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Abstract: Human mesenchymal stem cells (hMSC) are multipotent stromal cells that have great potential to dif-
ferentiate into a variety of cell types such as osteocytes, chondrocytes, and myocytes. Although there have been
many studies on their clinical availability, little is known about how intracellular signals can be modulated by topo-
graphic features of the extracellular matrix (ECM). In this study, we investigated whether and how microwavy-pat-
terned extracellular matrix (ECM) could affect the signaling activity of focal adhesion kinase (FAK), a key cellular
adhesion protein. The fluorescence resonance energy transfer (FRET)-based FAK biosensor-transfected cells are
incubated on microwavy-patterned surfaces and then platelet derived growth factor (PDGF) are treated to trigger
FAK signals, followed by monitoring through live-cell FRET imaging in real time. As a result, we report that PDGF-
induced FAK was highly activated in cells cultured on microwavy-patterned surface with L or M type, while inhibited
by H type-patterned surface. In further studies, PDGF-induced FAK signals are regulated by functional support of
actin filaments, microtubules, myosin-related proteins, suggesting that PDGF-induced FAK signals in hMSC upon
microwavy surfaces are dependent on cytoskeleton (CSK)-actomyosin networks. Thus, our findings not only provide
new insight on molecular mechanisms on how FAK signals can be regulated by distinct topographical cues of the
ECM, but also may offer advantages in potential applications for regenerative medicine and tissue engineering.
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Toll A= AlaEe) 7| o) X% A Q] (topographical) 54
o] A|3E9] o|%(migration), Z4A](proliferation), &3}
(differentiation), & (growth) Sof & 92 7]x]1L Q)
© Aeg Hugo| weh4-6], A7t ofEA AFAA &
S5 AABHL AlZAl TG AP o7 vhdst=R]of thet
< olsfiel dAtE Hasith. & AFtolA AREE AT
F9 =714 3% (human mesenchymal stem cell, hMSC)+=
AEel7)Ae] B, A B4 g Bapa/Asts)
A A5t gkt AlzAseRe 135 F3ohs Ao
Huea QIoH7]. dl& 501, AZL]7]14 9] ¥4 (elasticity)
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weba], 2 Aol Ae AlEZL7IEe AP A 54 S
TEA|E W 2204 £35] UEh= rAlaHd (microwavy)
AP E AP o2 mAapste], hMSCE wiget 5, Al
27180 AER Rl Fa%t S ke 4l T
Ql EAAHZ&7|UolA| (focal adhesion kinase, FAK)Q] Al
AZE BAEE S AT Azt o] 2 Al
A= AlZL] 7183t QUE|ZLE (integrin)-= 2 2hchul 2l E.5)
A (focal adhesion protein complex)7} 71U3s}A &A= 1,
FAKS o5 53H|9] 7|5 dg-e 24T 244 +
dolth[12-13]. 53], o] 9] AFtoA F= FHEHUH
Asletd] Attt 2 ApESsto], & AtoA=
2 P x] A o] (fluorescence resonance energy
transfer, FRET) 7]9he] FAK o] QA2 283 A=
Aol 4] Aot FAKe] o520l (dynamic) B4 Ao}
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1. O|MIzhAt THE M| &} (Fabrication of microwavy-pattern)

2 Ao A AHEE AlEE fEHE HE 2 (Edmund
Optics)ol Al AlAE<el S22 314 A%} (Holographic
diffraction grating)E AJA|o Z &3t polydimethylsil

oxane(PDMS)2 2 ExA|3le] A|xstgct E2a9 33
ARt diden Pad el ASET Un, AR e
mlge] 4 WEatel, Ewo] et 4} sinusoidal) Fe)
2 Yehtn] e odelo] 24 uje RdalA B 4 ook,
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AFE|Q1 a1, TElS B(groove)S 7RIl Qlon, EHL ok
A|aL AJzto] zof whe} uhiE k. niE= X (amplitude)
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2. X3 #i0|A (Atomic force microscopy)

| HaAt ko] T HEElE Asylum MFP-3D g42d
17 (AFM)& ARg-sto] S431=qlch. AFM g2 oy, 4
22 7HEl g ¥ (silicon cantilever)Z ARE-3}31 1 325 kHz
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o] 2AMA & c-Srco 2= HE SH2 =w|¢ld} A ofu|iAil 3¢
71(GSTSGSGKPGSGEGS) W FAK¢9 7|3 dHHelol=
(ETDDYAEIIDE)E N-Ztheo]  HAggohi A (ECFP,
enhanced cyanine fluorescent protein) £} C-Ztto] gt
Al el 21 (YPet, yello fluorescent protein variant)
Ato]& AFQlakgiTh. Al FAK Hlo] AL dHtalsly|
s+ QA EAL AFEHeRREE AlFESGloH,
mCherry-Paxilling 2t33}l= DNA vector= University
of California at San Diego(UCSD)2] Yingxiao Wang
ReE o AFUSI14]. B Adgols AEE of
o] PDGF, Cytochalasin D, Nocodazole, Blebbistatin,
ML-7& A]1u}(Sigma —Aldrich, St. Louis, MO)AIZ &
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2 U E (human fibronectin, BD Bioscience, San Jose,
CA) 50 pg/mL &2 ARgsto] WS AR5 o] ¥
e MERES olgh /1Y mvbael EAAYY o skt
2 92 A4 1A 5t wit ¥ PBS(phosphate
buffered saline)@ 33] A3}t AFEEES7|A2=
u|=+9] Lonza Walkersville, Inc2 ¢ Fgd9rom 10%
2efotd A (FBS), 2 mM L-=5€Hl, 100 pg/ml #y A,
100 pg/ml AE# Eunlo] A7} 1 mM sodium pyruvate”}
=3E 27MEAE MAE Sl = ek Al
AR AloFEE GIBCOZRE F{ist3lom, A= 95%
571, 5% oliteteart S9tH 3715 7heE il ¥
Folo] 3702 §AI3Hgch. DNA Setan|=g 295 9]
3| A= InvitrogenAlol| A #ufjdl= Lipofactamine 2000
& FolXl ZREZO| w2t ARSI

5. gz Hof|L1{X|&o0| o|O|E (Fluorescence resonance
energy transfer-based imaging)

AAZE Alxzolu) AF Aol hMSCE 36-48 A17F 5<t 0.5
% FBS= Ae2|staL, ojn]d] 17 Fetoll=, Ali2E 37°CellA]
CO? =& ¢l 12| (CO*independent medium, Invitrogen,
CAYIA §AAZTE. olu 2= Wzke AsHAT4AHCCD)
7t 2k(Cascade 512B, Photometrics)”} 2% Zeiss
Axiovert 200M & u|7(Carl Zeiss)ol| Qa4 HFEo
o, Hu]7 o] Eoi= 440DF20 17]=E|, 455DRLP o]
Ay AL, BHEIlO o8] BASE F SRel $EY
B2 FAE o] QJtHCFPe 7% 480DF30, YFP2] 7%
535DF25). oln|Ali= 1 Hulth A%om 2o $sta
FRET ratio MetaFluor 6.2 A3ZEo]
(Universal Imaging, West Chester, PA)o]|A] AAstaL
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1. OIMZH BB 1S ECMOIMS] Al =Zbl ek

2 Agteld= E 1o A E vhof wheh Az e]7) e A
7HA Ao Apolg Hole mAubd e e
oM HlzE HistArt. mAubE s Llow)#3 o] v
T} AELe 7b7k 1.0782 + 0.1(um)9} 27 + 3(nm)2] | F 3}

E 1A $59) nlAmp sjele] {55t 54
Table 1. Geomorphic features in three types of microwavy
pattern

Pattern Wavelength Amplitude Accuracy
type (um) (nm) R
L 1.0782+0.1 27+3 0.9861
M 1.1791+0.1 80+4 0.9581
H 1.4704+0.2 14145 0.9769
A B Cytosolic FAK sensor
ECER[ SH2-{ Sub [ YPet |
4 / I: ¥ ,\ ‘ et . ’
: . i , ' Stz st.O
C D YPet
& FAKsensor T Paxillin

Microwavy Pattern
10 B il 20

FRET ratio

7 1. v s ECMof|4¢] hMSC e} 2 Paxillin 9 Al
327 FRET-FAK vlo] @ AlA & o4 (A 2 Aol A ARE-H 7]
At s e, B. A|22d ] FAK 242 |18 4= 9= FRET
Hho] QAIA , F= agrhialy) SH2 o} 74 fefo] =2 14, C. FAK
AlA7} S35 hMSC] uA|aHdaielo] 4 ¢] vje¥, D. mCherry-
Paxillin ¥} FAK A4 2] hMSCoj| A 2] ¥t oFAb) (Scale bar = 20
pm).

Fig. 1. hMSC cultured on microwavy-patterned ECM and
the expression of paxillin and cytosolic FRET-FAK sensor
(A. Microwavy-pattern used in this study, B. FRET
biosensor capable of detecting cytosolic FAK activity,
consisting of two fluorescent proteins, SH2 domain, and its
substrate peptide, C. FAK sensor-transfected hMSC
cultured on microwavy-patterned ECM, D. The expression
profile of mCherry-Paxillin and cytosolic FAK sensor).
(Scale bar = 20 pm).
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Fig. 2. FRET images of FAK activity in hMSC cultured on three different types of microwavy-patterned ECM before and

after treatment of PDGF (Scale bar = 20 pm).
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AlEZY 9] FAKS dATS- A7 A} (platelet-derived
growth factor, PDGF)o] 2J&] &X43lEl= AHoR H1 &
Il glof[15], & 13272 PDGF(50 ng/m)E #]2|5te] n
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Fig. 3. Time courses of FRET analysis of FAK activity in
hMSC cultured on three different types of microwavy-
patterned ECM before and after treatment of PDGF.
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Fig. 4. The effect of cytoskeleton and myosin-associated

proteins on PDGF-induced FAK activation in hMSC

cultured on M type of microwavy-patterned ECM (n =3,

*p < 0.05).
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