWV, Ze ZRQdeUedb
ZhaW Whe PRUShRlRgical effecWV ZRXld be XSRQ cRPbiQiQg HGF ZiWh Whe SUeYiRXVl\b
XVed SeUWXUbaWiRQV WhaW eQgeQdeUed PRUe TXaQWiWaWiYe chaQgeV. FRU e[aPSle, ZRXld ab
SeUWXUbaWiRQ WhaW SURdXceV VSiQdl\ c\VWV (HGF) aQd a SeUWXUbaWiRQ WhaW SURdXceVb
VPalleU c\VWV \ield VPall, VSiQdl\ c\VWV? We SeUWXUbed MDCK c\VWV fRU QiQe da\V ZiWhb
eiWheU HGF alRQe RU HGF iQ cRPbiQaWiRQ ZiWh laSaWiQib, RUaQWiQib, RU ZiWh a high VWaUWiQgb
cell deQViW\ aQd HGF (Fig. 4G). We fRXQd WhaW c\VWV e[SRVed WR HGF aQd laSaWiQib RUb
RUaWiQib had lRZeU VRlidiW\, bXW c\VWV SeUWXUbed ZiWh HGF aQd high cell deQViW\ did QRWb
(Fig. 4H). We fRXQd WhaW c\VWV e[SRVed WR HGF, alRQe RU iQ cRPbiQaWiRQ, ZeUe alVRb
laUgeU, RQ aYeUage, WhaQ cRQWURl c\VWV (Fig. 4I). TakeQ WRgeWheU, Whe PRUShRlRgicalb
chaQgeV iQdXced b\ HGF aQd aQRWheU SeUWXUbaWiRQ VXggeVW WhaW Whe effecWV Rfb
iQdiYidXal SeUWXUbaWiRQV dR QRW QeceVVaUil\ cRPbiQe addiWiYel\ ZheQ adPiQiVWeUedb
ViPXlWaQeRXVl\.b
b
We WheQ ZRQdeUed hRZ Whe cRQVWUaiQWV Rf c\VWV SeUWXUbed ZiWh HGF chaQged ZheQ Wheb
c\VWV ZeUe e[SRVed WR a VecRQd dUXg. OQe SRVVibiliW\ iV WhaW dRXbl\-SeUWXUbed c\VWVb
Rbe\ed a VeW Rf cRQVWUaiQWV WhaW VRPehRZ aYeUaged Whe cRQVWUaiQWV Rbe\ed b\b
ViQgl\-SeUWXUbed c\VWV. AQRWheU SRVVibiliW\ iV WhaW dRXbl\-SeUWXUbed c\VWV Rbe\ed Wheb
VaPe VeW Rf cRQVWUaiQWV aV RQl\ RQe Rf Whe SeUWXUbaWiRQV, VXggeVWiQg WhaW VRPe dUXgVb
Pa\ be able WR RYeUUide Whe effecWV Rf RWheUV. We fiUVW aVked if c\VWV SeUWXUbed ZiWhb
HGF aQd aQRWheU dUXg Rbe\ed Whe VaPe cRQVWaQW-cell-deQViW\ cRQVWUaiQW aV c\VWVb
SeUWXUbed ZiWh RQl\ HGF (Fig. 4J-K). C\VWV SeUWXUbed ZiWh WZR SeUWXUbaWiRQV, HGF aQdb
laSaWiQib, RUaWiQib, RU high VWaUWiQg cell deQViW\, did Rbe\ Whe VaPe cRQVWaQW-cell-deQViW\b
cRQVWUaiQW aV XQSeUWXUbed c\VWV, eYeQ WhRXgh c\VWV SeUWXUbed ZiWh HGF alRQe did QRW.b
ThiV diffeUeQce beWZeeQ Whe cRQVWaQW-cell-deQViW\ cRQVWUaiQW Rbe\ed b\b
dRXbl\-SeUWXUbed c\VWV aQd ViQgl\-SeUWXUbed c\VWV VXggeVWV WhaW VRPe SeUWXUbaWiRQVb
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(VSecificall\ RUaWiQib, laSaWiQib, aQd high VWaUWiQg cell deQViW\) aUe able WR caQcel RXW Wheb
effecWV Rf RWheUV (HGF). We alVR fRXQd WhaW RQl\ c\VWV SeUWXUbed ZiWh bRWh HGF aQdb
aQRWheU SeUWXUbaWiRQ did QRW Rbe\ Whe VaPe lXPeQ-QXPbeU-caS cRQVWUaiQW aVb
XQSeUWXUbed c\VWV, eYeQ WhRXgh c\VWV SeUWXUbed ZiWh jXVW RQe Rf WheVe SeUWXUbaWiRQVb
did Rbe\ Whe cRQVWUaiQW (Fig. 4L). C\VWV SeUWXUbed ZiWh HGF aQd laSaWiQib, RUaWiQib, RUb
high cell deQViW\ had PRUe lXPeQV fRU a giYeQ c\VW YRlXPe WhaQ XQSeUWXUbed c\VW. IQb
cRPbiQaWiRQ, diffeUeQceV beWZeeQ Whe cRQVWUaiQWV Rbe\ed b\ dRXble-SeUWXUbed c\VWVb
aQd ViQgle-SeUWXUbed c\VWV VXggeVWV WhaW Whe effecWV Rf aQ\ giYeQ SeUWXUbaWiRQ dR QRWb
aSSeaU WR ViPSl\ add WRgeWheU, bXW UaWheU caQ cRPbiQe iQ XQaQWiciSaWed Za\V.b
b
DiVcXVViRQb
b
HeUe, Ze VRXghW WR TXaQWif\ cRQVWUaiQWV RQ MDCK c\VW PRUShRlRgieV. We fRXQd Wheb
MDCK c\VWV Rbe\ a QXPbeU Rf cRQVWUaiQWV, aQd WhaW Whe PajRUiW\ Rf WheiU PRUShRlRgicalb
YaUiaWiRQ caQ be e[SlaiQed b\ WhUee diPeQViRQV. We alVR fRXQd WhaW VRPe cRQVWUaiQWVb
RQ MDCK c\VW PRUShRlRgieV YaU\ ZiWh age aQd SeUWXUbaWiRQV.b
b
IW UePaiQV XQcleaU ZhaW XQdeUSiQV Whe cRQVWUaiQWV RQ c\VW (RU, PRUe geQeUall\, RUgaQRid)b
PRUShRlRgieV. OQe cRXld iPagiQe aQ\ QXPbeU Rf SRWeQWial PechaQiVPV, aQ\ RQe Rfb
Zhich PighW be cUiWical WR a cRQVWUaiQW b\ iWVelf RU iQ cRPbiQaWiRQ ZiWh PaQ\ RWheUV.b
SXch PechaQiVPV Pa\ be baVed XSRQ cRQYeQWiRQal biRchePical VigQaliQg (VXch aVb
VigQaliQg beWZeeQ cellV WR cRQWURl SURlifeUaWiRQ), RU Pa\ iQYRlYe PechaQical VeQViQg Rfb
YaUiableV VXch aV PePbUaQe cXUYaWXUe. While PaQ\ SRWeQWial PechaQiVPV Pa\ beb
cRPSaWible ZiWh RXU e[SeUiPeQWal daWa, SeUWXUbaWiRQV Zill be UeTXiUed WR e[clXdeb
ceUWaiQ claVVeV Rf PRdelV aQd eVWabliVh caXValiW\. HRZeYeU, iW iV alVR SRVVible WhaW Wheb
cRPSle[iW\ Rf Whe XQdeUl\iQg PRlecXlaU SaWhZa\V iV WRR gUeaW aQd PXlWi-faceWed WR eYeUb
fXll\ UelaWe WR WheVe cRQVWUaiQWV iQ aQ eaVil\ XQdeUVWRRd PaQQeU ​(MelliV aQd Raj 2015)​.b
NeYeUWheleVV, WheVe cRQVWUaiQWV aQd RWheUV like WheP Pa\ cRQVWiWXWe aQ effecWiYeb
ŗgUaPPaUŘ Rf RUgaQRid PRUShRlRg\ WhaW RQe Pa\ be able WR bXild XSRQ iUUeVSecWiYe Rfb
Whe PRlecXlaU deWailV.b
b
We alVR fRXQd WhaW ​Zhile VRPe SeUWXUbaWiRQV alWeUed c\VW SaUaPeWeUV ZiWhiQb
cRQVWUaiQWV, RWheUV chaQged Whe QaWXUe Rf Whe cRQVWUaiQW. KQRZledge Rf Zhich W\SeV Rfb
SeUWXUbaWiRQV lead WR Zhich W\Se Rf effecW PighW aid iQ Whe deYelRSPeQW Rf aQb
iQVWUXcWiRQ PaQXal fRU bXildiQg deVigQeU RUgaQRidV. IW Pa\ alVR be SRVVible, ZiWhb
VXfficieQW SeUWXUbaWiRQ, WR deVWUR\ a cRQVWUaiQW, fRU e[aPSle WR cRPSleWel\ decRXSleb
c\VW YRlXPe fURP Whe QXPbeU Rf cellV. WiWh WhaW abiliW\, Ze PighW be able WR eQgiQeeUb
RUgaQRidV WR adRSW eQWiUel\ QRYel cRQfigXUaWiRQV.b
b
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OQe SUiQciSal WechQical challeQge iQ Whe VcaliQg Rf aSSURacheV VXch aV Whe RQe Ze WRRkb
heUe iV Whe e[WUacWiRQ Rf aQQRWaWiRQV Rf MDCK c\VW VWUXcWXUeV fURP PicURVcRS\ iPageV.b
OXU aVVXPSWiRQ ZaV WhaW Ze ZRXld Qeed highl\ accXUaWe aQQRWaWiRQV WR UeYeal VXbWleb
cRQVWUaiQWV RQ MDCK c\VW PRUShRlRgieV, aQd WhRVe aQQRWaWiRQV SURYed difficXlW WR fXll\b
aXWRPaWe. DeeS leaUQiQg haV SURdXced gUeaW adYaQceV iQ aXWRPaWic iPageb
VegPeQWaWiRQ ​(MReQ eW al. 2019) ​, bXW Ze fRXQd WhaW PRVW PeWhRdV aSSlied WR RXU daWab
ZRXld SURdXce YeU\ gRRd UeVXlWV 80% Rf Whe WiPe, aQd SRRU UeVXlWV 20% Rf Whe WiPe,b
Zhich ZaV aQ iQVXfficieQW leYel Rf accXUac\ fRU Whe cRQclXViRQV Ze ZaQWed WR dUaZ.b
While RQe RSWiRQ iV WR iPSURYe Whe TXaliW\ Rf Whe algRUiWhPV, aQRWheU iV WR cRQVideU ZhaWb
leYel Rf VegPeQWaWiRQ accXUac\ iV Qeeded fRU Whe TXeVWiRQ aW haQd. FXWXUe ZRUk WhaWb
TXaQWifieV ZhaW degUee Rf VegPeQWaWiRQ accXUac\ iV Qeeded fRU a giYeQ TXeVWiRQ Pa\b
gXide effRUWV WR deYelRS VegPeQWaWiRQ algRUiWhPV.b
b
We fRcXVed RQ MDCK c\VWV fRU RXU SURRf Rf cRQceSW becaXVe Rf WheiU ViPSliciW\, bRWhb
PRUShRlRgicall\ aQd iQ WeUPV Rf Whe QXPbeU Rf cell W\SeV iQYRlYed (iQ WhiV caVe, jXVW RQeb
cell W\Se). MaQ\ RUgaQRidV Rf iQWeUeVW haYe VeYeUal cell W\SeV WhaW iQWeUacW iQ YaUiRXVb
Za\V, SUeVXPabl\ WR PaiQWaiQ fXQcWiRQ. IW Zill be iQWeUeVWiQg iQ Whe fXWXUe WR aSSl\ WhiVb
fUaPeZRUk WR VXch PXlWi-cell-W\Se RUgaQRidV WR Vee ZhaW cRQVWUaiQWV aUe Rbe\ed b\ Wheb
PXch UicheU feaWXUe VeWV aVVRciaWed ZiWh PXlWi-cell-W\Se iQWeUacWiRQV.b
b
b b
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MaWeUiaOV aQd MeWhRdVb
b
MDCK C\VW CXlWXUeb
b
MadiQ-DaUb\ CaQiQe KidQe\-II cellV (MilliSRUeSigPa, 00062107​-1VL) ZeUe PaiQWaiQedb
b\ cXlWXUiQg WheP iQ 2D RQ WUadiWiRQal 10 cP cell cXlWXUe-cRaWed diVheV (CRUQiQg,b
353003). The Pedia fRU bRWh Whe adheUeQW 2D cellV aQd c\VWV ZaV MEM Pediab
(MediaTech, MT10 ​-010-​CM) ZiWh 10% FeWal BRYiQe SeUXP (FiVheU 16000044) aQd 1Xb
PeQicilliQ-SWUeSWRP\ciQ (IQYiWURgeQ 15140122). WheQ Whe cellV ZeUe beWZeeQ 30-70%b
cRQflXeQce WheUe ZeUe diVVRciaWed WR Pake c\VWV. The cellV ZeUe bUiefl\ ZaVhed ZiWh 5b
PL Rf DPBS (GibcR, 14190136). TheQ, 1 PL Rf 0.25% TU\SViQ-EDTA (GibcR, 25200056)b
ZaV added aQd Whe SlaWe ZaV iQcXbaWed aW 37Ɠ C, 5% CO​2​ fRU 10-15 PiQXWeV. Theb
WU\SViQ ZaV iQacWiYaWed ZiWh 9 PL Rf Pedia aQd Whe VRlXWiRQ ZaV SiSeWWed RYeU Whe diVhb
WhUee WiPeV WR eQVXUe all cellV deWached. The cellV ZeUe SelleWed fRU 2 PiQXWeV aW 1000b
USP aQd WheQ VXVSeQded iQ 500 ƑL WR 1 PL Pedia. The cell cRQceQWUaWiRQ ZaVb
TXaQWified XViQg a BiRRad TC20 AXWRPaWed Cell CRXQWeU. The cellV ZeUe added WRb
ice-cRld WhaZed MaWUigel (CRUQiQg, 354234) aW a cRQceQWUaWiRQ Rf 25,000 cellV/PL. Theb
Piddle Rf a Zell Rf a NXQc Lab-Tek 8-Zell ChaPbeUed CRYeUglaVV (FiVheU, 12-565-470)b
ZaV cRaWed ZiWh 5 ƑL Rf SXUe MaWUigel. TheQ, 25 XL Rf Whe cell-MaWUigel VXVSeQViRQ ZaVb
RYeUlaid RQ WRS Rf Whe cRaWiQg. The chaPbeU ZaV iQcXbaWed aW 37Ɠ C, 5% CO ​2​ fRU 30b
PiQXWeV WR VRlidif\ Whe MaWUigel. TheQ, 200 XL Rf Pedia ZaV added RQ WRS Rf Wheb
VRlidified MaWUigel. The c\VWV ZeUe UeWXUQed WR Whe 37Ɠ C, 5% CO​2​ iQcXbaWRU aQdb
cXlWXUed fRU 3-17 da\V. The Pedia ZaV UeSlaced eYeU\ RWheU da\.bb
b
Imagingb
b
MDCK c\VW fi[aWiRQ aQd VWaiQiQg ZaV SeUfRUPed aW URRP WePSeUaWXUe ZiWh WZR bUiefb
ZaVheV ZiWh 1X PBS (APbiRQ, AM9624) beWZeeQ each VWeS. WheQ Whe c\VWV ZeUeb
Uead\ WR be iPaged Whe\ ZeUe fi[ed iQ WheiU cXlWXUe chaPbeUV ZiWh 1.85% fRUPaldeh\deb
(MilliSRUeSigPa, F1635-500ML) iQ PBS fRU 30 PiQXWeV. The\ ZeUe SeUPeabili]ed ZiWhb
0.1% TUiWRQ X-100 (MilliSRUeSigPa, T8787-100PL) iQ PBS RYeUQighW. The c\VWV ZeUeb
WheQ blRcked ZiWh 5% BRYiQe SeUXP AlbXPiQ (MilliSRUeSigPa, A7906-100G) iQ PBS fRUb
1 hRXU. The c\VWV ZeUe WheQ iQcXbaWed ZiWh 1:15 488-ShallRidiQ (IQYiWURgeQ, A12379)b
aQd 1:30 DAPI (FiVheU, D3571) iQ PBS fRU aW leaVW 6 hRXUV befRUe iPagiQg. The c\VWVb
ZeUe iPaged RQ a ZeiVV LaVeU ScaQQiQg 710 CRQfRcal MicURVcRSe XViQg a 40Xb
RbjecWiYe (ZeiVV, ZaWeU iPPeUViRQ, 1.1 NA, lRQg ZRUkiQg diVWaQce, LD C-ASRchURPaW),b
405 QP diRde laVeU (ZeiVV), aQd 488 QP aUgRQ-iRQ laVeU (LASOS). Each c\VW ZaVb
iPaged fURP Whe bRWWRP WR a deSWh cleaUl\ be\RQd Whe Piddle SRiQW Rf Whe c\VW. C\VWVb
WhaW ZeUe WRR faU fURP Whe glaVV WR iPage WhaW deeSl\ ZeUe QRW iPaged.b b
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b
MoUShological QXanWificaWion fUom ImageVb
b
We ZURWe a cXVWRP MATLAB SiSeliQeb
(​hWWSV://giWhXb.cRP/aUjXQUajlabRUaWRU\/RUgaQRidV2 ​) WR PeaVXUe c\VW PRUShRlRgicalb
feaWXUeV fURP PicURVcRS\ iPageV b\ 3D VegPeQWiQg Whe bRXQdaUieV Rf Whe ZhRle c\VWb
aQd each Rf iWV lXPeQV aQd QXclei. TR VegPeQW Whe c\VW aQd lXPeQ bRXQdaUieV RXUb
geQeUal aSSURach ZaV WR gXeVV Whe bRXQdaU\ RQ each iPage Vlice XViQg Whe ShallRidiQb
iPage aQd WheQ PaQXall\ cRUUecW Whe bRXQdaU\ aV Qeeded. TR gXeVV Whe c\VW bRXQdaU\b
RQ each Vlice Ze VeW aQ ePSW\ cRUQeU Rf Whe iPage aV Whe VWaUWiQg bRXQdaU\ aQdb
e[SaQded WhaW bRXQdaU\ RXWZaUd XQWil Whe iQWeQViW\ Rf WhRVe Si[elV ZaV abRYe ab
XVeU-defiQed WhUeVhRld. We aSSlied Whe VaPe aSSURach WR gXeVV Whe lXPeQ bRXQdaUieV,b
e[ceSW Ze ideQWified Whe VWaUWiQg SRiQW aV Whe laUgeVW RbjecW afWeU Whe Vlice had beeQb
SURceVVed ZiWh a LaSlaciaQ Rf GaXVViaQ edge deWecWRU. We WheQ PaQXall\ UeYieZedb
WheVe 2D bRXQdaUieV aQd cRUUecWed WheP aV Qeeded (SXSS. Fig. 2). OQce WheVe 2Db
bRXQdaUieV ZeUe fiQali]ed Whe\ ZeUe cRPbiQed WR fRUP 3D bRXQdaUieV. We RbWaiQed 3Db
c\VW bRXQdaUieV b\ aVVXPiQg all 2D c\VW aQQRWaWiRQV belRQged WR Whe VaPe RbjecW. Web
RbWaiQed 3D lXPeQ bRXQdaUieV b\ cRPSXWaWiRQall\ ideQWif\iQg Zhich bRXQdaUieVb
WRXched RQe aQRWheU ZheQ VWacked iQ 3D. TR 2D VegPeQW Whe QXcleaU bRXQdaUieV Zeb
XVed cellSRVe WR VegPeQW Whe QXclei RQ Whe RUigiQal iPage VliceV. We alVR Vliced Wheb
iPage VWack RUWhRgRQall\ fURP iWV RUigiQal VliciQg, VXch WhaW PRYiQg fURP Vlice-WR-Vliceb
PRYeV lefW-UighW acURVV Whe c\VW, UaWheU WhaQ XS-dRZQ. We alVR XVed cellSRVe WRb
VegPeQW Whe QXclei RQ WheVe RUWhRgRQal VliceV. We WheQ XVed Whe RUWhRgRQal 2Db
VegPeQWaWiRQV WR gXeVV Zhich RUigiQal 2D VegPeQWaWiRQV ZeUe cRQQecWed WR RQeb
aQRWheU. We WheQ PaQXall\ UeYieZed WheVe 3D cRQQecWiRQV aQd cRUUecWed WheP aVb
Qeeded (SXSS. Fig. 3).b
b
OQce Ze had 3D bRXQdaUieV fRU Whe c\VW, lXPeQV, aQd QXclei, Ze ZURWe cXVWRPb
aQal\VeV WR PeaVXUe PRUShRlRgical feaWXUeV Rf Vi]e, VhaSe, aQd QXPbeU fRU each c\VWb
(SXSS. Table 1). FRU c\VWV ZiWh PXlWiSle lXPeQV, Ze WRRk Whe PeaQ acURVV all lXPeQV.b
FRU c\VWV ZiWh PXlWiSle QXclei, Ze WRRk bRWh Whe PeaQ aQd Whe VWaQdaUd deYiaWiRQb
acURVV all QXclei.bb
b
PCA and LineaU ModelVb
b
IQ RUdeU WR UXQ PCA Ze fiUVW VWaQdaUdi]ed Whe XQiWV Rf RXU feaWXUeV. We WRRk Whe cXbeb
URRW Rf all YRlXPe feaWXUeV, Whe VTXaUe URRW Rf all VXUface aUea feaWXUeV, aQd Whe iQYeUVeb
Rf Whe QXPbeU Rf lXPeQV. We WheQ ]-VcRUe QRUPali]ed each feaWXUe. We UaQ PCA XViQgb
Whe SUcRPS fXQcWiRQ fURP Whe RŖV VWaWV Sackageb
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(​hWWSV://ZZZ.UdRcXPeQWaWiRQ.RUg/SackageV/VWaWV/YeUViRQV/3.6.2 ​). TR eVWiPaWe hRZb
PXch YaUiaQce Ze cRXld e[SecW WR be e[SlaiQed dXe WR chaQce, Ze alVR UaQ PCA RQb
UaQdRPi]ed daWa.bb
b
We fiW liQeaU PRdelV WR YaUiRXV SaiUV Rf PRUShRlRgical feaWXUeV XViQg ggSlRW2b
(​hWWSV://ggSlRW2.Wid\YeUVe.RUg/ ​) aQd RŖV VWaWV Sackage.bb
b
DUXg ScUeenb
b
We fiUVW eVWabliVhed MDCK-II cellV ZiWh VWable iQWegUaWiRQ Rf GFP QXcleaU aQd PCheUU\b
cell PePbUaQe PaUkeUV. The da\ befRUe Ze SlaQQed WR WUaQVfecW Whe cellV Ze SlaWedb
WheP VR WhaW Whe cellV ZRXld be a80% cRQflXeQW aW Whe WiPe Rf WUaQVfecWiRQ. The cellVb
ZeUe cXlWXUed iQ Pedia ZiWhRXW aQWibiRWicV. The fRllRZiQg da\, Ze XVed LiSRfecWaPiQeb
2000 (IQYiWURgeQ, 11668019) WR WUaQVfecW Whe cellV ZiWh H2B-GFP SlaVPidb
(​hWWSV://ZZZ.addgeQe.RUg/11680/​). TZR da\V afWeU WUaQVfecWiRQ, Ze UeSlaced Whe Pediab
ZiWh Pedia cRQWaiQiQg SeQicilliQ, VWUeSWR\P\ciQ, aQd G418 (MediaWech, MT30-234-CR).b
We chaQged Whe Pedia eYeU\ RWheU da\. OQe Zeek afWeU WUaQVfecWiRQ Ze ViQgle cellb
bRWWleQecked Whe cellV. We WheQ fRllRZed Whe VaPe aSSURach WR WUaQVfecW Whe cellV ZiWhb
PeP-PCheUU\ SlaVPid (​hWWSV://ZZZ.addgeQe.RUg/55779/​).b
b
TR cRQdXcW Whe dUXg VcUeeQ, Ze XVed MaWUi[ WellMaWe WR SlaWe MaWUigel ZiWh 35,000b
cellV/PL iQWR 384-Zell SlaWeV. We WheQ ceQWUifXged Whe SlaWeV aW 300 USP fRU 1 PiQXWe WRb
eQVXUe Whe MaWUigel-cell VXVSeQViRQ fell WR Whe bRWWRP Rf Whe Zell. We SRl\PeUi]ed Wheb
MaWUigel b\ SlaciQg Whe SlaWeV iQ a 37Ɠ C, 5% CO​2​ iQcXbaWRU fRU 30 PiQXWeV. We WheQb
added 20 XL Rf Pedia ZiWh 20 PM HEPES aQd dUXg XViQg a PeUkiQ ElPeU JaQXVb
MRdXlaU DiVSeQViQg TRRl. The c\VWV ZeUe cXlWXUed fRU 7 da\V aW 37Ɠ C, 5% CO​2​.bb
b
TR iPage Whe c\VWV, Ze fi[ed WheP ZiWh 20 XL Rf 8% fRUPaldeh\de fRU 30 PiQXeWV aWb
URRP WePSeUaWXUe. We ZaVhed Whe SlaWeV ZiWh PBS aQd WheQ VWaiQed WheP ZiWh 1:2500b
HReVchW iQ PBS RYeUQighW. We XVed a MRlecXlaU DeYiceŖV IPageXSUeVV MicUR XLSb
Widefield High-CRQWeQW AQal\ViV S\VWeP WR iPage each SlaWe aW 10X. We WRRk 4b
iPageV, each aW Whe heighW deWeUPiQed b\ Whe aXWRfRcXV VRfWZaUe, SeU Zell.bb
b
We WheQ TXaQWified Whe effecW Rf each dUXg RQ c\VW Vi]e XViQg cXVWRP MATLAB VcUiSWV.b
FiUVW, Ze cRPbiQed Whe WhUee iPage chaQQelV. We WheQ GaXVViaQ filWeUed Whe iPage aQdb
biQaUi]ed iW XViQg OWVXŖV PeWhRd. We WheQ RbWaiQed Whe bRXQdaU\ Rf c\VWV b\ RbWaiQiQgb
Whe bRXQdaU\ Rf all RbjecWV iQ Whe biQaU\ iPage WhaW ZeUe biggeU WhaQ 50 Si[elV aQdb
VPalleU WhaQ 1500 Si[elV. We calcXlaWed Whe aUea Rf each c\VW XViQg MATLABŖVb
UegiRQSURSV fXQcWiRQ. We WheQ calcXlaWed Whe aYeUage fRld chaQge iQ c\VW aUea fRU eachb
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dUXg b\ diYidiQg Whe aYeUage c\VW aUea fRU Whe dUXg b\ Whe aYeUage c\VW aUea fRU allb
cRQWURl c\VW fURP Whe VaPe SlaWe. We ViPilaUl\ calcXlaWe Whe ]-VcRUe fRU each dUXg.b
b
TR ideQWif\ hiWV WhaW Pade Whe c\VWV laUgeU, Ze fRXQd dUXgV iQ cRPPRQ beWZeeQ Whe liVWb
Rf WRS 100 dUXgV b\ fRld chaQge aQd Whe liVW Rf WRS 100 dUXgV b\ c\VW aUea. TR ideQWif\b
hiWV WhaW Pade Whe c\VW VPalleU, Ze fRXQd dUXgV iQ cRPPRQ beWZeeQ Whe liVW Rf bRWhb
100 dUXgV b\ fRld chaQce aQd Whe liVW Rf bRWWRP 100 dUXgV b\ c\VW aUea.b
b
MDCK C\VW PeUWXUbaWion E[SeUimenWVb
b
MDCK c\VWV ZeUe cXlWXUed XViQg Whe abRYe WechQiTXe ZiWh Whe fRllRZiQg e[ceSWiRQV.b
FRU dUXg SeUWXUbaWiRQV, c\VWV ZeUe cXlWXUed iQ Pedia cRQWaiQiQg dUXg WhURXghRXW WheiUb
eQWiUe gURZWh (SXSS. Table 2). Media ZaV UeSlaced eYeU\ RWheU da\. FRU Whe high cellb
deQViW\ SeUWXUbaWiRQ, Whe c\VWV ZeUe SlaWed fURP a cell-MaWUigel VXVSeQViRQ cRQWaiQiQgb
100,000 cellV/PL. C\VWV ZeUe fi[ed aQd iPaged RQ Whe 9Wh da\ XViQg Whe SURWRcRlVb
deVcUibed abRYe.bb
b
DaWa and Code AYailabiliW\b
b
OXU MATLAB SiSeliQe fRU TXaQWif\iQg PRUShRlRgical feaWXUeV fURP PicURVcRS\ iPageVb
caQ be fRXQd aW ​hWWSV://giWhXb.cRP/aUjXQUajlabRUaWRU\/RUgaQRidV2 ​. We addiWiRQall\ XVedb
MATLAB cRde fURP ​hWWSV://giWhXb.cRP/aUjXQUajlabRUaWRU\/UajlabiPageWRRlV ​.bb
b
All daWa aQd UePaiQiQg cRde XVed fRU WheVe aQal\VeV caQ be fRXQd aWb
hWWSV://ZZZ.dURSbR[.cRP/Vh/lSfcbT4i2RXS[]4/AACKJNSPYLegd[WPR4DPRWRSa?dl
=0 ​. We XVed MATLAB WR fRUPaW iPageV fRU all figXUeV. All RWheU aQal\VeV ZeUe dRQe iQb
R. We XVed a VelecWiRQ Rf cRlRU-bliQd fUieQdl\ cRlRUV fRU figXUeV 2 - 4 fURPb
hWWSV://SeUVRQal.VURQ.Ql/aSaXlW/​.bb
b
b b
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FLJXUH 1: 0DCK F\VW PRUSKRORJLHV VSDQ D OLPLWHG QXPEHU RI GLPHQVLRQV.b
A. ​6FKHPDWLF RI H[SHULPHQWV WR TXDQWLI\ 0DCK F\VW PRUSKRORJLFDO IHDWXUHV. BULHIO\,b
ZH FXOWXUH F\VWV IRU D YDULDEOH QXPEHU RI GD\V, SHUIRUP 3D LPDJLQJ RI QXFOHL DQG FHOOb
ERXQGDULHV IRU DW OHDVW KDOI RI WKH F\VW, DQQRWDWH WKH ERXQGDULHV RI WKH F\VW DQG HDFKb
QXFOHXV DQG OXPHQ, DQG PHDVXUH PRUSKRORJLFDO IHDWXUHV RQ WKH 3D DQQRWDWLRQV.b
B-G. ​CRPSDULVRQ RI WZR PRUSKRORJLFDO IHDWXUHV IRU D WLPH-ZLQGRZ RI 7-11 GD\ ROGb
0DCK F\VWV.bb
H. ​E[DPSOH VFKHPDWLF RI 0DCK F\VW PRUSKRORJLHV WKDW DUH FDSWXUHG E\ 1 GLPHQVLRQb
RU 2 GLPHQVLRQV.bb
I. ​9DULDQFH H[SODLQHG E\ HDFK SULQFLSDO FRPSRQHQW. 7KH UHG OLQH LQGLFDWHV KRZ PXFKb
YDULDQFH LV H[SODLQHG ZKHQ WKH GDWD LV UDQGRPL]HG EHIRUH 3CA (VHH PHWKRGV IRUb
GHWDLOV).bb
J. ​/RDGLQJ RI HDFK IHDWXUH RQ SULQFLSDO FRPSRQHQWV RQH WKURXJK WKUHH. EDFK IHDWXUH LVb
FRORU-FRGHG E\ ZKDW VWUXFWXUH (F\VW, OXPHQ, QXFOHXV, RU FHOO) LW GHVFULEHV.bb
K. ​CRUUHODWLRQ EHWZHHQ SULQFLSDO FRPSRQHQW VFRUH DQG UDZ PRUSKRORJLFDO IHDWXUHV IRUb
IHDWXUHV ZKLFK KLJKO\ FRQWULEXWH WR WKDW SULQFLSDO FRPSRQHQW.bb
L. ​3ULQFLSDO FRPSRQHQW VFRUHV IRU WKH ILUVW WKUHH SULQFLSDO FRPSRQHQWV. EDFK SDLU RIb
H[DPSOH F\VWV ZHUH FKRVHQ EHFDXVH WKH\ KDYH KLJK YV ORZ VFRUH IRU RQH SULQFLSDOb
FRPSRQHQW, DQG VLPLODU VFRUHV IRU WKH RWKHU WZR SULQFLSDO FRPSRQHQWV.b
b
b b
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)LJXUH 2: CRQVWUDLQWV RQ 0DC. F\VW PRUSKRORJLHV YDU\ ZLWK DJH.b
A. ​E[DPSOH MDCK F\VWV FXOWXUHG IRU 3-17 GD\V.bb
B. ​4XDQWLILFDWLRQ RI F\VW UDGLXV IRU MDCK F\VWV RI GLIIHUHQW DJHV.bb
C. ​E[DPSOH RI D FRQVWUDLQW WKDW GRHV RU GRHV QRW YDU\ ZLWK MDCK F\VW DJH IRUb
K\SRWKHWLFDO GDWD.bb
D. ​NXPEHU RI QXFOHL YHUVXV F\VW YROXPH IRU MDCK F\VWV RI HDFK DJH. EDFK DJH LVb
UHSUHVHQWHG E\ RQH FRORU, DQG 9 GD\ ROG MDCK F\VWV DUH UHSHDWHG RQ HDFK JUDSK IRUb
UHIHUHQFH. 7KH OLQH UHSUHVHQWV WKH OLQH RI EHVW ILW DQG WKH VKDGHG DUHD UHSUHVHQWV WKHb
95% FRQILGHQFH LQWHUYDO. E[DPSOH MDCK F\VWV ZLWK DSSUR[LPDWHO\ WKH VDPH QXPEHUb
RI QXFOHL EXW GLIIHUHQW YROXPHV.bb
(. ​MHDQ FHOO YROXPH YHUVXV F\VW YROXPH IRU MDCK F\VWV RI HDFK DJH. EDFK DJH LVb
UHSUHVHQWHG E\ RQH FRORU, DQG 9 GD\ ROG MDCK F\VWV DUH UHSHDWHG RQ HDFK JUDSK IRUb
UHIHUHQFH. 7KH OLQH UHSUHVHQWV WKH OLQH RI EHVW ILW DQG WKH VKDGHG DUHD UHSUHVHQWV WKHb
95% FRQILGHQFH LQWHUYDO. E[DPSOH MDCK F\VWV ZLWK DSSUR[LPDWHO\ WKH VDPH YROXPHb
EXW GLIIHUHQW PHDQ FHOO YROXPHV.bb
). ​NXPEHU RI OXPHQV YHUVXV F\VW YROXPH IRU MDCK F\VWV RI HDFK DJH. EDFK DJH LVb
UHSUHVHQWHG E\ RQH FRORU, DQG 9 GD\ ROG MDCK F\VWV DUH UHSHDWHG RQ HDFK JUDSK IRUb
UHIHUHQFH. 7KH OLQH UHSUHVHQWV WKH OLQH RI EHVW ILW DQG WKH VKDGHG DUHD UHSUHVHQWV WKHb
95% FRQILGHQFH LQWHUYDO. E[DPSOH MDCK F\VWV ZLWK DSSUR[LPDWHO\ WKH VDPH QXPEHUb
RI OXPHQV EXW GLIIHUHQW F\VW YROXPHV.bb
b
b b
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)LJXUH 3: DUXJ DQG HQYLURQPHQWDO SHUWXUEDWLRQV FDQ FKDQJH FRQVWUDLQWb
SDUDPHWHUV EXW GR QRW EUHDN WKHP.b
A. ​)ROG FKDQJH LQ F\VW DUHD YHUVXV HDFK GUXJ IURP WKH VFUHHQ. AQQRWDWHG GUXJV DUHb
WKRVH XVHG LQ IXUWKHU H[SHULPHQWV.bb
B. ​([DPSOH 0'&. F\VWV IRU HDFK SHUWXUEDWLRQ. 7KH VHHGLQJ FHOO GHQVLW\, ORZ (25,000b
FHOOV/P/) RU KLJK (100,000 FHOOV/P/), DQG WKH GUXJ DGGHG WR WKH FXOWXUH PHGLD DUHb
LQGLFDWHG EHORZ WKH LPDJH. 7KH 0'&. F\VW VKRZQ LV RQH ZLWK DSSUR[LPDWHO\ DYHUDJHb
UDGLXV IRU WKDW SHUWXUEDWLRQ.bb
C. ​4XDQWLILFDWLRQ RI F\VW UDGLXV IRU 0'&. F\VWV H[SRVHG WR GLIIHUHQW SHUWXUEDWLRQV.bb
D. ​1XPEHU RI QXFOHL YHUVXV F\VW YROXPH IRU 0'&. F\VWV H[SRVHG WR GLIIHUHQWb
SHUWXUEDWLRQV. (DFK SHUWXUEDWLRQ LV UHSUHVHQWHG E\ RQH FRORU. 7KH OLQH UHSUHVHQWV WKHb
OLQH RI EHVW ILW DQG WKH VKDGHG DUHD UHSUHVHQWV WKH 95% FRQILGHQFH LQWHUYDO. 7KH OLQH RIb
EHVW ILW DQG 95% FRQILGHQFH LQWHUYDO IRU WKUHH JURXSV RI XQSHUWXUEHG 0'&. F\VWV (3-5b
GD\V, 7-11 GD\V, DQG 13-17 GD\V) DUH VKRZQ LQ JUD\ IRU UHIHUHQFH.bb
(. ​0HDQ FHOO YROXPH YHUVXV F\VW YROXPH IRU 0'&. F\VWV H[SRVHG WR GLIIHUHQWb
SHUWXUEDWLRQV. (DFK SHUWXUEDWLRQ LV UHSUHVHQWHG E\ RQH FRORU. 7KH OLQH UHSUHVHQWV WKHb
OLQH RI EHVW ILW DQG WKH VKDGHG DUHD UHSUHVHQWV WKH 95% FRQILGHQFH LQWHUYDO. 7KH OLQH RIb
EHVW ILW DQG 95% FRQILGHQFH LQWHUYDO IRU WKUHH JURXSV RI XQSHUWXUEHG 0'&. F\VWV (3-5b
GD\V, 7-11 GD\V, DQG 13-17 GD\V) DUH VKRZQ LQ JUD\ IRU UHIHUHQFH.bb
). ​1XPEHU RI OXPHQV YHUVXV F\VW YROXPH IRU 0'&. F\VWV H[SRVHG WR GLIIHUHQWb
SHUWXUEDWLRQV. (DFK SHUWXUEDWLRQ LV UHSUHVHQWHG E\ RQH FRORU. 7KH OLQH UHSUHVHQWV WKHb
OLQH RI EHVW ILW DQG WKH VKDGHG DUHD UHSUHVHQWV WKH 95% FRQILGHQFH LQWHUYDO. 7KH OLQH RIb
EHVW ILW DQG 95% FRQILGHQFH LQWHUYDO IRU WKUHH JURXSV RI XQSHUWXUEHG 0'&. F\VWV (3-5b
GD\V, 7-11 GD\V, DQG 13-17 GD\V) DUH VKRZQ LQ JUD\ IRU UHIHUHQFH.bb
b
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FLJXUH 4: CRQVWUDLQWV RI SHUWXUEHG F\VWV GR QRW DGG WRJHWKHU RU DYHUDJH RXW ZKHQb
PXOWLSOH SHUWXUEDWLRQV DUH DSSOLHG.b
A, G. ​([DPSOH 0'C. F\VWV FXOWXUHG IRU HDFK SHUWXUEDWLRQ. 7KH VHHGLQJ FHOO GHQVLW\,b
ORZ (25,000 FHOOV/P/) RU KLJK (100,000 FHOOV/P/), DQG WKH GUXJ DGGHG WR WKH FXOWXUHb
PHGLD DUH LQGLFDWHG EHORZ WKH LPDJH. 7KH 0'C. F\VW VKRZQ LV RQH ZLWK DSSUR[LPDWHO\b
DYHUDJH UDGLXV IRU WKDW SHUWXUEDWLRQ. :KLWH DUURZV LQGLFDWH VSLQGOHV.bb
B, H. ​4XDQWLILFDWLRQ RI F\VW VROLGLW\ IRU 0'C. F\VWV H[SRVHG WR GLIIHUHQW SHUWXUEDWLRQV.bb
C, I.​ 4XDQWLILFDWLRQ RI F\VW YROXPH IRU 0'C. F\VWV H[SRVHG WR GLIIHUHQW SHUWXUEDWLRQV.bb
D, J.​ 1XPEHU RI QXFOHL YHUVXV F\VW YROXPH IRU 0'C. F\VWV H[SRVHG WR GLIIHUHQWb
SHUWXUEDWLRQV. (DFK SHUWXUEDWLRQ LV UHSUHVHQWHG E\ RQH FRORU. 7KH OLQH UHSUHVHQWV WKHb
OLQH RI EHVW ILW DQG WKH VKDGHG DUHD UHSUHVHQWV WKH 95% FRQILGHQFH LQWHUYDO. 7KH OLQH RIb
EHVW ILW DQG 95% FRQILGHQFH LQWHUYDO IRU WKUHH JURXSV RI XQSHUWXUEHG 0'C. F\VWV (3-5b
GD\V, 7-11 GD\V, DQG 13-17 GD\V) DUH VKRZQ LQ JUD\ IRU UHIHUHQFH.bb
E, K. ​0HDQ FHOO YROXPH YHUVXV F\VW YROXPH IRU 0'C. F\VWV H[SRVHG WR GLIIHUHQWb
SHUWXUEDWLRQV. (DFK SHUWXUEDWLRQ LV UHSUHVHQWHG E\ RQH FRORU. 7KH OLQH UHSUHVHQWV WKHb
OLQH RI EHVW ILW DQG WKH VKDGHG DUHD UHSUHVHQWV WKH 95% FRQILGHQFH LQWHUYDO. 7KH OLQH RIb
EHVW ILW DQG 95% FRQILGHQFH LQWHUYDO IRU WKUHH JURXSV RI XQSHUWXUEHG 0'C. F\VWV (3-5b
GD\V, 7-11 GD\V, DQG 13-17 GD\V) DUH VKRZQ LQ JUD\ IRU UHIHUHQFH.bb
F, /. ​1XPEHU RI OXPHQV YHUVXV F\VW YROXPH IRU 0'C. F\VWV H[SRVHG WR GLIIHUHQWb
SHUWXUEDWLRQV. (DFK SHUWXUEDWLRQ LV UHSUHVHQWHG E\ RQH FRORU. 7KH OLQH UHSUHVHQWV WKHb
OLQH RI EHVW ILW DQG WKH VKDGHG DUHD UHSUHVHQWV WKH 95% FRQILGHQFH LQWHUYDO. 7KH OLQH RIb
EHVW ILW DQG 95% FRQILGHQFH LQWHUYDO IRU WKUHH JURXSV RI XQSHUWXUEHG 0'C. F\VWV (3-5b
GD\V, 7-11 GD\V, DQG 13-17 GD\V) DUH VKRZQ LQ JUD\ IRU UHIHUHQFH.b
b
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Supplemental Figure 1
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6XSSOHPHQWDO FLJXUH 1: 6FKHPDWLF IRU 0DC. F\VW FXOWXUH WHFKQLTXH.bb
A. ​0'C. FHOOV DUH PDLQWDLQHG LQ WZR-GLPHQVLRQDO FXOWXUH. :KHQ WKH FHOOV DUHb
VXIILFLHQWO\ FRQIOXHQW, WKH\ DUH GLVVRFLDWHG LQWR D VLQJOH FHOO VXVSHQVLRQ. CHOOV DUHb
DGGHG WR OLTXLG 0DWULJHO DQG WKH FHOO-0DWULJHO PL[WXUH LV SODWHG LQWR D FHOO FXOWXUHb
FKDPEHU DOUHDG\ FRDWHG ZLWK SXUH 0DWULJHO. AIWHU WKH 0DWULJHO KDV SRO\PHUL]HG, PHGLDb
FDQ EH DGGHG DQG WKH F\VWV FDQ EH FXOWXUHG IRU DW OHDVW 17 GD\V. 6HH PHWKRGV IRUb
PRUH LQIRUPDWLRQ.bb
b
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Supplemental Figure 2
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6XSSOHPHQWDO )LJXUH 2: 0DQXDOO\ FRUUHFWLQJ 2D F\VW DQG OXPHQ DQQRWDWLRQV.b
A. ​E[DPSOH LPDJHV RI MDCK F\VWV.bb
B. ​E[DPSOH FDQGLGDWH DQQRWDWLRQV IRU WKH F\VW ERXQGDU\.bb
C. ​2XU XVHU LQWHUIDFH IRU YLHZLQJ DQG FRUUHFWLQJ 2D DQQRWDWLRQV.b
D. ​E[DPSOH DQQRWDWLRQV IRU WKH F\VW ERXQGDU\ DIWHU FRUUHFWLRQ.b
(. ​E[DPSOH LPDJHV RI MDCK F\VWV.bb
). ​E[DPSOH FDQGLGDWH DQQRWDWLRQV IRU WKH OXPHQ ERXQGDULHV.bb
*. ​2XU XVHU LQWHUIDFH IRU YLHZLQJ DQG FRUUHFWLQJ 2D DQQRWDWLRQV.b
+. ​E[DPSOH DQQRWDWLRQV IRU WKH OXPHQ ERXQGDULHV DIWHU FRUUHFWLRQ.b
b
b b
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Supplemental Figure 3
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6XSSOHPHQWDO )LJXUH 3: 0DQXDOO\ FRUUHFWLQJ 3D QXFOHDU DQQRWDWLRQV.b
A. ​E[DPSOH FDQGLGDWH QXFOHDU DQQRWDWLRQV, FRORU-FRGHG E\ ZKLFK 3D REMHFW WKH\b
EHORQJ WR.bb
B. ​OXU XVHU LQWHUIDFH IRU YLHZLQJ DQG FRUUHFWLQJ 3D QXFOHDU DQQRWDWLRQV.b
C. ​E[DPSOH QXFOHDU DQQRWDWLRQV DIWHU WKH\ KDYH EHHQ PDQXDOO\ FRUUHFWHG.b
b
b b
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Supplemental Figure 4
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SXSSOHPHQWDO FLJXUH 4: C\VW YROXPH VFDOHV ZLWK F\VW UDGLXV WR WKH WKLUG.b
A. ​C\VW YROXPH YHUVXV F\VW UDGLXV IRU 7-11 GD\ ROG 0DCK F\VWV. 5HIHUHQFH OLQHb
LQGLFDWHV WKH UHODWLRQVKLS EHWZHHQ UDGLXV DQG YROXPH RI KDOI D VSKHUH.b
b
b b
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Supplemental Figure 5
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SXSSOHPHQWDO FLJXUH 5: 7RWDO OXPHQ DQG QXFOHDU YROXPHV DUH OHVV WKDQ F\VWb
YROXPH.b
A. ​7RWDO OXPHQ YROXPH YHUVXV F\VW YROXPH IRU 7-11 GD\ ROG 0DC. F\VWV. 5HIHUHQFHb
OLQH LQGLFDWHV \ = [.b
B. ​7RWDO QXFOHDU YROXPH YHUVXV F\VW YROXPH IRU 7-11 GD\ ROG 0DC. F\VWV. 5HIHUHQFHb
OLQH LQGLFDWHV \ = [.b
b
b b
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Supplemental Figure 6
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6XSSOHPHQWDO )LJXUH 6: ([DPSOHV 0DC. F\VWV ZLWK KLJK DQG ORZ YDOXHV IRU F\VWb
PRUSKRORJLFDO IHDWXUHV.bb
A. ​C\VW UDGLXV IRU 7-11 GD\ ROG 0DCK F\VWV ZLWK H[DPSOH LPDJHV.bb
B. ​1XPEHU RI QXFOHL IRU 7-11 GD\ ROG 0DCK F\VWV ZLWK H[DPSOH LPDJHV.bb
C. ​0HDQ OXPHQ HFFHQWULFLW\ IRU 7-11 GD\ ROG 0DCK F\VWV ZLWK H[DPSOH LPDJHV.b
b
b b
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Supplemental Figure 7
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6XSSOHPHQWDO )LJXUH 7: 3HULSKHUDO VFDOH VXEOLQHDUO\ DQG LQWHUQDO QXFOHL VFDOHb
VXSHUOLQHDUO\ ZLWK F\VW YROXPH.b
A. ​E[DPSOH 0DC. F\VWV ZLWK SHULSKHUDO QXFOHL DQQRWDWHG ZLWK D UHG GRW DQG LQWHUQDOb
QXFOHL DQQRWDWHG ZLWK DQ RUDQJH GRW.b
B. ​1XPEHU RI QXFOHL YHUVXV F\VW YROXPH IRU 7-11 GD\ ROG 0DC. F\VWV.bb
C. ​1XPEHU RI SHULSKHUDO QXFOHL YHUVXV F\VW YROXPH IRU 7-11 GD\ ROG 0DC. F\VWV.bb
D. ​1XPEHU RI LQWHUQDO QXFOHL YHUVXV F\VW YROXPH IRU 7-11 GD\ ROG 0DC. F\VWV.b
b
b b
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Supplemental Figure 8
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6XSSOHPHQWDO FLJXUH 8: 0DC. F\VWV PD\ KDYH D PLQLPXP VL]H IRU OXPHQV.bb
A.​ +LVWRJUDP (ZLWK D ELQ ZLGWK RI 1 XP) RI PHDQ OXPHQ UDGLXV IRU 0'C. F\VWV FXOWXUHGb
IRU 7-11 GD\V.bb
b
b

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 8, 2021. ; https://doi.org/10.1101/2021.01.08.425947doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.08.425947
http://creativecommons.org/licenses/by/4.0/


Supplemental Figure 9
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SXSSOHPHQWDO FLJXUH 9: MHDQ QXFOHDU VL]H LV LQYHUVHO\ FRUUHODWHG ZLWK PHDQb
OXPHQ VL]H.b
A. ​0HDQ QXFOHDU YROXPH YHUVXV PHDQ OXPHQ YROXPH IRU 7-11 GD\ ROG 0DCK F\VWV ZLWKb
H[DPSOH LPDJHV.b
b
b b
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Supplemental Figure 10
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6XSSOHPHQWDO FLJXUH 10: 7KH QXPEHU RI OXPHQV DQG QXFOHL DUH LQYHUVHO\b
FRUUHODWHG ZLWK WKHLU PHDQ YROXPH.b
A. ​1XPEHU RI OXPHQV YHUVXV PHDQ OXPHQ YROXPH IRU 7-11 GD\ ROG 0DCK F\VWV ZLWKb
H[DPSOH LPDJHV.b
B.​ DHQVLW\ RI QXFOHL YHUVXV PHDQ QXFOHDU YROXPH IRU 7-11 GD\ ROG 0DCK F\VWV ZLWKb
H[DPSOH LPDJHV.b
b
b b
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Supplemental Figure 11
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6XSSOHPHQWDO FLJXUH 11: CRQVWUDLQW RQ QXPEHU RI QXFOHL DQG F\VW YROXPH YDULHVb
ZLWK 0DC. F\VW DJH.b
A.​ 1XPEHU RI QXFOHL YHUVXV F\VW YROXPH IRU 0DC. F\VWV RI HDFK DJH. (DFK DJH LVb
UHSUHVHQWHG E\ RQH FRORU, DQG 9 GD\ ROG 0DC. F\VWV DUH UHSHDWHG RQ HDFK JUDSK IRUb
UHIHUHQFH. 7KH OLQH UHSUHVHQWV WKH OLQH RI EHVW ILW DQG WKH VKDGHG DUHD UHSUHVHQWV WKHb
95% FRQILGHQFH LQWHUYDO. ([DPSOH 0DC. F\VWV RI GLIIHUHQW DJHV ZLWK DSSUR[LPDWHO\b
WKH VDPH YROXPH DQG GLIIHUHQW QXPEHUV RI QXFOHL DUH VKRZQ.bb
b
b b

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 8, 2021. ; https://doi.org/10.1101/2021.01.08.425947doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.08.425947
http://creativecommons.org/licenses/by/4.0/


Supplemental Figure 12
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6XSSOHPHQWDO )LJXUH 12: CRQVWUDLQW RQ FHOO YROXPH DQG F\VW YROXPH YDULHV ZLWKb
0DC. F\VW DJH.b
A.​ 0HDQ FHOO YROXPH YHUVXV F\VW YROXPH IRU 0DC. F\VWV RI HDFK DJH. (DFK DJH LVb
UHSUHVHQWHG E\ RQH FRORU, DQG 9 GD\ ROG 0DC. F\VWV DUH UHSHDWHG RQ HDFK JUDSK IRUb
UHIHUHQFH. 7KH OLQH UHSUHVHQWV WKH OLQH RI EHVW ILW DQG WKH VKDGHG DUHD UHSUHVHQWV WKHb
95% FRQILGHQFH LQWHUYDO. ([DPSOH 0DC. F\VWV RI GLIIHUHQW DJHV ZLWK DSSUR[LPDWHO\b
WKH VDPH F\VW YROXPH DQG GLIIHUHQW PHDQ FHOO YROXPH DUH VKRZQ.bb
b
b b
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Supplemental Figure 13
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6XSSOHPHQWDO )LJXUH 13: CRQVWUDLQW RQ QXPEHU RI OXPHQV DQG F\VW YROXPH YDULHVb
ZLWK 0DC. F\VW DJH.b
A.​ 1XPEHU RI OXPHQV YHUVXV F\VW YROXPH IRU 0DC. F\VWV RI HDFK DJH. (DFK DJH LVb
UHSUHVHQWHG E\ RQH FRORU, DQG 9 GD\ ROG 0DC. F\VWV DUH UHSHDWHG RQ HDFK JUDSK IRUb
UHIHUHQFH. 7KH OLQH UHSUHVHQWV WKH OLQH RI EHVW ILW DQG WKH VKDGHG DUHD UHSUHVHQWV WKHb
95% FRQILGHQFH LQWHUYDO. ([DPSOH 0DC. F\VWV RI GLIIHUHQW DJHV ZLWK DSSUR[LPDWHO\b
WKH VDPH F\VW YROXPH DQG GLIIHUHQW QXPEHUV RI OXPHQV DUH VKRZQ.bb
b
b b
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Supplemental Figure 14
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6XSSOHPHQWDO )LJXUH 14: 3URSRUWLRQV RI GUXJ FDWHJRULHV IRU GUXJ VFUHHQ.b
A.​ 3URSRUWLRQ RI GUXJV FDWHJRULHV IRU DOO GUXJV VFUHHQHG.b
B.​ 3URSRUWLRQ RI GUXJ FDWHJRULHV DPRQJVW GUXJV IRXQG WR GHFUHDVH F\VW DUHD.b
C.​ 3URSRUWLRQ RI GUXJ FDWHJRULHV DPRQJVW GUXJV IRXQG WR LQFUHDVH F\VW DUHD.b
b
b b
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Supplemental Figure 15
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6XSSOHPHQWDO FLJXUH 15: CRUUHODWLRQ EHWZHHQ RULJLQDO DQG WDUJHWHG GUXJ VFUHHQ.b
A.​ )RU GUXJV VFUHHQHG LQ UHSOLFDWH (1/7WK RI DOO GUXJV VFUHHQ), WKH IROG FKDQJH LQ WKHb
WDUJHWHG VFUHHQ YHUVXV WKH IROG FKDQJH LQ WKH RULJLQDO VFUHHQ.b
b
b b
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Feature

WPMVNF�	çN3)

DFMM�WPMVNF�	çN3)

fraction of cyst volume

TVSGBDF�BSFB�	çN2)

9:�SBEJVT�	çN


;�SBEJVT�	çN


Z radius:XY radius

3D radius

solidity

FYUFSOBM�DFMM�IFJHIU�	çN


eccentricity

FYUFSOBM�DFMM�XJEUI�	çN


NBKPS�BYJT�	çN


major:minor axis

number

density

NJOPS�BYJT�	çN


Quantities Measured

cyst volume
mean lumen volume
mean nuclear volume
standard deviation nuclear volume

mean cell volume

lumen fraction of cyst volume
nuclear fraction of cyst volume

cyst surface area
mean lumen surface area
mean nuclear surface area
standard deviation nuclear surface area

cyst XY radius
mean lumen XY radius
mean nuclear XY radius
standard deviation nuclear XY radius

cyst Z radius
mean lumen Z radius
mean nuclear Z radius
standard deviation nuclear Z radius

cyst Z radius:XY radius
mean lumen Z radius:XY radius
mean nuclear Z radius:XY radius
standard deviation nuclear Z radius:XY radius

cyst 3D radius standard deviation
cyst 3D radius coefficient of variation

cyst solidity
mean lumen solidity
mean nuclear solidity
standard deviation nuclear solidity

external cell height

cyst eccentricity
mean lumen eccentricity
mean nuclear eccentricity
standard deviation nuclear eccentricity

mean external cell width
standard deviation external cell width

cyst major axis
mean lumen major axis
mean nuclear major axis
standard deviation nuclear major axis

cyst major:minor axis
mean lumen major:minor axis
mean nuclear major:minor axis
standard deviation nuclear major:minor axis

number of lumens
number of nuclei
number of internal nuclei
number of external nuclei

density of lumens
density of nuclei

cyst minor axis
mean lumen minor axis
mean nuclear minor axis
standard deviation nuclear minor axis

Method

1. Calculate the number of voxels inside the object.
2. Multiply by the voxel volume.

1. Subtract the volume of all lumens from the cyst volume. 
2. Divide by the number of nuclei. 

1. Sum the volume of all lumens/nuclei.
2. Divide by the cyst volume. 

1. Use MATLAB’s regionprops function to calculate the perimeter of 
the object on each image slice.
2. Sum the perimeters over all image slices.
3. Multiply by the size of the voxel in XY and the size of the voxel in Z. 

1. Calculate the image slice where the object has the largest area.
2. Calculate the center of the object on this slice.
3. Measure the distance between all boundary points (on this slice) 
and the center.
4. Take the mean. 

1. Calculate the maximum z coordinate of the object. 
2. Subtract the minimum z coordinate of the object.

1. Divide the Z radius by the XY radius.

1. Calculate the image slice where the object has the largest area.
2. Calculate the center of the object on this slice.
3. Measure the distance between all boundary points (on this slice) and 
the center.
4. Take the standard deviation or coefficient of variation.

1. Use MATLAB’s regionprops function to calculate the solidity of the 3D 
object.

1. For every cyst coordiante, calculate the distance to the nearest 
lumen coordinate.
2. Take the mean. 

1. Calculate the image slice where the object has the largest area. 
2. Use MATLAB’s regionprops function to calculate the eccentricity of 
the object on that slice.

1. Calculate the center of each nucleus.
2. For each nucleus, calculate the distance to the nearest nucleus 
center. 

1. Calculate the image slice where the object has the largest area.
2. Use MATLAB’s regionprops function to calculate the major axis of the 
object on that slice. 
3. Divide by 2. 
4. Multiply by the size of the voxel in XY.

1. Divide the major axis by the minor axis.

1. Count the number of objects.

1. Divide the number of objects by the cyst volume.

1. Calculate the image slice where the object has the largest area.
2. Use MATLAB’s regionprops function to calculate the minor axis of the 
object on that slice. 
3. Divide by 2. 
4. Multiply by the size of the voxel in XY.

Supplemental Table 1 
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6XSSOHPHQWDO 7DEOH 1: 0DCK C\VW 0RUSKRORJLFDO FHDWXUHV.b
b
b b
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Drug Concentrations

selinexor ���
�����ç.

lapatinib ��
����
�����O.

givinostat ����ç.

PI-103 ���
�����ç.

idelalisib �
���
����ç.

mardepodect ���
�����ç.

sumatriptan succinate ���
����
�����ç.

Aurora A Inhibitor I ���
����
�����ç.

orantinib ���
����
�����ç.

HGF 5, 20 ng/mL

Supplemental Table 2 
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SXSSOHPHQWDO 7DEOH 2: PHUWXUEDWLRQ DUXJV DQG CRQFHQWUDWLRQV.b
b
b b
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Drug
Selleckchem
Catalog Number Target(s)

� Indicates used for follow-up analysis

PI3K/AKT/mTOR
A66 S2636 PI3K
CZC24832 S7018 PI3K
NU7026 S2893 DNA-PK

� PI-103 S1038 PI3K,Autophagy,DNA-PK,mTOR
PP242 S2218 mTOR,Autophagy
YM201636 S1219 PI3K
CCT128930 S2635 Akt
MK-2206 2HCl S1078 Akt

DNA Damage
Caffeic Acid Phenethyl Ester S7414 NF-kB
VE-822 S7102 ATM/ATR
Capecitabine S1156 DNA/RNA Synthesis
Costunolide S1319 Telomerase

Aurora Kinase
� Aurora A Inhibitor I S1451 Aurora Kinase

CCT137690 S2744 Aurora Kinase
CYC116 S1171 Aurora Kinase,VEGFR

Bcr-Abl
DCC-2036 (Rebastinib) S2634 Bcr-Abl
GZD824 S7194 Bcr-Abl
Nilotinib (AMN-107) S1033 Bcr-Abl

CDK
AT7519 S1524 CDK
MK-8776 (SCH 900776) S2735 CDK,Chk
Palbociclib (PD-0332991) HCl S1116 CDK

RAF/MEK/ERK
AZ 628 S2746 Raf
GW5074 S2872 Raf
SB590885 S2220 Raf

Adrenergic Receptor
Clorprenaline HCl S4135 Beta2 receptor
Xylazine HCl S2516 Adrenergic Receptor

Histamine
Cimetidine S1845 Histamine Receptor
Ketotifen Fumarate S2024 Histamine Receptor

JAK
CYT387 S2219 JAK
Ruxolitinib (INCB018424) S1378 JAK

PDE
� PF-2545920 S2687 PDE

Pentoxifylline S4345 PDE

Supplemental Table 3
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Serotonin
� Sumatriptan Succinate S1432 5-HT Receptor

Trazodone HCl S2582 5-HT Receptor

Src
Bosutinib (SKI-606) S1014 Src
PP1 S7060 Src

Unique Targets
Glipizide S1715 Potassium channels
Amfenac Sodium Monohydrate S4149 COX
Ferulic Acid S2300
Formononetin S2299
Meprednisone S1689 glucocorticoid
Mometasone furoate S1987 corticosteroid
Penicillin G Sodium S4160 antibiotic
Rifaximin S1790 RNA polymerase
Thiamet G S7213 O-GlcNAcase
Triamcinolone Acetonide S1628 corticosteroid
VGX-1027 S7515 TLR4
(-)-Blebbistatin S7099 ATPase
Cyclopamine S1146 Hedgehog
DMXAA (Vadimezan) S1537 VDA
Dexamethasone acetate S3124 interleukin receptor
Fasudil (HA-1077) HCl S1573 ROCK,Autophagy
Fingolimod (FTY720) HCl S5002 S1P Receptor
GDC-0152 S7010 IAP
GSK3787 S8025 PPAR
GW788388 S2750 TGF-beta/Smad
Griseofulvin S4071 Microtubule Associated
Indirubin S2386 GSK-3
Isradipine S1662 Calcium Channel
Mifepristone S2606 Estrogen/progestogen Receptor
Mubritinib (TAK 165) S2216 HER2
AG-1024 S1234 IGF-1R
PHA-665752 S1070 c-Met
PX-478 2HCl S7612 HIF
SB216763 S1075 GSK-3
SKLB1002 S7258 VEGFR
Sitaxentan sodium S3034 Endothelin Receptor
Sotrastaurin S2791 PKC
Thioguanine S1774 DNMT1
VX-745 S1458 p38 MAPK
Thiamine HCl (Vitamin B1) S3211 Vitamin B
Disodium Cromoglycate S1911 antiallergic drug

/PO�4QFDJmD�5BSHFUT
Cabozantinib (XL184, BMS-907351) S1119 FLT3,Tie-2,c-Kit,c-Met,VEGFR,Axl
Dovitinib (TKI-258, CHIR-258) S1018 FGFR,FLT3,c-Kit,VEGFR,PDGFR
Golvatinib (E7050) S2859 VEGFR,c-Met
NVP-BHG712 S2202 Raf,Src,Bcr-Abl,VEGFR,Ephrin receptor
Ponatinib (AP24534) S1490 PDGFR,FGFR,VEGFR,Bcr-Abl
TG101209 S2692 JAK,FLT3,c-RET
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6XSSOHPHQWDO 7DEOH 3: +LWV IRU /DUJHU 0DC. C\VWV IURP DUXJ 6FUHHQ, GURXSHG E\b
7DUJHW.b
b
b b
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Drug
Selleckchem
Catalog Number Target(s)

� Indicates used for follow-up analysis

EGFR/HER2
AEE788 (NVP-AEE788) S1486 HER2,VEGFR,EGFR
AZD8931 (Sapitinib) S2192 HER2,EGFR
Afatinib (BIBW2992) S1011 EGFR,HER2
Canertinib (CI-1033) S1019 EGFR,HER2
Dacomitinib (PF299804, PF299) S2727 EGFR
(FmUJOJC�	;%����
 S1025 EGFR

� Lapatinib (GW-572016) Ditosylate S1028 HER2,EGFR
Neratinib (HKI-272) S2150 HER2,EGFR
Pelitinib (EKB-569) S1392 EGFR

HDAC
AR-42 S2244 HDAC
Belinostat (PXD101) S1085 HDAC
Entinostat (MS-275) S1053 HDAC

� Givinostat (ITF2357) S2170 HDAC
M344 S2779 HDAC
Mocetinostat (MGCD0103) S1122 HDAC
PCI-24781 (Abexinostat) S1090 HDAC
Pracinostat (SB939) S1515 HDAC
Scriptaid S8043 HDAC

PI3K/AKT/mTOR
AZD8055 S1555 mTOR
Everolimus (RAD001) S1120 mTOR
GDC-0980 (RG7422) S2696 mTOR,PI3K
WYE-125132 (WYE-132) S2661 mTOR
GSK2126458 (GSK458) S2658 PI3K,mTOR
INK 128 (MLN0128) S2811 mTOR
Torin 2 S2817 ATM/ATR,mTOR

Aurora Kinase
AMG-900 S2719 Aurora Kinase
Barasertib (AZD1152-HQPA) S1147 Aurora Kinase
GSK1070916 S2740 Aurora Kinase
Hesperadin S1529 Aurora Kinase
PF-03814735 S2725 Aurora Kinase, FAK
SNS-314 Mesylate S1154 Aurora Kinase

Topoisomerase
Idarubicin HCl S1228 Topoisomerase
SN-38 S4908 Topoisomerase
Topotecan HCl S1231 Topoisomerase
Camptothecin S1288 Topoisomerase
Mitoxantrone HCl S2485 Topoisomerase
Teniposide S1787 Topoisomerase

RAF/MEK/ERK
AZD8330 S2134 MEK
PD0325901 S1036 MEK
Pimasertib (AS-703026) S1475 MEK

Supplemental Table 4
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TAK-733 S2617 MEK
Trametinib (GSK1120212) S2673 MEK

CRM1
KPT-185 S7125 CRM1
KPT-276 S7251 CRM1

� KPT-330 S7252 CRM1

Epigenetic Reader Domain
(+)-JQ1 S7110 Epigenetic Reader Domain
CPI-203 S7304 Epigenetic Reader Domain
GSK1324726A (I-BET726) S7620 Epigenetic Reader Domain

Microtubule Associated
Vinblastine S1248 Microtubule Associated
Nocodazole S2775 Microtubule Associated,Autophagy
Fosbretabulin Disodium S7204 Microtubule Associated,Autophagy

CDK
Flavopiridol HCl S2679 CDK
PHA-793887 S1487 CDK

DHFR
Pralatrexate S1497 DHFR
Methotrexate S1210 DHFR

Unique Targets
LB42708 S7467 Ftase
MPI-0479605 S7488 Kinesin
NSC697923 S7142 E2
ONX-0914 (PR-957) S7172 Proteasome
OTX015 S7360 BET
Olanzapine S2493 5-HT Receptor,Dopamine Receptor
Oligomycin A S1478 ATPase
RG108 S2821 Transferase,DNA Methyltransferase
Raltitrexed S1192 DNA/RNA Synthesis
3PnVNJMBTU S2131 PDE
Volasertib (BI 6727) S2235 PLK
Tipifarnib S1453 Transferase
Erastin S7242 Ferroptosis
A-769662 S2697 AMPK
BIIB021 S1175 HSP (e.g. HSP90)
BMN 673 S7048 PARP
Cephalomannine S2408 Taxol
Evodiamine S2382
Flubendazole S1837 antihelminic
Y-320 S7516
Guanethidine Sulfate S4328
Nanchangmycin S1450
Acetanilide S2538

/PO�4QFDJmD�5BSHFUT
AT9283 S1134 JAK,Aurora Kinase,Bcr-Abl
Danusertib (PHA-739358) S1107 c-RET,FGFR,Bcr-Abl,Aurora Kinase
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6XSSOHPHQWDO 7DEOH 4: +LWV IRU 6PDOOHU 0DC. C\VWV IURP DUXJ 6FUHHQ, GURXSHGb
E\ 7DUJHW.b
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