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Abstract

Limbal stem cell deficiency (LSCD) disrupts corneal epithelial homeostasis and may lead to conjunc-
tivalization of the cornea, neovascularization, chronic inflammation, and visual dysfunction. Alt-
hough current limbal transplantation strategies can restore the ocular surface to some extent, their
clinical application remains limited by donor tissue availability, the risk of injury to the contrala-
teral healthy eye, immune rejection after allogeneic transplantation, and the need for long-term
immunosuppression. Human amniotic epithelial cells (hAECs) are considered a promising alterna-
tive cell source for corneal epithelial regeneration because of their abundant availability, low im-
munogenicity, immunomodulatory capacity, paracrine activity, relatively low tumorigenic risk, ep-
ithelial lineage characteristics, and multilineage differentiation potential. Existing in vitro induc-
tion studies and animal experiments have shown that hAECs can acquire corneal epithelial-like phe-
notypes and contribute to ocular surface repair. However, their differentiation efficiency, pheno-
typic stability, and functional maturation are governed by complex molecular regulatory networks
and microenvironmental cues. This review summarizes recent advances in the differentiation of
hAECs toward a corneal epithelial lineage, with particular emphasis on the roles of Wnt/f-catenin,
TGF-B/BMP, p38MAPK, STAT3 /PI3K/AKT, and EGFR/MAPK signaling pathways, as well as PAX6 and
p63 in promoting lineage specification and functional maturation, and systematically discusses func-
tional assessment methods for hAEC-derived corneal epithelium, including transepithelial electri-
cal resistance (TEER), barrier permeability assays, cell migration/wound-healing assays, and in vivo
transplantation models, and relates functional outcomes to molecular markers such as CK3/CK12,
PAX6, p63, E-cadherin, and ZO-1. This review aims to provide a theoretical reference for the devel-
opment of hAEC-based tissue-engineered corneas and regenerative therapies for ocular surface dis-
eases.
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1. 5|8

FANE b R AR A I W i DG Dl e R HR S e b S A Ik () S B b by, AR BT 2 MO T A
TR DX I F R T4 [ 1] AR T 20 M O 58— BRI ety . Bl e 181k 280
H 5 g2 M5 K B A B P S 4% B e TR TG L i 2 DR 3 32 488, T g R A A R 1 4 M sl =
(limbal stem cell deficiency, LSCD); LSCD (1) $ B0 #E U G R R a1 bR kAl . fREAE adh . Bk fis
TERG AR SR RS LRI T i, ™ 3 0] S8R T B B ThREE B (2]

VTR RAE SF IR HAR E IR BRI T A, 15T 0 oA IR b R0 Cdk A7 Im R Sk (3] [4]. N3
JI55 - 57 41 g (human amniotic epithelial cells, hAECs)> KI5 T N JZ, HMEA A K BMK[5]. 5
HREE T AR RIE T A0 RS T4 Ma A LG, hAECs FREBM AR AN, RER L. B
WL | G 8 SR PR S AR BUR T S 161 [FIR, hAECs SR T 5 IR G & B B LIRZ, (R 7 OCT4.
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SOX2. NANOG & Z fethAH K7y T HIFIL, FREEMRIMNE ST Tl M e A0 AR A . JBR B R 40 A
& F RS k[ 7] [8]. (A IER MR, hAECs A 5 N E RN, Al ik CK B4 E i
FAARED, BRI T IRE WG YT, on S MM b5 2 A B RIREER[9]. hAECs [
FrREE b BT ) 3 A IR AR TR SR AR BRI e M. A T THB SR 0 A b R R 4 AN 2 38 CK3
CK12. PAX6 A 1 AR F, 1B & Fa e A s . BERThAs. 4y 268 )1 Rt = ae il 1].
UbAh, A RRGOAEE tH A ML AR 55 IR )5S S S AN IR AR ELAE D, 6) A T A e 2
5 & AL P B A EE A 10]. 4T hAECs 15, A 2E AR AN S A 2 Rl B 2 AR 25 6
¥t 4% Wnt/B-catenin, TGF-f/BMP. Notch. MAPK. STAT3/PI3K/AKT %5 5 5 B FIME IR,k
— VPN I S A0 M D R LR RE R LA e I PR % A T A 20 A8 e D 1) [ 11 ]

R, ASCHA hAECs HAEDEHRRIE . fIE bR oA Al GBS S Im ek F sk Rl F5 R W % 1
5, LA TEER Z53hBEEVEAL 77 2505 4T 4558, 5 251 18 hAECs 3R 4 I 1 Je BE2 AL A mT BEATLA B2
AT TR, MRS AR E . ThRE A B T A0S 1) hAECs SRIFZHZ TR M IR I i 5% .

2. ARG RRER Z fE B AT HE LAY e R E 5=

U FIR SR W B P IR AL 22 4% . Stevens-Johnson ZR-A i FIHR 28 R 0 S5 02 o WL HEVE PR RS, 2
Y5 FEHERP 2 —. KRS FEOMBES T MG, NS BOR R A DI Re i 5
NS T AFAE T RS vogt M2 X, AT 40 21k A B IG5E 78 B 1) b R i, g o 1 3 M A
JIEJE 3 1 o A AT  BUCAR I e 7% 1 b B A o A TS 25 M sl = 3 504 I 7 B e R R 282 1 A 54 92 »
AT P RN AR D e o e R _E R AT P [ b S A2 7 R AL A7 AE (IR IR B = B S e Ik e SO o 0T B0 £
JEE 2% T Mk = 2 O AT 55 72 00 B A A I 2T 4R B R AR 12], (RS T~ XU A IS 25 4 i = 25, X Fos %
SEARFAEA S o B B AR s 0 15 Rl 200 Pt ) 2 () A 2R AR AR A B b B2 A B b 2 2 9, AR T 25 AT
HRWEE[13]. 2R, FEKRIEHE. Stevens Johnson ZEE1IE TR L Bz 20 Mo i 5 tANEERRE . 7R IX i
BN, R EE A OO SR LR TEE . XIRBRMEITIER BT, AR TR AR
IR IR R ST R T A e

3. hAECs WEYERF R R AR LK o Bt

WH7R ¥, hAECs BA KM T a0 7 1bie 71, BA R =AW ee[14], o FHAERRAG T
YRR 15]. ERBRE ARR SR IE G LI — B i, B B2 JIRRAE T Z 4% hAECs fif
TEBRNE, B EKME, AR E R YIRIER. $ifr 21 hAECs £ RREESZ ME,
MR, PRIMNWEEE IS AT TR b R RER B AR A . KR F3RIE F AR EY CK19. E-cadherin %,
WA RIEI > Z R MM T, RIS ARIABLR L F AL A S 11 3807 230y 7, A
1M B A BAR A JFE (6], hAECs Bl 70 2 FiAE K 7. PLR PRI 21, XUEEFH BT
JF R A E RO AR HE b R AE A S 2 AR H AR S . E R AT @ I R Y CD44 7 B B i I O
AKT/mTOR 155, %47 hAECs %, ZEFRFHIGTHAMEIERE[16]. XS FE KRS 7R a2 TR Ay it
FErh, 4EFF hAECs MAERRER ERRFIE, 0T m Ml bR 5o A Sibr .

FARE b R I AR B — AR B 7R, i LR ISR TE . W . 42
SRR T SR A . A T b R 4 PR R I8 CK3. CK12. E-cadherin., ZO-1 ZbrEd), 1ML T
AN 4 p63. ABCG2. KRT14 %901 [1]. 1A4MAES hAECs A A fE E /e, # L CK3. CKI12 f
PAX6 RIEFFmEN MM bR R ARG RIE[17], (HIXLE 50T I A 2 PLSE A E L D Re el BRAR A
JEE b K RE A I R B R G R A M (R L s BB T RE L AR e IS BE 43 J2 e 70 DA R AR AS B 4405 A T
BE /1. DALk, hAECs WA R o AHIE ST RERIN SCVETEAS 2. o FAREY . AT RE AR B IR
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4. PAX6, p63 5AIRE R RMLE

FARE E R R OTE TR R AR P I3 3 SR8 . PAX6 EMRA MM LR G0 4EFRer) ¢
SREESR IR T, AR U A R b B P AT R SR R AN G AL . dERFIE B b R R AR RI[ 18], 20 A b R
it PAX6 Fik T, JFERE DSG1 SEA M EAH O B A BRMK, #78 PAX6 AMUZ KB T, H5MME
b B B AN AN £ 3 R € A OG[19]. XF T hAECs [ E MU S, PAX6 [MRIETHE BN EEN
ik REARIRRR, (HEAHMMERE, PAX6 BUBRARANME N bR 58y, JFEhFi@s CK12.
E-cadherin. ZO-1. occludin/claudin DA} BhH6 M 5 Bt br >R J Wy . il AFR B

p63, JLHIE ANp63, MG TAHMB EEREY . HERiES F R MEE 22 FR
CERYERF YA C[20] [21]0 R TR LR Hr, 4EFE ANp63 BHI:4H R LL @ #) vA FI 3RS vl 4
W AT R B e p38MAPK I AT 4ERF p63 Rk FFkEE T 0 [20], ARG RIAEETE S A TR K
HARAH AN M2 7y A, p63 BHPEZH A L] b2 o0 4 s D i B BRI 22] . SRTAT, B SA  p o b R 4
AN DLRFEE ) p63 FIENHFE, Rt hAECs 2t FE e p63 M A 1ER Bk faks: H3 p63 HBIT
TR AR b AR AN AR R, 5 I 52D 0 CK3/CK12 AR A <2 T30k, 58 B i Al ACIR 285 1) 1

T 258 A8 52 B S 5 MRS IR S S L A H 2. Wnt. BMP. RA. TGF- #ifi] &2 EGFR/MAPK
55 A EAN RN B PAX6. p63 FIANE b R M 85 FIRIA[11][20] [22]-[24]. BbAk, 7EMAMR B 4r i,
PAX6. OTX2. FOXC1 &R it e A1 ik, 1M 2 %1 Hox JERIAL T-UTBRARAS s 76/ U 4t i,
Hox & AT 454 Gt12 J38h THHELAL A, 0% Gtl2-Dio3 [XI miRNA ik, HEM#A FiH PAX6. OTX2
SRR b R B SN 12510 1R BN, hAECs # 0 (WA Jids S 8 7 e b ik 10, ]
RE T BLAR bR AT FULE A% 5 5 2 A AR S b R i N 45 . RSRE R hAECs " Hox . Gtl2-
Dio3miRNA J PAX6 145 M4 1AL IEIRA, TTReA B T Ml S oL re sk

5. Wnt/g-Catenin {5 518 & ¥} f 8 L 57 @ iEHOBIE

FEIE MM E R, Wnt7a SERCA 4ERE bR I FEAME S RE ) BA — 2 E R W PR £ L AR 155 Y
o', Wnt7a. f-catenin. cyclinD1 } p-GSK-38 &K1k T FE, MR F @GR, 1S #iE g #H GSK-
34 Wik Wnt/p-catenin 3B f5, FIERE A F 7 AT & A[26]. YTHDF3 /£ 8 m6A it [, wlid it
THBS2 #ikJf E il Wnt/B-catenin %, CCEHE KA A BB EZH0RE27]. KLeg ], &4
I Wt SRR AT F TS24 A R b I GEAER .

SR, Wnt/B-catenin 5 5 XJ Ml b FFAE R A A 7. E75'F hAECs [a] Ml R oAU, i FE 4 dp s
FEIRAS T BEWI RS Ak, TG I 0] Wnt v VDU B T3 R 4ERE . DM, Wnt JEER7E hAECs 3 sE
Al e I BoomivE . RS SRR I, B S I8 RA B Wt #HIFFEACE M Wt WV, (540
M IEFEAR S ) B R RS

6. TGF-/BMP, p38MAPK HIthEI{EF

TGF-p BHIGEMIE L izt BEAEERMEH. — M5, TGF-p/Smad2/3 i@ E A6 m T2k -
J - [ FR AL LT 4E(, 1T BMP4 JEid Smad1/5/8 Z 5 MREAMEIZE /34t . WI-MSCs [a] f i 57 FE 20 i
IR 7T R, BMP4 B SR A R, 75 RA. TGF- fll57 SB505124 f1 EGF WA, A fe
SR CK12 RIA[11]. XU BMP 15 5 A 5 HA ML “ 4287, 10 75 2L AE TGF-B 4 FR i |
RA {23t 04t BGF LHFEER ML A T 5 N X T hAECs 15, XFZHFAE R —F SR
THEBL ARG EE, WREA BT IR bR R A Ra e M . p3SMAPK Sl BR7E JOE . MR E Y 57
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Wt B EEEH AN TR AR R R, T p38MAPK 155 Al 4ERF ABCG2.p63.KRT14,
Wnt7a 25 TVEA AR SR IL, RN PR KRT12. PAX6. KRT10 K2 ACTA2. SNAIl Z50 b alid% b b
BPKFE, WIS 2 2T RE A T R i & [20] . 7 H IR @ S p38MAPK i B A IR 2T 41 iU T g
BERS[28],  H P er 4 754 0 R T S p38MAPK #1#] hAECs 158 HAR HER T-[29]. X e84k BHER,
FOREFPLBAEE ) p3SMAPK i E#0E, AIAE2 hAECs /b MBI G A A FIR & . kKL +,
#i ¥ hAECs T LSCD I8P & hE IR R, FRAiFEM M il fEAS 2, B 7545 iR ak p38 142 Hems e 52
(UNTETS

Ak, TGF-B/BMP 5 p38MAPK £ hAECs 75T H IR CBEAN & H0 — BR AR O B AW, T2 g ar “ ek
FRIEN . (RGN MYE . JHI A0 JORE RO B, Bk S, RO PR 5 TGF-
B/Smad2/3 RN p38 iEALIE /> EMT fiilal; H Hlidiid BMP/RA g ik HR 3 71 IR 2 A0 A s b 5 v ia i e s
o P O R VL T = A S AR S R S AR 5 R T K

7. STAT3/PI3K/AKT, EGFR/MAPK K H &€ HXiEEE

PI3K/AKT AZ4NMIA7IE H5E LR AR T 00 B 25 5l s . A RGO SE 75 5 A WU B an it
SR BRI A B AR B e A B SRR 7, STAT3 AT PIBK/AKT b, STATS3 i) a] FHLIST PI3K/AKT ¥4
TE I 5557 A 8%, 6B STAT3/PI3K/AKT 4l fig & B A4 M SRA5 A 155 b i i (1) 8 B2 IR B 1 [ 22]
hAECs /B A s & 4R ThREPE miRNA ta] @it PI3K-AKT-mTOR AH< % & e & 2 /EH[30].

EGFR/MAPK 155 7E M i b e Q& 2 R 5802 . EGF nJ¥0iE EGFR/ERK1/2 Al PI3K/AKT i %,
PRHEA R b R A0 B . B AS AN B 2 4K[31]. Lumican/lumikine 7] 383id 5 TGF-A1 H3ZK/ALKS 454,
BOEAEL i Smad AEIK i ME TGF-p/TBRs 15 5, Ll EGFR Br A& 283k I3k A1 I8 b i IX b iz 545 #5432
XULEH TGF-B 2R MBS I A B2 S B4, HAFE SO fERrE 1 5t MRt B 25 . H NEATI
BT OE CAMP (55, (2 8E M b B A 22 FE2E[33]; FEZ1-DKK 1 % 04k B i s S 4 22 R AN
T L 7 2 18 B 47 5 2 B A 9 [34]

8. hAECs J&)FE /A5 _E B BITheE MG 75 35 A X 90 FHRE4D
8.1. {&SMGRBETHRE: TEER 5RMEEIEM XIS

15 I J HBH (transepithelial electrical resistance, TEER) & VP4 - i 5 P4 B ¥ 2 B3 0% e se B 1)
T BTV, A SER R BRAE 0 B @ BHAT[35]. 7E hAECs SkJgfMME E e 5it, TEER nfH
T A A0 M A AL BUE AT 4EFR R BRI, H TEER BEE5 IR0 (B A7 2 T, IFRS ZO-
1. occludin. claudin. E-cadherin 5% #8135 22 5 2 A AH B EDIE .

5 o 33 1 S 06 38 % {8 FH FITC-dextran. 58 Y6 R ANEL Lucifer yellow Z5/R 24> F, i#id Transwell 5(3%
ekt N\ 5 77 R U I 7= B A AN T ] 1) 25 JEC AU ) 3 B2 [36] - 15 TEER E 2B @ AR, 2R
ERD LI AT VRN AN ) o TR ) S AR @A . JARY hAECs SRIRA I E R RIRIN TEER &
FITC-dextran B¢ 2185 1 F#A%, FEFERE ZO-1/occludin/claudin 7840 @0 5t EE SRR AT . AL
IG5 50 FH A 5 4 I iE B S A M RE SRR DI RE . AN R AR A& A b bR &

8.2. AMEIHSEIEERE: XRXE, X EREHNE ERLRE

FAIEE b R 1 5 — A% O T RE AR B4 Ja (R DUUE B RN T b A . RS RIR S50 v] FH 374 hAECs 8
hAECs K5 fI5 b R AR AE AR AL SR X I A BT RS 8, IR AT 455 EJU/KI6T7 Al X 701878 5 150
Hi#k. EGFR/MAPK. STAT3/PI3K/AKT Fl Wnt/g-catenin 253 i 5 # i 1 iz B i & 2 % )M 95 [26] [27]

DOI: 10.12677/acm.2026.1662344 1340 I IR 2= =23t e


https://doi.org/10.12677/acm.2026.1662344

EoW

[31], DM ThReSeie gt BN A B B WUR RS S & . BB S AMRIE CKI2 HRR A& %18, 1EnE
HHPATRE AL, HRRH A PUE CK12. PAX6. ZO-1 KA E, MIAl AR AR T IR ITRS, M
R b R AME E .

LSCD = ZL HREAR 2 — i FRal vk M - e S [37], B DAYE B sk Py 25 B AR epr, 2R R
A, BRI PSR e T B RN 2 2 2 b 7 3 e 25 2 R VPG b B 1 38 2 1) = 4
Fro XFT hAECs RIF4HAE, W] [RIAS P45 28 6 R G A ARk 5 CK12/PAX6 BH M I 7 8 35 il . p63 BH
PEBEJECAN e LU A 2 98 /0 A I AR B, B G A DL BRI /N7 HE BT 4 i 734k LD

8.3. FABIERE: TH. KRFEEMREMITMN

1A I RS RIS AL W hAECs SKUR A IR b B2 3 A (A 1) B 2R . FH A B G0 958 B A P % 1 4 sk =
B BRI A 7Y\ WA 25 b R AR R SR/ 4 2 AR A A A Y o 3 B4R bm B0 48 b B RSt A1 45 BT U
POCRPEOVE o MAE . AR B AR A TR ROAEAHAIRE . AR s AR B DL
ARG DL9] [37] -

AU A hAECs- % A IR A Z TAR AN, 76 = S LA A%/ R ARLAS 2R v A JCHR 28 d
MR SRR, HETREARBHEA AN LR EERBEZERT T RA, B B a5, 72
SO JZ A RS RN 4 2 A R AR AR B v, FEARLZE A MR 2B 58 VR AN b B P R QL I T X HR A [9]
ZH TN hAECs 25 f il b S E 1AL 1 SR A DI REIESE , (R ASRAT 75 1 — DR S KIHBE U i) b
FRiERasEVE . AR EYI(W MUCSAC. KI13/K19)FMHIIE I G HE T XU FIAS M 40 K 1 4mis .

8.4. THEEG RS 57 FAREIRYKER

DHREMEVPAL AR OAMETE T/ 2 F i EM RIS A AT R ARV 5 DhRe . PAX6 R3S M b
R G 57, CK3/CK12 iR R 54k 77 18 5%, p63/KRT 14/ABCG2 {4 B $ 7~ tH 41 FE S B £k 211,
E-cadherin/ZO-1/occludin/claudin 3% 423218 W H& 7 40 0 (8] 3E B R0 B P 25 M T 381 [39] . AHN L, TEER Jt
e B PR BRI Y 5 0 4 R R e o — B 1 R A FE AR B 5 EGFR/MAPK.. STAT3/PI3K/AKT
S8 IR BROE FNE FE Ki67/EAU FHVELCGIARTRT s 44 P4 325 B B2 5 A AR I A a2 D 2 5 98 R L 1 e
ZERSALKR A BRI S A L R b B R s RIS A L

9. RESRE

hAECs M1 RVE 2 . S RMEAC. AESUR A _E R /b SRt , 78 iR b e p AR 7T h AT 3%
K71, BIAAWFERM, hAECs [ AR b 57 5> (652 ] Wnt/B-catenin. TGF-/BMP. p38MAPK.
STAT3/PI3K/AKT. EGFR/MAPK % 2 i@ # LRI, FHAK8 PAX6. p63 &1 S 4H i &bk o3 S PR 55 1)
[F1EH -

AR PTLENLH)Z [ B hAECs 70 A ) G877 55, B PAX6. p63. Wnt. BMP/RA. EGFR/MAPK.
STAT3/PI3K/AKT Fl p38MAPK Ml PR R, @A HE MM BAE TS, B TEER, @B, KR/
BIMEE . DR RNEHE . Bk S AR AL O, G ZAMRER. (iR
JE = HESTEISZAR[40] AMARIEIE FIPT 2 WA TR, 3T E G 0 BB R e ;s JHE
TR R S 5 B A ROABE AS I R 4%, DUJET hABCs M2 43 TR M A JC A i va 7 A 3o
LSCD B HAth AR 245 197 14 5 i S M0 R VR T I8 4%

HE&mHE
JOINTE RN TR H BT SS T 5 2025A0314242).
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