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FR R M AR — R R AN A L R T
T RS, AR 50 R A U A A 1R — iy 5 L AF G ) —
Ui A7-AE 2 IR RIE A 7K 22 3 DA 204 = AR 1) 45 R
TEIX — ik, B8 AR ET 8, X — B AR
VAT (wave pinning, WP) #27.

WP AR A 2% i 4 i AR A4 B B H ) — A 5% Bt
5y ¥ Rho®E H, BEAE MM L b T HUES o, H
¥ HOE 2 D, /N T B AR M i RS A b
1) =P HU# # Dy,; Rho & FI7E I 25 2 18] 4 H
A, B a B b B 3 AR 2 Bk, = 0,
M8 O A — A IR OB R B, I IR OB A
b3l a 1) e A0 TH 2 kg, TR B A R 5 AR T, /P
kpa = ko + (va?)/(K? + a?), HA ko AR FAGE
B,y F K 53 ARG A R 5 R B0 e K e o 38 2
FH . ERBR /R TR n = 27 MRER ARG 3
BOGESHFRS I, SafidiE /07T

da

oa _ 2
9 D,VZ<a+ f(a,b),

b )
51 = DoV~ f(a,b),

f(a,b)z(k0+KZ o )b sa.  (3)

WP%‘Z’F”ﬁﬁFgﬁﬂyﬁi H— eax T/
i R RS E A ARHRR S =, RIs SR —
FOBE S —BE, eof P B, i AR P R
IRPELENPLED TR G M8 m RL1Y); H=, FERRE T A
Ja, RECHREUE S 25, R rE & 2 AR 1L
PRI WP FIFEAT R H O L. B, WP
TR {7 54 58 55 0 B R AN I B Lk, M
T L SE S (RIS 5 B M R AR E £
WEER A& BB 52 77 70 2 46 9 K (R ).
325 MBEAGELLE

ZR LRI, ML BR A AF 123 22 Rl 2 FE R,
RESLIERIE T AR 2R, A A 7
A& & BGRR[0 IF EAERh 40 AR AL R
RS HE, AR RS A0 AR AL M LERAR AT RE A7 4
BRI ZS, UL Z AR AR R, IE4t,
T B A 20 £ R EL S R A D A R e AR
R, FEIX SRR R LAl B, SIS (0 AL 2 B 4y
AN TR FR RS TR 45 5 b oK mT DA 22 B O A B 4 B A
JSLA IR AR, T DAFS 3 58 475 5 SR A A B AL R
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R R VA S, SR, SRR RS 5 L
b 20 B AR AL R RS AR AT, A7 SE R, 9] 0 LEGI A
R SR BA B 5 HABCBE K S B BT S B oxe L [
AT, ﬁﬁ*ﬁﬁuﬁﬁ%m%ﬁm%ﬁﬁ”\ﬁﬂiw
BAFE], DR 58 UL EAIPY 525
R EEE PNV s ﬁ Eﬁ{t%%i.

4 WEETEEMEAE
41 EATYRESSHEMRENSERRR

B 74255, R E B2 L 2R 40 i A
A S 240 0 55 240 T %) 5 BT 0+ 400 L 32 380 PR A D7)
DAY St AT DR e A s 4 i AR A, T
3K — 7 THI X Ji 83 4 i LA AR ) FAd 2t 2
TK"\E’JEE%, T SRR AN L5 b 45 R
BB — R
ﬁ:%—@(ﬁ A 1461 O BRI A SV UL (VSM) 4 fid
WM S ARE R QMR b il Rk
FIR) A 86 Xof ek B A 5 Ul v Aot L 2 4 i 49 O 1) 99
SeWE I AR, 75 min J5 W22 ) 40 Mo A Oy
JEHCE R, I R A B ER Ik (Western
blotting) KAl Rac 5 Rho Jg &I, 00 5+ A
5 M Rac il /b, T H B A 8 FE Bk O, 93/ Bk B
{H Rho (135 PE %A 52 200 25200, X S0E 1
ok 4 O it v Ae 5 DR A L i 32 4 182 5 AT LA Rac,
T A Bl g2l 3 — 2 ) SIZE6 %oF 20 i e o R
LHENA LN A UiD SR P A N TS WA E oA i e o
ok S A 1T AE 3 BT R 7 R 40 i D 2 R
Weds. BT LR RE B #4F2 (Fluorescence reso-
nance energy transfer, FRET) SR M 7% M Rac, K
PR AR JS , A7 18] PR 4H 9 S Rac W& 14 BT
ANV R B, X — SRR 7 ) R A«
55 i 200 L PR AR AP 2 A
FE S8 —rp U7 R R T OB BB R,
2FIEHE A (fibronectin) Fil 1 IK4H B AT 26 B X I8 7E &
JEE b BTt D JHURE B TR, 45 dn ] 4 it s 1 1A
LW A NN R 3 7 (RPE) 41 i /5 5
JEE B4 8, AR A MR IY ORI S AT LS. S o
SR AP AL T A M3 2 i 26 B AL s i 1 ALsh R A
FEA MR T I R, JF A5 R R i 2E B 40
LA 2 T B T PR ) £ 4 ARV R B ) ZE EL4H
P03 25 T 1S5 ) S0 3 1 24, T AE A G PR TR 25 24
NG AT NI YEAE RS H AT DU H 40 B 1R 2 B

TR = S AR AR, SERE— 2D, BT
TR A Fi 42 1l 4H R A P P A

(a)_ CHEEA

W AN I 25 AR Ak,

50|

120 240
FEE/(°)

8800
5900

B4 FERRE AR A AT 5 B L i ik (47)

o

Eo

SFHEIHER

18R B HAE 5 v] LS 4l ik 2 ), B
SR AR AR B 1) 1] Rt A, WV ERAS 5 2 o] S e 240
Wb % 4 M A 0 12 i 2 FE Ak 2 e B
SO A 2 0 A T A I SR I, T AR ERAE

TR GO TR o R — 2. A
PREIEERL T 1H, HBG 15405 S5 A v LU N 3
O R B (R o 115 5 915 R 20 P 3 1 AR X
T s, YIS 51 R 40 B AR Ak A5 2 gk mT
DAR ok, DR, 2T AR ML 2 S
L.

4.2 BEZENSHRFHM

To VS 4 5 A0 TR] O RGBS 4 4
PRLAI I £ 208 PR, A8 AS A 20 L L 5 4 e
SEJFUR Sk, 0L A0 B R S R T S
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HBC AR S AR BL). TSR N SRS
I B AP (RGBT, BERILFAAE
T HT A A MR T, A 2 A AR 3 T R I 2 AR,
A RSN X 5 i Ah B AR, M Py X 05 40
WL BEARIE, B — B R A S 4l P AME B A%
i, PR E i S K A A R TR BN S R T
NZHR A SR ML 5 S ) R R R, AR EH
o F1 B AN B T BRI 57 TR AR, AR B WA
BERE TR, MEA 2 S A AME R B B A (5] 40
GEEAS) MHEEE, Mol RESRIEABA
Wb TEAE, FRAEAH M A HE S RE DR, 1B T E el 5
(A BEG (FAK) MR FETF- 2L D6e, a2
ANTFUE S FAKS &8 EEE M L2 A,
V4 Tl R A 1T s, AT 2 8% AT BA 5 Sre, PIBK,
SFKs LA J2 28 [ (paxilin) Z5 M 45 & B AL 55, 1K
Se ) S AE 45 A B FAK b5 R 930S . @it 6l o
FAK-paxilin-Crk-Rho &5 i 12, 15 5 #4518 2 T iF
) MAPK f1 Rho GTPases, fix % 5 540 i B 221
AR, VTR SR
BERMEWBUT A K& 5 J I,
AL TR AN, AL TR . AR 5414t
B 2 (R RIS A0 02 G R M R AT e 1.
K5 (), (c) & (f) Fizs 19 2458 4 3 Sk 1) 40
JE 7 1 1 L R I A1) R, RS RS Al i A
Pz (B SRR 08055, Tian i 5 (b), (d) & (e) Fiw,
R 31T Sk 1 T T 400 GRS ) A 1) 4 b R 5
H PR A R R 25 BRI, B4 2% 5 41 i A Ak 2 [8]
ISR AN Acsm. i B A 23l 1 R I, A
(a) IRAS B () A& T4, WL (b), (e) H#ik
B WIER 71, (a) IR KN (b) IRE, 1 (d) R
AR (o) WRAS, X U B I o By £ 4R 46 52
B b N E A R B W B i ks A
R TR R A WRB (), (f) & kFiw
FIER 77, (a) RN (c) IRF, (d) IREWAZ N
(F) RAS, XU B3 R A TRV BC R 75 1) LA 32 & 2K 11
Tk I EE R FAREM . BT, BE
TS5 AL R B T A A A B
{14 C A7 225 5 AT T DT ot 40 28 B O =7 400 A
WAE 15V FH 7E 40 B L A 35007 1) 77 T LA el 40 e e
HRAE 36 B A AU R S R ), SR
PERE G Z I R A Ak, AT S M A b 1.
b, 4T AR TR A K AL T A0 R TG 2
R AR RS, B R SRR R 456 T Re 2
FE, AT T Ui A5 5 38 2% = A S ), X AT e 24

A S 240 M AR P — Ay 5K

h‘ S

(@) (b) _1 (©)
\.'"F"

S T v

i
&

F:43.6 ~
J: 83~

.'-"-_., K00~
Y Foasx l

3 i %:20.0 &

‘J T 50.0 ~
i

5 R X EES R R (49]

4.3 WA EFBES AR

FELR ISR A7 A VRV 2 2 I B 1183, A
H R L AR 42 ) ) P B B OB E, A RS
- ARG SR AL A U & T, B
HBE L 5K 0 il (R U R 1k B 10l 0, T X A
Ja — Rl E T LU LS S O 55,
TP HI AR . B, HURBUR A 2 7 E
e A L IR K 0 A8 A T LSO 48 n H T
MEA IR IE TS, X S IE B B 5K 388 K e i,
LRk AR PN TR RS puet 2 St SR S
—ME T A B, AR .

FEX 5 IR O BIE T o A B, T 4 D B T 9 A7
FEFE W OR R R B 1= 8515 5, a2 4
INAR, I LS TN MR AR T 240 B B T TRPMI7 AL
A BB B SR R PO B i SRR R,
FEXE R840 M 3 B 5 1 B B AL R TR R A, 11
RS 73 17D FRD FR) 240 R R A B 56 B % R 1) 45 A AR
55, 9l SRR X 5 A, I U TN AR B
AR R A, DRIk, HLRC ) A A A L 5K
73, WG WU SRR A 2 7, 3 3508 1
N, WATRER I 245 5 R AR AR P 1 75 5K

4.4 YARERESK D SR REF

FEHT T ST WEAE S 4R AR PR i e, 3R
142 2 5 2 152 PR A 5 2 Qo] e 22 4 e PR A 1,
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B JaRERANTRE — & 2 R 7k ) 1X — Y 34 H
& WHAT LR 2 AR 2 1)

IEANAE 2 — B ER AL A ES 2 BT R B 11, ELLR
UEARLEAT A R, AN BE L Rac B3 7R 5
AR P35 50 5340, T ZURAIERE Rac B3 P PR 1)
EAM R RT3 n. A IXEE, AAS IRk %
ANHTEE S T TGV € TR, LT R e —
FA T FHAE Rac i& MRS B0 KR S0 B, 11 20 B
g T8 et AT DU X B — AN . fE— M LA
PR M LR R AL A s Y w6 s, W7
{5 20 B = A 5 PR R D R T — AN ) i T 5
W2 VW J5 B, 20 = A o TR AR 1, X
T O R WA AE R B AT ) 48 i G At 50 57 £ 2 1)
FEAE L T T AR Y)W RS TN 4 N )
RO Z A TR I, X — TR A2 P E I S5 A N
P H L 2 T AR SE S HONL B R B AT K AR | 2
G, I AR ARSI HLIE. AL /) 1
FERRIFAZRNX — LSRR S, [ 315 5 0% 5%
Loy BtRAS 2, T H SRR kB 7O 2 H IS 4B
JEE sk o BRI N, B8ROk, B AL E A A A
I E (micropipette) 3 M40 M i _F5K 77, K I
JHHIT 32 i PR Rae 35 14 5 D & 2985, 1 Hox —id
T2 AT, CL B Ui B 1, gH Rk ) i 3G
ok 2] 7K ARDHI T EH, N2 53] 1 IR¥F
S0 B A P R AR

TR

\ [ Bt
DI S0 H ] T MHEEAE

4 <& T
_ () ey

— -
- 2L B
| BALAITE

=

..."I o - d — - = I"

6 3 b A0 R e 4 A 1 9 B i P P

5 HwERE

124 N1k, I IRE— B2 H AR A SURK i

SR MW TEIT %, A TR SR TE FAZ Y B AL

PSR AUSAN DAIX 73 FE I RTT R BT, 453 1 VF
Y2 Z IR, AR, BEAE AT IE BBOInR N, AT
IR 2% BRI AEAE, PR D 3ATTHE 7C ) R
R 2%, HBRHE LA B, TR S5 O S — A

BRAF I, T A A0S SR AR 4R B BE 173X —

A UL b 2, MERAT s B A R, AR
PR S 2% SO R T BRAT O, Pl 2 — K 5)
G B IR, DR s A 1 B AR RT RE A R 2% A
SR AR, BATRG 2 UL AN B AR A MR D6 oK AR R
(OBIETE. R B S N A B R BE 7 o S AN A i
20t = ) B S R OR SR R DAY, T A2
R B B R A 4 75 305 K A BORAR R 1T
FUME AR, 2 E OB AR BT ik
WHIBIR IR SE AL ik, 8% H RENE AE AT 5 IR
MRS DU T, B Y PR BT, AT LLE S L 5
AT 2P 2P ATRE & ' P 200 PR P 2 ) 2R 8.

A IR i 988 4 I A% 2 P AR A R PR e A%
(o5 — 0, S5 AR A R G008 B X
— X AR T B K A S FAT 0T f e e 7% 3 2
fif. AN H AT ORMHE A R U R, AR YE O
A B TE, i) i 46 O o6 FLAt 20 i 3 7 A0
PRALHIBIE T, FAEAR I T h A T B A
(K175 ).

TG, FA TS = GE MR A AR R R
R B SE RS T T L 48 3R WY SE A O A AT 4 158 vy
G ) A G 1 SR H7F R ot 08 5 2 — 4 0
IR B /N R SE S AT, JE R AT PR S v
e AR 20 J AT R A, 38 & i e il R 1 E R
Je 2 ) B N 5 5 S B 2R ML B SR A, (ER
€ OB U DRI . A b = o e 40 R A AR T
DLRE i (R AUL A A 3R 85, O HL S0 ad & e =
& D2 AT, T S A A AR O SR KT
&, WATHRER PR R =4 EOR. BT
A B R EmROE T B S AR E R L, AT
PLRE AR ML ROR S BLH 5 2= B3
K P3AEREAT I G A TR, 3R D E
WK, IR e DG T B R R IR R Dl
B E P17 el — A OK R D T R i £
PR B BN ) 96 71, SR il i 0
CCOD AR 5 Sk A2 5 WUk 2 B A7 RSB 260
TP AR, T BEAR 1 R AR (e 5 5 HLAR
TR L. AN Ot A ROW I AR,
XF At LN = ) s T B A A AR R A
(AN RA). LT & ' T 8 TRl B ML F = 4 Jif 88 A %
PSRAFAE — 58 TPk k.

FLIR, BAT T B a5 S0 3 bR A B K A Ak
PRI AIERS. H ATIE SR B X
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240 B B A AR ARY i LA S e 4R M AR A Y S B8 AT
SRR B =, AT EE IR 2R G ) S0 7 bR 4
MR AL BT . AR R, IR A — KA 2
WS A FE RS A0, A AR R L
8 248 T 2 A fi R <l 4 g 0071 bR 4
SEfa T4 MR, A E HE HA A A SR
L AIRE 7T, HLNSY IR B O I RE AR . X
IR 240 B ) Bt B A R ) R AL T R e
J3, BN AR IR G R SR A B T @ A
NIRRT BT A ROt BRI R 2R T 4h i, A
AL IR TR 15 DU N R 2%, B R ST 40
YL 98 A0 D 2 A7 AR L 2 ] (B A 1952291,
S0 2% WY PP JR 288 40 L Ji R F 2 P AT #2 g
B, AT AEAE R AL IO R R DR LR FURALE
X P A A F0 i 8 440 D A S B e 1 DA SRR
77 A 22 S KRBT T B AR b R 40 e e # B
B H - MERE R BRI T R 2 G AR A 7K
TR AR AL RIENR . — 7 T R ST 4 A
A B 00 fhee Rk b — A4 1) R
PRI GK 3 e/, 57— 5 T i 4 R A PR 5K 7 A
XS AR B AT R 2T 4
IR AL XS S Fr A5 5 B 8L 2 SR, A2 S8 RIS IE B
S AERSRY b AR IX — B GO A B T BT AR e
YRR, HE— 0 R e B X iR 40 B RO AR AL A
Hh Xk 7 0 B8R R AL SRR ) BT ) R RE B S
VEURES

JEERR, N 1 ik — D K Wy B 27 N AE e ik
7o b, AT T 2 (B AN B 1K — 4
Hh TBEAE MR A AR TR AR USRI BIE
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Abstract

Investigation of tumors from a physics perspective has attracted more and more attention since the initiation,
development, and metastasis of tumors are strongly influenced by the physical interactions between the tumor cells and
their microenvironments. As tumor metastasis accounts for more than 90% of cancer-associated death, one of the focuses
is to understand its underlying mechanism, especially how tumor cells polarize during their migration. Cell polarization
directs tumor-cell migration in response to a spatial stimulus, e.g., the gradient of chemokine or oxygen molecules. It
forms the front and back edges of cells by estiblishing asymmetric distributions of cell polarity proteins such as the
Rho family GTPases and organelles such as Golgi. This paper reviews how the experimental and theoretical studies
combining physics with biology reveal the underlying mechanisms of cell migration and cell polarity. Experimental
results demonstrate that the physics clues including extracellular matrix’s mechanical properties, dimensionality, and
topography are strongly coupled with the biochemical reactions to establish and maintain the cell polarity and direct cell
migration. The cell migration mode in a more physiological three-dimensional (3D) matrix is different from that in a two-
dimensional(2D) system. Moreover, the membrane tension is suggested to maitain cell polarity by inhibiting polarization
processes outside the front edge. On the other hand, a series of reaction diffusion models have been developed to
characterize cell polarity. Representative examples inculding “Turing-type” model, local-excitation and global-inhibition
(LEGI) model, and wave-pinning model can capture certain features of cell polarization, however none of them takes
the physical factors, such as the membrane tension, into account hence fails to explain previous published experimental
results showing the regulation of cell polarity by the membrane tension. To further improve our understanding of the
mechanism of cell polarity, in the future study it is experimentally important to estiblish 3D tumor systems and study
the gene regulation network that can control cell polariztion by advanced microscope; theroetically it is of importance
to build mathematical models for the chemical reaction diffusion systems coupled with the mechanical factors such as
membarne tension. These studies will reveal the molecular mechanism of cell polarization and cell migration under a
more physiological relevant condition. They may also help us understand how the higher deformation ability of cancer
stem cells provides the higher migration capability compared with the normal cancer cells. Ultimately, they will facilitate
developing new therapeutic strategy against tumor metastasis by targeting the signaling of tumor cells in response of

physical stimuli.

Keywords: tumor metastasis, cell migration, cell polarity

PACS: 87.19.xj, 87.17.Jj, 87.17.Rt DOI: 10.7498/aps.64.058707

* Project supported by the National Natural Science Foundation of China (Grant No. 11434001), and the Department of
Science of China (Grant No. 2012YQ030142).

t Corresponding author. E-mail: liufeng-phy@pku.edu.cn

058707-12


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.64.058707

	1引 言
	Fig 1

	2肿瘤细胞的迁移
	2.1 不同细胞类型的细胞迁移模式
	2.2 不同维度下的细胞迁移
	Fig 2


	3细胞极化的基础
	3.1 细胞极化的相关物质
	3.2 细胞极化的数学模型
	3.2.1 细胞极化的特点
	3.2.2 图灵斑图模型
	3.2.3 梯度感应模型
	Fig 3
	3.2.4 波模型
	3.2.5 对模型的总结


	4物理信号与细胞极性
	4.1 关于物理信号与细胞极性的实验研究
	Fig 4

	4.2 整合素介导的细胞黏附
	Fig 5

	4.3 机械敏感性离子通道与细胞极性
	4.4 细胞膜张力与极性保持
	Fig 6


	5结论与展望
	References
	Abstract

