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Abstract

BACKGROUND: The development of tissues and organs in the body is a precise and autonomously regulated process, and the function of biomechanical factors
at this macroscale is a basic scientific question worth exploring.

OBIJECTIVE: To investigate the roles of cell mechanics in morphogenesis of the lobular organoid of 3D Madin-Darby canine kidney (MDCK).
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METHODS: The formation of MDCK lobular organoid was visualized by fluorescence resonance energy transfer technology, and the influence of different
cellular mechanical signals and extracellular matrix environment on lobular organoid formation and corresponding changes in extracellular regulated protein

kinases (ERK) activity were examined.

RESULTS AND CONCLUSION: (1) Inhibition of ERK signaling pathway can inhibit the growth of MDCK lobular organoid. (2) Inhibition of cell contractile force
signals such as ROCK pathway and Myosin Il activity, reduced ERK activity and lobular organoid size. (3) Selective inhibition of calcium channels in plasma
membrane and endoplasmic reticulum led to reduced ERK activity and lobular organoid growth. (4) By inhibiting the mechanically-sensitive receptor Piezo ion
channel or integrin signal on the cell membrane, the lobular organoid became smaller or MDCK cells could not generate tissue morphology. (5) Extracellular
matrix compositions affected the morphogenesis of lobular organoid. The addition of type | collagen in Matrigel changed the lobular organoid to elongated
shape. (6) The results of this study preliminarily show that mechanical signals in the cells and extracellular matrix environment play an important role in

culturing MDCK lobular organoid, and provides certain molecular mechanisms.
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DATE 20 o A0 J5 PR 858 FR W LA b HEZ AN AR Hp, S BLmT DLadad 2y
s 43 3B LR B AN AL ) 245 5 B IR
HHOT b B A A T TR B T 40 B — 24 i 6 P AN 48 e - 2
J AN R AR AR FH K E 2 . 3D Madin-Darby K (MDCK)
IR TR RGBT AL R SRS R AT G /INE B N
PSS B, o B2 L R N Matrigel i Hr £ 7% B AL T fi 2
SEOTAR b R AR A O i . MDCK IR 4 T AT
AR TE. B TR YBR[ A T AT R
TR S IO AR R SR R N ST AT B P 38 4 v FR 2 bl %,
XL 7N T BRI W AA T B

AR, BRI, NFREAHAR, B IUESE
BFEMAKF FAAAEAER, Bl a k& SRR A A Ok
fiti. EEEA SRR ERIE . HArEY 12 AR B2 R
R CsC — AN E T 5 1 R BT AR ALK
JINZH B BE5K T A M R RGP 2 AR — A A 2 S R PR
MDCK {20 435 ¥4 (4 T 1 5 4 s = 47 ) 020

BAE 5 2 B U A N AR AAE 5 (1) D7 2 U R
2 2 B B4 B %) SRR T IR, 7R T AR T R R I
95 R I LA b R ) P, 004 Rho—Rock— ULEREE 1134
BEMBERY IR, BANVE AL T R -
UK T IH 18 Piezo 7RSS AR, HIWENE. B AI
it U519, iy A MDCK 23 4 Piezol fih /&% 4% LI, @it #2 B R
WAL B 4H i A6 E S Y IS (mitogen-activated extracellular
signal-regulated kinase, MEK)1/2 ¥ 7% 41 g 45 5 1 715 e
(extracellular regulated protein kinases, ERK)1/2 & it #F 40 Jity
JAW R ARSI R s 243 %4 P, 1 Piezo £ MDCK 41 4UJF
R VR A . SRR RARR A&, MU
HAEKRATFZMGES5HES, EEBEIEN N =47 K
5 ZMER, i B1 & R 2 FEMDCK Ry e iz,
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A K = A GUR S RIANIREE P BRI, Bl 5 NI
BERIREAN, 76 T ZY i i e o 8% 77 (1) MDCK i 2 PRIk = 97
i TS 25 1 8 1 6 L 2 S 7 222,

WHILIRRE EHEFS (fluorescence resonance energy transfer,
FRET) 5K U 32 B FH T 0305 40 i w00 2 10 5t 1] LA 4
M5 S . BAFMW SRR 2%, ZEE P FRET
Wi R T 29050k s Fie Wi Em it i, G TiemAay
[ 24 TF 5 A KPR R 2728 BRI — Rl 22 R / 75 S R i g
FEF A bR Ao B SR 2 bk AR B0,
ERK/ 22 %4 J5 vE AV 2R [/ (mitogen-activated protein kinase,
MAPK) 15 5 18 i 3 IE B X T MDCK 5 /N 20 A Bl h L
YRR B, T FRET ff) EKAREV-NLS A= 4044 I8 384 B T4 4 o
AR B e e skt I LI e 4 b 3k oz 1) ) A L R A AR
W ERK WEPERE A Ay FRET 284k B2,

ZHEFLEE & FRET SRR ) 27 K 6 MDCK 4121 )%
FRFEIR, FERF AN AR © ERK {55 18 i A 4 f Ui 44
JU{E 5% MDCK b Rl A K E T s @ IR py s ) |
R4 5 13 S O A B ERK TS PR ZH AR K g2 s 2
MR b 77 S U SZ K Piezo B TlIE KSRGS 4IIE:
T B FE T W A SRS R A AE R . dlid FRET 48
EFATAAL MDCK F R 2 2 A2 AT ERK TE AR 4K, R AN
HIA D 77 2 AR B H IR 2t HAE KRR .

1 #RIFN753E Materials and methods

1.1 &3t R FRET $2 AR TE 41 M /K7 L8R g 244 F X
MDCK T 2R B A5 K AR IR R

1.2 BFRAARGbE 526 T 2022 £ 6 H A 2023 £ 6 HEH M
KPS T AR5 g FR} 22 5 Bt SR 06 2 58 il

1.3 #h#

1.3.1 ZHAhE 50 MDCK 40 [ 36 5t DA RHEA R A
Fl, K AN M FRAE S A R A4 ) 10% iR 4 L ) DMEM 15
PEEr RS, T 37 C LR B 5% CO, IR FRFE TR R 5+
Frf e MG EE J5,  mT 0 H AT A% A A 28 3O 552 K )
AN AT S5

132 SEERA K& DMEM =il 72 5. Opti-MEM 1:
FRHE. RIS, 0.25% & AN ¥ 4l 57 & Lipofectamine
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3000 ¥y [ 3£ [E Thermo Fisher Scientific 2y @) ; Matrigel 52
H BD Biotechnology A #]; [ B )5 H Advanced Biomatrix
A F. SEEG AR A B AR 2- W 2 R ORI
(2-APB, —Fl H A 4t 1232 VLIV IP,R A5 38 18 41 57, 44
WP R 10 pmol/L). il 2R b (5T R L 284 e TE o ), A
FH ¥k BE 24 10 umol/L). Blebbistatin( /%t 2% (1 11 ATP Jifg 31 11|
7, A IR EZ 9 40 umol/L) B8 H Sigma A #];  ML-7(MLCK
TR, A F A EE D 40 pmol/L). ¥Y27632 (ROCK il 71, fi
FH 9 40 pmol/L). B %S | 3 (Thapsigargin, N 5N L
SERCA 415 22 14| 77), s FH ¥R & 2y 10 umol/L). GsMTx4 (Piezo
FH B BB bl B e Je 0 ) 55, A8 FH VK B2 5 umol /L)
GACl,( /7 2# Uk R 4T B a2 PR 571, 45 PR FE 2 25 umol/L)
PD98059(MEK 1 1 71, fdi F ¥ & 24 10 pmol/L) 3 %y § MCE
N s Sorafeninb (RAF Il #1] 7, & FH ¥ J& A4 5 umol/L).
CCK-8 4 1 5 177 & W B L8 = RAEM A IR A w] ;. AlB2
(ITGB1 #Ii| B Hi A, ff F 5T & B2 2 ug/mlL) i) H DSHB 24
H; CO, 4HPuEs A H HAR = #IE B4R (Primo
Vert). {5 B 1% 4 i1 ¢ 't S 3B (cell observer) 1 [ 4 [H Zeiss
AF.

1.4 Tk

1.4.1 MEFERIZE ERK FRET #REF1) MDCK 4tk v 1 1
HIJE i MDCK 4121 N 7 1) ) A B Th R A 4 15 S L, F
Y A% € A7 FY) ERK FRET 4541 EKAREV-NLS 5 X\ MDCK 2 fitd 1,
G £ B0 RN 5 Ol R 3K O 3 e 41 vk ®¥'. F Lipofectamine
3000 i 71 EKAREV-NLS 35 5 RL % Y 1#E N MDCK 4iif,
48 h JE NN J5T & 52 2 300 pg/ml [¥) G418 14 Zidh AT i ik,
3 d B 1R G418 [FG sk, 2 AJS1E Rilss N %R,
oK B ' A 1) 4 D [ Pk e 1) 96 FLAR kAT B s B RS 7R,
TG Y 100% % Ge e (1 4 bk

1.42 SCESHERIE)HIE BT Matrigel & RN ME B 60 0
AT T 5 ST (polydimethylsiloxane, PDMS)
iR, W S0 R B TR P =, (RS o e e s i) 4 B
o B AL AR AR . il S L EL I, f PDMS B 5 22 155
(Sylgard 184 kit, Dow Corning) . 10 : 1 [{jfifE L7 ik,
BIN—AKId, fhE=)E 70 CHE4L 4 h, RIGTILE R
[ 1cm. E4% 0.5 cm ) PDMS TR = . Kl iff) PDMS
TE R AT S5 B T IS DAL FR 1 min, (#H BE — 2K
Aety 5L RAE R NG &, B A TEBE 5 min, 5504 70%
BRI, ARG TG BT 05 T L AR LR, 2H 2 pk
PDMS 5 H. .

1.43 {E Matrigel B2Jii fIg FiEAT40 U5 9% /& PDMS #5 A H
4 _F 30 pL 100% Matrigel ¥5 K, 7F 37 ‘C FiCE 15 min; ¥
MDCK 41l fil (2x10° A4~ /em?) 2 F 7E K Bt by A8 & 1 2%
Matrigel ) DMEM fmy b5 5 7R B b AT 15 9%, 45 2 d B35 1 JE
Frdk,

1.4.4 FRET %G EMBKIG FRET B R E S 2 5
ENL AT A AT RE, DL ERRIR AR R 5040 5% CO, %

PRI AE RS IR G, A 1 R A 98 % 8 A (enhanced
cyan fluorescent protein, ECFP) J% 1% i i () W Y6 38 B 2 %
N %K (436£10) nm. 43 )l 455 nm. & 5T (480£20) nm;
FRET R A3 38 38 (1) 2 D6 UE lr 2 BN UK (436£10) nmy 7306
455 nm. &4 (535+15) nm. FRET %I E3% 20 15445, IF
i H Zeiss B At [ 2 PR iE U] 4 ECFP F1 FRET G0 iE, Sl
MU TE EUR PSSR EE . BANSLIGIEE N 9d, J3AIHESS 3,
9 I A S LI MDCK 20 434 K B A2 A1 FRET 31k .
1.4.5 CCK-8 yE 4 & Fh il 7% MDCK 4 o384 58 s LA
341 1 000-2 000 A™4H fid (1) % 45 MDCK 4l i 250 T 96 FLAK
W, R B R S, NG R PR, R A S B
HEMAG. B3 3d )G, MEGILIMA 10 pL CCK-8 I, A
BiFRAEEE 4 h, BEAROCIE 450 nm AR TR G B AE .

1.5 T ZAEIEHF MDCK 85775 9 RAE K. 5T FRET
K A T ) ERK VEPE. MDCK 4121 B 4% K /. MDCK 4 i 1)
T .

1.6 %it# 44 K Graphpad Prism 6 % 5% B 4b 72
MG oA, BRIRIESE 30-40 /N —4H, T2 4t i ] i e,
Y240 e AT J) 3 — Pl ) DX S0 8 FRET 3994 . Jdad R 43
B AF Fluocell 6.0.0 HEATHHE T B, WEHRESE, WE
ECFP Il FRET 1R 15 6f5 5, LG R 2= 177
e 2 ANEIE I ELAE, 2 210 FRET 304 LU £oR .

TEA MR LA T2 7, FH Image J 816 248 i 4]
DGR GIHAT AT,  “SetScale” WELLHIN, “Ctrl M "
FHRE BN MR ER, 4 Result & 1 H 15 (R A7
N Excel, #RJ51%H Graphpad Prism 6 AT 41t 70, 4 DA
BRI 7E CCK-8 71 S I 4 M 3 7 1) &5 R o b,
T o S 0 2 (T W ' P38 A AR AT N Excel BEAT SE it 20 M, $idis DA
R B FRR .

K FH Graphpad Prism 8 #f4 Lb A A [F] S 36 4H 1R ) e it 2
ZEE, EEXSASESLES SR AT 2 IR t R I o A WA MR
B 8 1 S S0 #AEAS [RIB [REAT 7 3 MO R, 3 A
AR EER, FEARIEAS R (8] 3845 B s 247 Gt & Ak .

NEGLH IR DA M KA R TR S
BREERE ARG = T R .

2 258 Results

2.1 @it FRET A% S 7 MDCK b F %20 47 649 s, MDCK 41
Ji A2 — M BB E b RS R AR A &, Rab
GTP il 1 2 TH A S M M I T B 0 36 FRET AR Al MEAL A
I MDCK i 20 23 & £ A ERK 3 PEAR AL, KR T F20E RIA ERK
FRET $R &1 1 48 i k. K 28 i 1% 7% £ 100% Matrigel ¢ Jiz
(PP ). ELHLAE Matrigel BEfcH, DLAREFRESH
MEK #1i]57] (PD98059, 10 pmol/L). RAF il 55| (Sorafenib,
5 umol/L) [&ERR bo 31X 2 FRHp ] 735 2 ERK RIS 5 70 T
RS PERGIFR, KRR IE A R R A 2%
Matrigel (1) DMEM [ 585 7 B i AT 85 9%, Fk% 2 d B4 1K
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B gR L R KA 3, 9 RIHAT IR 41 FRET Ff% (20 f549%5% ),
i i FluoCell #5178 7 43 #fr FRET ¢ % LU (FRET/ECFP), LA
J Image J AT AT A I B AF . o, MDCK ft 1 211
AR R FRET/ECFP [FIAH XS 2 Y6 HAE, MK B0 0R ERK I
PR MR B = 1) 20 A

KRB IORZE, SHIMTE Matrigel HE R P AL, 78
Matrigel %t BB KIS FRET LU B i, ARE T HE R
) ERK 35 1% ( B 1A, B), ZHMilAn) B 25 K (B 10), #w
YR B 5 () L 5 FR S F MDCK T ZH R TR A R A EE
Wl FHILERAE B IEIEIREE 9 KRG AR E v, iE
SR T Rl = 4EH 45 K. fifi H PD98059. Sorafenib 4k
H ) MDCK 4 41 23 55 % & 41 A EL, ERK 35 1 A (] 1A,
B), K 4% /) ([ 1C); JE ik CCK-8 SZ I 4y A, iX 2 F 4
1l 351 % MDCK 48 fitd 3 56 6 — & il /E ) (B 1D). X &b 2%
3R B ERK i 14 X MDCK | 7 i 2H 27 1) 28 K7 HE 2O %
fEH .

A B c

FRET/ECFP

o i 2

PD98059

Sorafenib

Bld: B A A FIEE R R A9 MDCK FRET %, MK B0 A8 3% ERK 3% 1
WAL S =519 43 A1i; B g ERK G L4385 C ONIIRIB E AR 4 #: D Jy MDCK
HHABIGHA BT FRET: BOGILIRAE R, ERK: SHARAME 5077 IiiE .
°P<0.01, "P<0.001, P<0.0001,

1 | FRET BI&ERAREEFREMH K ERKEM T MDCK _E R H4ALARY
FeRR

Figure 1 | Fluorescence resonance energy transfer (FRET) images show
MDCK lobular organoids cultured at different conditional Matrigel or
extracellular regulated protein kinase (ERK) activities

2.2 meMYE /)T MDCK £ R ARA R  ax, B2 T DL Bk
By, #E— DA 4E LS & EWcAE 2 5 2 5T MDCK i
L4 % A . ¥27632 #0146 Rho ¥l 9 ROCK 13 5 3 1% ©°,

Blebbstanin A1 ML-7 73 5] 41 i I /LA TLER 2 5 1T 2 ATP fifg A1
WUBREE 5 1T B M (MLCK), AT 40 ) 240 B v 1) Wi 4 0 A
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JH B8, f% MDCK 40 i 4 5] 5 7% 45 & — H A AR (0.1%).
Y27632(40 umol/L). Blebbsitatin(40 pmol/L). ML-7(40 umol/L)
REFRAEr, RS 2d B4 1 IR (7 2% Matrigel).

B 9 KRG, YIBELT MDCK 414 (& 2A), 5Xf
W2 ( R ) AHEE, N 3 Fhami i < J5 ERK & M [%
ik (B 2A, B), 442/ (& 2C). il id CCK-8 5256 45 il
M3 TGV, R I Y27632 S 4 ML R AT — e R HEAE
Blebbsitatin X £ Hi 5 45 54 1 ML-7 X 200 g 38 5 A5 — 52 4
YER (B 2D), 1XUegf iR, MmN /)5, ERKIE
PERRAR, TR N, RIR gl MW J11E 2 1 i 41
NI S PR S

[N]
”,

FRET/ECFP
o O B ok
o ) f= R

4

o '.‘_

i

. v & A
B SO o @ & &
o G X \42 2 X
S g S
& 3% *°

Kl 1B A 20 Wi /A 5 () MDCK FRET R AR, M 3 21X 5% ERK
WK S F A By ERKIGPE 2 Hrs C ORI E R DA
MDCK Zii L 35 58 43 BT FRET: 280G ILHRAE R ERK: AIfSME 5 1H
I, °P<0.0001,

&2 | FRET R 2H A48 111 A Xt MDCK f£B 2R A R B 520
Figure 2 | Effect of cell contractility on the formation of MDCK lobular
organoid examined by fluorescence resonance energy transfer (FRET)

23 453 FiB it MDCK 2R L A 9T AR IRsS(E
SH TS SR SR Y, AL ) A B P R
JisE b 38 T AR A0 M — 40 ) IR h B E Y, A
38 3 A5 FH 22 FhBEL VS ISR AT 95 Ca”™" 3l 2 75 5 5 145 MDCK 1%
AL . 2-APB REMS 1 35 14 L 31k Py B X L= IPR Ca™ i
16, Tl 7P (Nifedipine) B % 4 i B3 it 1 L &Y ca™ i id,
Thapsigargin 3£ Hu A ) P4 5 19 1 (1) SERCA #5752 . ¥ MDCK
Y 43 ) 1% 97 AE & B L R AKL (0.1%) 2-APB(10 umol/L).
Nifedipine(10 pmol/L). Thapsigargin(10 umol/L) {5573,
R 2 d B3 1 RIEFREE (% 2% Matrigel).

B9 9 K2 5, H 2-APB Al Nifedipine &b 2 [f14H i it
BT UM AL 23S, 1) Thapsigargin &b B (410 i 3 A 4121 %
BRRAE (B 3A). SR ( =BG ) AL, 2-APB #iI
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Nifedipine 4b¥E J5 ERK & M40 f 41K /)N w25 R F% ([E] 3B, C).
CCK-8 SIZI6 T 71X 3 44011 ) 741) 5o 240 i 389 5 15 A W S 0t 4 P
(B 3D). %45 F SRk PP 1P,R Ca® i AF I L LAY
Ca™ il 18 '3 £ MDCK f 2 145 /)N, i Thapsigargin X 4 ffd [f)
BB, WA IERTESRE.
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BIVE: & A 45 & 138 /5 1) MDCK FRET BifR, IS #401K3R ERK
T T A B = 10 43 A B O ERKEVE 3 s C RIRIBE L4 DA
MDCK 20 ff 3§ 58 43 #r. FRET: 9¢aILiRRE B . ERK: ZHMAME S
. °P<0.000 1,

3 | FRET BRGNS ES FiBEXT MDCK 4B 2R R A2

Figure 3 | Roles of calcium ion channels in culturing MDCK lobular
organoid detected by fluorescence resonance energy transfer (FRET)

2.4 HARECR B Fi8 18 Piezo b #4-F 15 542 MDCK L & 4
AR A K Piezo SRR L) — PR BUR S FiliE, nf
LB NS S 5k N EWIE S, SR Ma R ™, &
BRI a fl B HRU AR, TERIAR L2k
M AR AR AR TR, R 2 RS g 7R, gt iid
. BWEAE R DA AE KRR & AR 2 T5 5 . &R
i — 2 e WU 4 ot JEE B ML U 52 A4 - Piezo AT 2%t
MDCK i ZH 2R AL IS0 . GsMTx4 m] LA 3 1 #1i] Piezo,
GdCly S 77 2% U A 45 55 -3 BEL 715 ANB2 Ho A4 mT LA
TG HZ AR B WAL, B — & RIBHAAE . % MDCK
S 53 ) FRAE A T W LT (0.1%). GsMTx4(5 umol/L).
GdCl,(25 pumol/L). AlIB2(2 ug/mL) [¥] DMEM 7 ¥ 5% 35 5 o,
BEMG 2 d B 1 RERFREE (& 2% Matrigel).

BIREIORNE, SXEEA ( ZHEWH) MHE, A
Piezo |7 () SR 624 ERK 3 M A ( B 4A, B). ELARTE /M (
A4C). CCK-8 SIZHG 3 AT . 73~ 2 41 ) 771 %o 240 Jf 184 7 38 A i 5 52 i)
(& 4D). xutgh Gy b 3R B Piezol Jy (s Jd & % MDCK 4
Ji A ) ERK 3 P A2 2R 38 KN R A ROREAE . i
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organoid formation revealed by fluorescence resonance energy transfer
(FRET)
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