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The Role of Cell Polarity Regulator aPKC in Hair Follicle Stem Cell Maintenance and Wound Healing
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Abstract

The protein kinase C (PKC) family is a group of serine/threonine kinases that mediate
intracellular signaling activated by growth factor receptors, tyrosine kinase receptors, and G-
protein coupled receptors through lipid-derived secondary messengers. In mammals, the PKC
family is composed of the following three structurally and functionally distinct subgroups:
conventional PKCs (cPKC; o, BI/IL, and v), novel PKCs (nPKC; 9, €, m, and 6), and atypical PKCs
(@PKC; € and 1/A; A in mice). Among the PKC family members, aPKCs play essential roles in
establishing epithelial cell polarity by interacting with partition-defective (Par) proteins, Par3
and Par6, which were first identified in genetic screening for regulators of asymmetric division
in the early embryo of Caenorhabditis elegans. The aPKC-Par3-Par6 ternary complex is
evolutionarily conserved and is implicated in a variety of cell polarity events. To clarify
functional differences between aPKC{ and aPKCA in the stratified epidermis in vivo, we have
generated mutant mice with genetic deletion of each aPKC isoform. Epidermis-specific aPKCA
conditionally knockout mice (aPKCA cKO) showed progressive hair loss, abnormal hair cycling,
a gradual decrease of hair follicle stem cell (HFSC) population, and loss of the HFSC
quiescence. In addition, cutaneous wound healing was significantly retarded in aPKCA cKO
mice, and the correct orientation of cell protrusions toward the wound was disrupted in
aPKCA-deleted keratinocytes, through the destabilization of Par6p. Conversely, HFSC
maintenance, wound healing, and directional cell migration in aPKCC-deleted mice were
comparable to those in their control littermates. These results indicate that aPKCs are not
functionally equivalent; aPKCA, but not aPKC{, plays a primary role in maintaining HFSC
population and cutaneous wound healing.
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72 b OROET %278 5 FBZECHALE L, #aEZz
% OMBE O LM, TAWIE (apical), &
JKTH (basal) &\ 9 WBPEREEZ S o T 5. Milafs
PAERBENDE A H = X2 D—21%, MR MER T
HARDTENG (apical) MNZIEHIRICHI SN SE Z L
THs. MBHNOEELR Y 7 FMEEDTTH 5,
a5 A4 »*+—+¥ C (protein kinase C, PKC) 7 7
31 —IZJ/ ¥ % atypical PKC (aPKC) %, Par3 B
X O Par6 L AR Z T 5. aPKC-Par3-Par6 #
ERGELICBREE S TR Y, 2B 2 TRl
ZHIf L Tw %% aPKC 12 1& aPKCL & aPKCA O 2
FEOGTREDAFAEL, & DITHIwmMERIME & LT
i < 23, WFOMMAE L <V TORREDE N IOV TIX
FEALEDI> TRV, AFTIE, aPKC O BEH
AN OHMERE, B X CRMEREICE T 51%%], aPKCL
& aPKCA OHEREIAERIZOWT, 2 b 0% &
OTHEHT 5.

PKC7 73—

715 A ~ ¥4 —+ C(protein kinase C, PKC) I
G E®HEIEZANR, FudyrdFr—E¥2/Kk Bk
ORERFZHMRI L - TREIL S s MillaN e 7
MEE 2 A9 5% WFLE T, BAE$ T2 10 i
Do TP SN TB Y, conventional PKC
(cPKC ; o, BI/II, y), novel PKC(nPKC: 38, € m,
0), B XV atypical PKC (aPKC ;¢ v/A) &9,
RERER), BEREMICR L2 320% T 7V —TI1251) 5
nnd (ED PKC773IV—0DRA Y N—1L, HE
WBRIF S NNV R F VRO FF—E N AL V&2 H

N A2
A

131

LCTwW5. Z5THOWMEILD 2 7 = X 2 ke
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LR TR G HEAHOEVIC L > THESLTW»
%°.
cPKC L, V VIRER AV T A TiHlHMILI LS

PKCOZ7Uu by 4 7Lz 7 Vv—77T, Cl&C2
L) 2 DDRAEE N B TR S LB AR S A A
WL CLEBIIY 7YV o —
(diacylglycerol, DAG) &V YIREDOFEEHEME LT
BEL, C2HIICIZAN Y7 AD%EET 5. Cl I
W W S u ' — % — T BH D120
tetradecanoylphorbol-13-acetate (TPA) b #HE& 3 5.
nPKC 1& cPKC [ B, DAG, YV YJRH, TPAICX -
TIHEAL I N DS, C2HIBICA VY Yy DGV —T
W72, ZOWHEALIZ A IV T w7 WIKLE L7
aPKC IEHlH kX 4 >~ oo s rie K& (R
729, JEER (atypical) ETFIZNB™,

BREOERIt &Mt

iz bofkoKm:, bEHLREETH-72DD
HEELL2EETEDNLTWS. T, HEHEEDS
FELL, WES 2 X5 TFIIMTTH A9 ? Bl
DR, 3 b b b & KI5 2Ll o Ji 1)
1, BHEICEBALTWSL AN OB HEE
FECld, FEECHINE o552l 2L :Fﬁ'f XRS5
%L (symmetric cell division, SCD) 12X b, iz
2O00MaEAEAMT (R2A). Zhud, ZuEICHE
THRBORMEEZRELTLHDIHEV-TWDEEHE
Abhb.

—0, BEPDLEEEL L, SCD 29D, 5H
HASIE I 2 AW 2 T % (B2B). HEH
LI RE 2 RO KA &, b A AN E Ay

FF—HRA(Y
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EAE
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(A) Hig#ETIE, 1T&A & DR Z 0
JLEBU AT TH B, (B) EEAIE L T BHECIE,
53 2L 23T HEE e Mg A 2 T K B, MlARE
AR TES I R AET 5.
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HEM

DU b N7z FILEKHIEE (suprabasal cell) &9, Ik
SRR 2 A S GE g%, asymmetric cell
division, ACD). JEA 125 H (E125) O~ A K%
DOREBFITHEETH Y, MaFZED 90% UL ik SCD
THAHDIZH L, E145~185 TidMINgm2 D 70% LA
EAACD &7 5°. ACD ®O¥nix Notch ¥ 7 F V%
AL, Miuasftz 5 %" SCD, ACD
WINOBE S, MR K A A TR RN I
MICome s, TEEAME (apicobasal polarity) % ¥
5 (RK2).

B ERFEEF

MR F 7 E RO EW %2 %3 D05, aPKC-Par
BAEKRTH S, aPKC I21E, aPKCL(¥—%), aPKCA
(7 8%) O2MB D57 FHDH 5 H, aPKC I,
partition defective (Par) EIVE LM EMEHTLZ &
&0, BRI ORRNE D RESL AN R el 2 R 72
KR

b &b & Par BIZF13, #H Caenorhabditis elegans
(C. elegans) DFIRIZBT 2, FERFHror % Hlf§
LBMIEFDOAZ ) ==Y FTHESNIZLDTD
%" aPKC EMEAEH T 2 & H 2 RET 5 #HiE
T, Par3 (C. elegans @ par-3 DWiAIEA+ —v 1 7) 2%
[l &7z &%, WFLEIC BT 2 Mgt omsess
RS DEEE o7 —J5, #MBTH PKC3 (C
elegans @ aPKC + — v 1 7)) % RNAI{EIZ & D A&
SH5D L, par-3 B X par-6 ZRAK L [F Bk D K BLH
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BESNDL Z EHbh e PKC-3, par-3, B & U par-
6 M OFRBEMAHEAEHAVRIE S L7z, Par3 & Parb &
EHBWEPDZ F AL Y2 E Ry EHE (scaffold
protein) & L CHERET 5 7%, FEBE Par6 & aPKC 13,

ZNENDOPBlL FAAL Y& LTHRELIZATHSY
A= —=%ERT 5. E51Z, aPKC-Par6 N7 1 %
4 < —1%, Rho7 7 3 ) — GTPase T& % Racl X
Cdcd2 12X D iEtIb SN b & Par3 A3 550, &
@ aPKC-Par3-Par6 #H &R X EAL W IR SN TB
D, 8F SF LHINEEE A XY MR LTW 2

I. aPKC & EIRMIOHEF

(1) aPKC R~ A DFKBIA

aPKC{ & aPKCAIZ\W 3 v d KBz 1250 < 563
LTwa® EFIZBIT 5 aPKC DEREEZ 5720
2, bizEnEZno#EnTRKiE (knockout, KO)
< ARMEE L 20 aPKCAD KO <7 Aid, R4
725 72D T, FKEBKAMBICFRFERWIIRIAT S
keratin 5 (K5) 782 E—% —D Tl Cre ®inT
BHARATZKSCre NT VATV 22w - RT A%
vy, Credox ¥ A7 A2 & 0 R 4FHAYIZ aPKCA
FRIEL72<ww A (aPKCA cKO) Z{ERL7-* GE:
[{ U < SERERE 125889 % keratin 14-Cre 7 A% JH\»
THYEBL L 72 aPKCA cKO =7 A T3 [a Kk L H A 7315
LNTWAY). —J, aPKCL KO~ A%, A3
WEBBIEREDoDT, 0O THEDOMITIZ
72,

aPKCL cKO v w7 R, AEFZEI Y bo—Lw
RN ERELEI 27205 BETHICON
HAVKREORENEEZEL Y (K3), EHH1E
TEMREL -2 KEDOALLT, X b %
L7:. aPKCA cKO~w A Tid, BRI RFZ &7
LW/, IEHOBUITARAMIIETE LRI
A0, BATH, KB AT, At 12 HEFH U0 2
WEMIZASL® L2L, aPKCA cKO 7 ADEW
i, B1REMICAZOFAEZS HUKEEER, L
b ZFOBRBATI, KIFICAB Z e QOkEICE Y
F0, REICEELTHE L. —%, aPKC{ KO
<~ A, BEEX &Y, ERAMORFELAONE
o 725,

(2) aPKCAZ & % B i o> By RE i 1)

<7 ADWKRIEMIEEIE, TS, WeEB, Ny, N
WITHE VST =AY PR LERKERLTY
BN, HKaDAYS— A Y MR RS = —H
MHNTws (K4). BEHMBEIFAET E VY
o~ —7—& LTid, keratin 15(K15)%*, CD34”,
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aPKCA cKO

3 aPKC R~ A DRHM
aPKCA cKO =7 ZIHETEORTEE & 725755, aPKCLKO ¥ 7 A TIRABICRT AL L V.

e 2GS

31
(X
..’, ‘::: Sox9, Lgr5
&V ) Lhx2, NfatC1
O @ YO
RILSTER Q) Tcf3

K4 <~ ZKIEBELOIT V8= AV N EZDYE
By~ —H—
< ZADOKIEME @I, FER, RS, N LY,
IV TFIRO T = R X Y M, Eh
FRICERN <~ — 7 — 258 HT 5.

Sox0™, Lhx2"*, NfatCl", Tcf3", /S ¥ L5 (F
EBIEER A YS) o~ — A — & LT Lgr6*, Junctional

zone (LFBIEEBICAHY) o~ — A —& L T Lrigl”,
INIVYFHDO~w—=A—& LT Lgrb® R &M s
TWw5., IN6o0~x—h—0%H1E, aPKCL cKO~
T ATRAT A, EPEICEHALTEY, aPKCA
HLUBMB ORI L RAALZRE L Twb 2 Edb
Do 7283,

aPKCA cKO ¥ AIZBITARED A 1 = X L % i
3 57:002, BOHEMRICED Lz, B
Ju—H%A4 M X M) —=TIE, CD34"™06-integrin™" ®
Mifge LCHEEENS. aPKCA cKO ¥ AT, CD
34" o6-integrin™ ML A A L, L2adnkis & d
WX D IRADSBHF e B T L Db o 7252,

— & 2§ 1% bromodeoxyuridine (BrdU) TH%
oL, EERFPELHTILAONEEHTH Y, label
retaining cell (LRC) &MiEN%. A% 2HHIC<Y
A% BrdU TR L, 50 HRRICHRTHR D L, av
== ATIE/ NV VHEIIC LRC 25H T & 72
DR L, aPKCA cKO =7 2D 23V VI Tld LRC
R E T, TUBMRSHEELTWS I EdD
Do 7284,

(3) aPKCA 2 & 2 il o (R IRIREE o fil 5

B WAL O K55 13 E 5w R IR IR EE  (quiescence)
Wb, —iIC, HHlo—H2MRIRL ) —71K
RBUCHDIHIHZZ, MO —EHBKIEBLTH ) ¥ —
TIREE | 5 5 HOMMEAL U 728 A3 LRk O F A2 12
ICTE 5%, kX912, aPKCA cKO v 2, E



134

(A)

HEEKEESFE 2020; 16(3)

(B)

arveka—)L

aPKCA cKO

5 aPKCAcKO X7 ADPERAH =X 4
(A) 2 v ha—=7ATIE K6EHMNEA, S5 s s Fafl8, 3B X U Bmpb
12X ) BURHEOKRIRIRE S HF S Twb, (B) aPKCA cKO X7 AT,
Fgfl8, X 0" Bmpb DREBAMKT 2 7250, BRI ORIRIRED LR LI
WAL SNIREL 2D, 2oRE, BUBMEIHL G T 5720, HEY

&727.

FMI S FEH % ) RIS L Tnb 2 &, BUH
MR 2 BT 5 2 s, BRI
B2 X7z TUBRMORIIREOMHFHEZ, BTao
PNV DI DOWIE AR T S keratin6 (K6) [ P44l
oS 5w &b Fefl8 & Bmpb & » THEFFE S B
tEzZbNTwa (R5A)*. 22T, aPKCA cKO
<~ ADFgfls, BLUBmpb DFEIEHzE 2
%, EmMPCR, EMEILZGBEVTNIIBNT
SMHDOFHNEL ML FLTEDY, aPKCAL KO~
7 AT EUHEAORBIREA e L T\ 5 2 LA
bhroiz (R5B)% PLEXD, aPKCA cKO <YW &
Tl, aPKCAOXRIRIC LY, EiMlE o RIRIKEE
ZHEFF9 % Fafl8, Bmp6 O IHI SN G, ZD
7o OB W ORIRIRE D e L, Bowiiaids
W LI N RBICZ Y, TEOREN I Hi T
5. FTOREE, KEIZBUHEMEIMEL, BBV
VAR R W MY (WAl

II. aPKC & &SRR

(1) aPKCA KIE~ 7 22 BT % BB iR O SR 4E

BIBRERRICE, BRI O BT il
BIERANAS (progenitor cell) ASAIBEBICREIL T, #
PRI b L, R b2 RT LAV H6 T W
B0 NV TITH B KI5 A i B SR A2 B L
T, —WEMZHERALICEG 3 5" —J5, BERICAF
9 % Lar6 FatkMllia & 58I 7E 3 5 Lrigl Btk

ML, B2 ERLICEE 5. RAebi
aPKCA cKO <7 2 Tld, TOBMIAER~ MBS
5720, BOREY OFEH) SEMBEAMR ST, 8
BIEEPREZ &S ToTE WD, EE 2T

X6 (2~ A&l 72 BRI ER O R 2R T
T~8 WED <7 2D ORERIZ, 15mm T DRz
B RIEAI 2R D Bl R B A Blgt L., 3 bu—
VTR DO BETE & AL £ 3 AR F TITIk5E
TLZDIIZ L, aPKCA cKO = A TiE, HiZoi
HOGEN, SHEMEBETCH ERIESRET Ladh o
7. AR 2 FHl§ % &, aPKCA cKO <7 2 i,
I bPa—= L ERRTH LT AREICKEDro72.
—7J7, aPKC{ KO~ 2 Tid, AlBHEEOENIZ
, AMBTHRED I PO — L EHEEN Do 725,

(2) aPKC & Mifafes)

BB RIEDSEN S RN & LT, BREMoMons
MEREEBHEEO2OOWREESIEZ SN 5.
aPKCA cKO = 20D ) oflkk% BrdU THt
T5E, avbu—LhbRED BrdU BtEfile)s
AEICHEMLTWRS 72, BR<y 2956 KM
LML 2 s L, WAl 2 X728 25, aPKCA
RABMILIZ, 2> ba— VI LB WEEiRE 2R L7
75, aPKCC RIMINLIZ T > b — ) & I2IEEIE A d o
72, UEX D, aPKCA cKO ~ 7 X TR G AR IE
T50i%, MBOBMORFEIZLEDDTRNI LA
o7z
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aPKC A cKO
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6 aPKCAcKO <™ AIZBF %A ER D IZIE
Rl 26 HH D~ A, aPKCA cKO ~ ™ A TILAIGE R & I AHBES 5.

7 HERPA %

ia Ry .
H 72 Bl G S 5R

ABBEOT Y A0 DRI L 7= R A 2 IRREL, 207V y Mo/ 2ATF vy 7 TALIICH

ZoL ), BIEMRICEOME ) B2 B% L7 Cul

ISR B 2DV ThRaS L7z, oIS 2R L 72300k
ALy 7V Y MGELLEZ AT, T1 v
Y allF v T THEDT LA HRER T8 2
%, 3 v bu—) )& aPKCE RIEMINL TIEBEoHYLIC
2o CHIRARBE L, HAMEE > TETWL0IIx
LT, aPKCA KIEML T, MaoBEH» 7% {6
LIFEAEMEL o7 (R7). G T 7200
RizWELE 25, aPKCARIBMIECIZa > Fa—
VD 50% A 72> 72D 2%k L, aPKCL R HEME T
Iy bO— IV ERFEEIT R, TS

(3) aPKCA 2 & 2 a8 o i) i)

— BRI, BICEL T AR,
DF MNP > TEEZMEL TR LTV, 20
IV R EOFMICHBS T 5 (Golg
reorientation) Z &ML TV 5 (K8). Al4iE
WED aPKC RIMIL OB REAFEL (BIZE L2 L 2
%, a2y hua—)l & aPKCCRIEMMTIE, Milizei
AEDF TN AA > T—HIANIAHT, T IR D
FENCH R T A A Sz, —F, aPKCA KR
ML T, MEoMERASRT, BiRokn, I

ay ha—Jb.,

VRO BEYIOHINE, HoKme MRz, T
FEIELTWD Z b8 fiE7Ta Y hTIid,
aPKCA R A LMINE T Par6B DS AMEK T L TH
N, aPKCAARIET A Z &2 & 1) aPKC-PAR #HEHE
WAEELL, BEREDbND Z L AR S L7,

VU EORE LD, aPKCAIZAME GBI, MR
BOmEEFIHT L2 b otz Ty MEET A
b A bEHVin vitro DG G FEER T,
aPKCA & ) aPKCL 28I IGIICER L G EhTw
B8 Lal, EBOSIGRESRIZKL DI, £
AL 2 W72 R 72 D O EBRORE RN S, aPKCL
£ 0 aPKCA P AR OmELZHE L Cnwb & #
b,

TEH

L MR ARYE BB K- C & % aPKCA 1 B @ A iy
DHEFFICUIHTH 5.

2. aPKCM XA BRI SR 2SR B3 5 1)
ZHIEIL TV 5.
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8 AlHAER OMILISE DM R & TV RO ALY

BB, 5 L2 o Fmicia - TRl ZeiR 2 i L CREIT 5. 2 Ol
WCFHELSI9 5. o-actinin (ZAIIEZEE, GM-130 12TV kD~ — 7 —.

3. 22%%aPKCH DI L, Libd 25D

BEICBWTEERRE % £ L TWw20Ik, aPKCL
Tld% <, aPKCA Th 5.
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