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The Hair Follicle as a Dynamic Miniorgan, Schneider MR1
Schmidt-Ullrich R, Paus R.
Curr Biol. 2009 Feb 10;19(3):R132-42. doi: 10.1016/j.cub.2008.12.005.
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Mutant Hair follicle phenotype Gene affected
Ragged/Opossum Hypoplasia of selected pellage follicles; absence of Premature protein truncation in Sox18
auchene, and very few zigzag hairs
Tabby Alopecia behind the ears and on the tail; lack of Mutations in the Ectodysplasin-A1 gene (Eda-A1).
guard and zigzag hairs Defective NF-xB signaling and disturbed formation
of skin appendages
Waved 2 Wavy hairs, curly whiskers Point mutation in the epidermal growth factor
receptor gene resulting in a ‘dead’ kinase
Fuzzy Sparse fur, abnomal hair momphology and Mutations in the gene encoding Sgk3
acceleration of hair follicle cycling
Hairless Initially normal hair growth. Total alopecia around Insertion in the hairless gene; mutation of the
the age of 3-4 weeks human genes causes alopecia universalis
Angora Very long hairs. No defects in hair follicle Deletion of fibroblast growth factor 5 (FGF9)
morphology or hair structure increases anagen duration and delays initiation of
catagen
Nude General alopecia, except for whiskers Truncation of forkhead transcription factor Foxni
Balding Focal alopecia due to separation of inner and outer Truncation of desmosome protein Desmoglein-3
root sheath in anagen follicles
Lethal spotting White spots in pelage hair. Affects pigmentation Point mutation in endothelin-3
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Histomorphology of the hair follicle.
(A) Sagittal section through a human scalp
hair follicle (anagen VI) showing the perma-
nent (infundibulum, isthmus) and anagen-
associated (suprabulbar and bulbar area)
components of the hair follicle. (B) High
magnification image of the isthmus. The
dashed square indicates the approkimate
location of the bulge. (C) High magnification
image of the bulb. (D) Schematic drawing
illustrating the concentric layers of the outer
root sheath (ORS), inner root sheath (IRS)
and shaft in the bulb. The inner root sheath
is composed of four layers: Companion layer
(CL), Henle's layer, Huxley's layer, and the
inner root sheath cuticle. The companion
layer cells are tightly bound to Henle's layer,
but not to the outer root sheath, thus allowing
the companion layer to function as a slippage
plane between the stationary outer root
sheath and the upwards moving inner root
sheath. Further inwards, the inner root sheath
cuticle is composed of scales that interlock
with the scales of the hair shaft cuticle,
anchoring the shaft in the follicle and enabling
both layers to jointly move during hair follicle
growth. The hair shaft is wrapped by aprotec-
tive layer of overlapping scales and in mice,
but not in humans, shows in its centre regular-
rows of air spaces believed to play a role in

>

q171 1w
.NX

; D IR!

E( t——1 Hair

g, 132 %_6 |—Shaf}¢

€. Sg%w 2

3 28,5 T

E=g o gos58..5

0 Q00 Swo

i ETXpOt= (%)
ik QOSSP 00w b=
A OTTESOT (&)
E o) ' ‘
5| "

= 8

L% ) |

= 5

9

£

2

[

=

=]

@

el

£=)

Q

Current Biology

thermal insulation (BM: basal membrane; APM: arrector pili muscle; CTS: connective tissue sheath; DP: dermal papilla; M: matrix; HS: hair shaft,
IRS: inner root sheath; ORS: outer root sheath; SG: sebaceous gland). (Histology kindly provided by Katja Meyer.)
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sebaceous gland
arrector pili muscle

bulge area
medulla of hair shaft
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inner root sheath
outer root sheath
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D"U'¥I701 D"7N'OXR YT 'RN 121N 791 isthmus-N 7 [INNNN 77NN .TNIN arrector pili muscle
X701 VI 27NN 7Y INNNN NXPN 12'0 bulge area-n 1ITK .bulge area X710 NITRA W'Y 7w

MYV T 7w wTNNN

X720 QTR 'Y bulge region-NN TY9MI ,Mywn p'pt 7w N [IMNNN AITRN KIN ,anagen bulb-N



,MVYYUN NIX DNINA DX O'RNA N ITX 7901 anagen bulb-n .suprabulbar hair-follicle epithelium
W'Y PPT 7Y NY0INA'DN DTN NN DI matrix keratinocytes N7 NT VTN

-0 NIX 12W" ,bulge region-NN INX'W D'7U9IN Matrix keratinocytes .(hair follicle pigmentary unit)
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-N ,companion layer-N ,outer root sheath -N Z|YJ|7'7'D N AN NIIX'NNN 7NN ,NIDWN .(keratins)
.[4] hair shaft-N 10271 ,inner root sheath

,7'7nn| epithelial hair follicle-N '7¢ YTAN 'XN NIX '7'2n outer root sheath-n ,bulge region-N 1TX2A

9§7In , hair follicle epithelium-n ‘73 .(hair shaft) NIYWN NX 721 hair follicle epithelium-N 7 'YXNKXN
'NNI |)'7I|7 NN 7Y 1191 12X DYV N'NY ,(CTS) connective tissue sheath NN71N N'MATITN N1dWI
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113]
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NOPA 'IXN — Heavily pigmented terminal hair .1
12N 11Vl 01921 YOI ANY7 '1¥N — Vellus hair .2
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Pelage (coat hair), vibrissae (whiskers), cilia (eyelashes), tail hairs, ear hair and, around the feet, the genital

and perianal area and the nipples .
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Wnt/members of wingless family
members of Hedgehog family

[6,7,16]

Members of TGF-B/BMP (transforming growth factor-f/bone morphogenetic protein)
FGF (fibroblast growth factor)
TNF (tumor necrosis factor)
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Induction Organogenesis Cytodifferentiation
Stage 0 Stage 1 (placode) Stage 2 (germ) Stage 3-5 (peqg) Stage 6-8 (bulbous peg)
Epidarmi
DgrrmsmI %)
= =y
e o
—_—

Interacting gradients of
activators and inhibitors
creating an inductive field
in the epidermis
(pre-germ). Specialised
dermal fibroblasts gather
underneath pre-germ.

Visible hair germ
(placode).

Promeotion of placode
growth: Wnt/ i-catenin.
EdaA1/EdaR/NF-«B.
Noggin/Lef-1. CTGF?
Ectodin?

P-cadherin.

Inhibition of placode
fate in surrounding cells
and placode growth:
Dkks (Dkk1, 2, and 4).
BMPs (2. 4 and 7)

Proliferation of
epidermal hair
germ cells:
Shh/Smo/Gli2, Wnt
(10b,10a)/Lef-1,
FGFs/FGF2R-lllb.
TGFp2?
Follistatin?

Formation of dermal
papilla:
Shh/Smo/Gli2,
PDGF-A.

Embryonic pelage hair follicle development in mice.
Murine hair follicle development can be divided into three phases: Induction, organogenesis and cytodifferentiation. The morphological character-
istics of the most important stages (0-8) of prenatal hair follicle development and their molecular controls are depicted. Primary guard hair devel-
opment starts as early as stage E14. Second ary hair follicle development comes in two major waves: At E16.5 for the intermediate awl and auchene
hairs, and around PO for the downy zigzag hairs. Induction (left column): At stage 0, prior to visible hair follicle placode formation, interaction
between the epidermis and the underlying dermis, which is the likely source of the unknown first inductive signal, involves local hair follicle acti-
vators (such as Wnt/f-catenin signaling) overriding hair follicleinhibitors, thereby creating an inductive field. In subsequent stages, the hair placode
becomes visible to the eye and downward growth is initiated. At these stages the dermal condensate and future dermal papilla form. Within the
developing placode, BMP signaling has to be down-regulated by specific BMP antagonists in order to allow for placode growth. Organogenesis
(middle column) and Cytodifferentiation (right column): In the following stages 3-8, the orientation of the follicle is defined (peg stage), and the
different hair lineages develop (bulbous peg). Colors of cells do not correspond to particular signals. ORS: outer root sheath; | RS: inner root sheath.
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(0'TIVDI9ON T V) 71N'D W DMITAN 070N 7710 MYWN 2T 7w PN 1N 71700
NTAI9IN 'Y NIXND NIYKRI “|N2N” NMYYY YA 0TI N N9IPN IR 727 niwTnnnl
NMYYN 2'PT 7V [IYXIN 1ITNNN 020V .OTIRD NINYT TV NTY0 INK7W N9IpNn 7nna
NIYXRIN N'MMRD DNMXD NYYN7Y 0 720 91K 7000 1'RENTY70 anR? oir 17 71 'nnn

DPNAA M0 T KIAN 1T nTA) [19] D70 ANK? NvIaY 4 71 nwnnNn W et e
A7wa L(.2.Y NI 4 7an 71 AA 7W NIYOIN 19¥1 DN 0'RAN D719 NXIN' DDV WYY
-0 7 VTN 'RNN DMIXIN DMIAT D'RP7NNNA O'RN DI'NY | hair matrix keratinocytes-N ,anagen-i
NI7WIYT7 0TI9I DN WNK71 NI'A'0IVI'RA DANNA ,bulge region -0 MITRNA epithelial hair follicle
[3,7,12,19] 0"70'9KR W'Y 'RN 7W NIFTINY NIIY

Y AR'YA ,NNNA N'0NAN NAIY MWW 2'PT 7w INNNN 277nnn 2/3 catagen-n 1'7NN2

VT2 'NNW TIVQ outer root sheath-NI inner root sheath -NI O"™IVNN 7w D'V'XINPN 7Y O'TIVOION
7w W'Y 'P'PTA DA N'OX] NNIT NYOIN— NYN) O'TIVDIORNN D'PNIN bulge-NN W'WN 77T 1w
N7NNNY INXY DY DA 719'0 22K IX 1011900 19N N7ID' IK NN20NN NTAIY LAA 20
[91X2 ,N'™70'OX NYIXIT? D¥NVXN DWW 2'PT 79 INNNN 2700 12T 7w 19102 .(.7.V -n7Nn
DA N7UN2 NOIXWI MW DWW DN2OYA L[3,19] bulge region-7 dermal papilla-n X TN¥NY
1901 17NN N7 1'91 NIY A71D' MY DYWL L,NN9N NN NY'9IM NWTN NNVY TWKRD
,0'20Y2 N7 NIPDXNT7 N0 IT NTA) W'WN NNy NID'OX7 NNIINN NYSIN ,0NIThN
NOXIN W'Y catagen-N 27WA 7701 XXM PN NWYN7W TIva (w'wa "NioxY?" pvivy X pw
W'Y NTIINY DN2OYN DR "P1oY" 1pwh yivn X pY ,n7Nmn oNo ,0mTIR 2T Irnnn KN
.(.7.y -DIWUN D"I0"] NWYIY X K7W 11T LAA 7Y INIWN Ny D'ATIZ DNIThnn

D'’ 1901 JWNIN (telogen) N'ON' NNIN 7w 27w 0'0121 W'WN '2'JIT ,catagen-N NN7WUN TNKY
7w [NTN YW Qo1 ITNN 7211 YN telogen-1 NIVIAY 3-n NI' 770 7T, [IWRIN telogen-2
1IX'NN '10'AN) 122NN DYNN 72Y2Y 700 URN NYWN 'PT IITNA D 7V .)IXNN telogen-N 17
210N W'Y RRT AITNN 7Y DRIYWRIN “D'227NY TIva )27 qona (Nt 2771 X W Kin )07
21T 7w D'TI91 DNITNA 1N'7' 120YN 1Y DNINXR DITR ,TINA D'121101 ,0N00Y 7Y palege
DYI7N M7 DY 19X DNITRA DYP'PTOENE TIV NTON' 1770 DNITRD 122N' 12dYNY 7201 Wy
19N MAIYN 27w WY 7'PT 7 1N21'0 NITNA DTR 122 NRT Ny .[20] 1ny1a TNRN
0'01 7Y 1NN W'Y T DY DIWN DTN IR 12D ND1'ORT 11y 72 119 7Y TINA NN
.[4,10] 2un NIt Nn1an

D72 190NY NINNYT NIRT ,7971yN " TV W'YN 72727 IThn DX 7'vony NY1772mn 0rdnn
DT VY D1V X' AITAND D'AAD DY D'0I0IN DDV WIN'Y 'T 72V 1INIT 12D 021770
D"2OY .[3,10,21] Dn2dy 7w e ItNn 7w DRIW DR7WA DRIY 02 NIRVANN 7'91N9
TIV2 ,anagen-nN 27 NIX D'TTIVAN D'722'0D D'ANINN Shh -1 Wnt/B-catenin-¥ VIA[R7 1V''0 D'VIVIN
DYIAN NI anagen 27W W' FGF5 -] D'MIA9N D'NQDYY) catagen-7 NNON 712'0 KIN FGF5-W
[3,4,10,22] (mnx W' 7w 9101197

TGF-P1, interleukin-1p, the neurotrophins NT-3, NT-4 , BDNF, BMP2/4 , TNF-a n'722'0n s FGF-5-17 qona
.[3,10] catagen 7w D'1WND NKIN

NINT NIYY

insulin-like growth factor-1 (IGF-1), hepatic growth factor (HGF), vascular endothelial growth factor (VEGF)
DMIVPOKRN |2 7R N'wn LD D L[10,23] anagen-n 27w 1M'w2a DAIWN D'723'07 DYAWN)
7W N2 "V catagen-n A7W 7V NOMWYT 'RONK NIFNY WY keratinl7-1 TNF-o. AI0N DTN TN
NITNNA DAY NTAWVN D7IKE NIIMKRIVIX 17NN NAWN) AA DIAXK — W) [23] 0'TIVDI9KRN NIV'Y
NIVY UTNNYT NNITA ,N'MjP7X N'RY NY'A9 OV 17002 M2ITAY 21 O'TIVDI9K 211y 7'a0 W'y
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D'MIIA7 NMIYEN ,0M'I0N DPNA NINDY ,N'7NNA NI NNY NNWORN DX N'2un ,|'N
D"Y20 "D"MIN'RIVIX" DDYNN D'7'YON YR 7'WT7 AININND W'D IThn 7V DY'awnn
(22Y - 1T DTN Y 720NN [ama NIMRIVIR N'7NN7 XPHT IR IWANWNY

,VDR — D |'20"1 7Y |0717N NIX NI771D anagen-catagen 12YNN N7 7V NIY'OWUNN NISOI NIYIZ7IN
.[1 0,24-27] reinoic acid receptor-n NI transcriptional repressor hairless-N NN

7w DTONT7 I'NN YRYT YNION WD P'PT 7Y TNORNN dermal papilla-n 7Y 21NN D XXN) TIV
.dermal -7 Bulge-NN Y72 'RN 7¥ 12yn 'T' ¥ wNnInnn 1'70N ,NYWn 7'PT NINNSNN NXIWN
17X D122 D7IX1 AA-7 D017 DI'RY DRIIAINA NAITA NIRDY - NWN) [24-27] papilla
D"IYYN NP 'WIR'Y 7w WTN 2N 279 N7NNN K1 AVRN 277 1ayn 11007 DN QX DYIYY
(-7.y - AA-7 DNIWR NIfNY

72N0N W'WN IThA 7W N'ON' NN 7W 27WD telogen-n IXINA 'MNION [DINAYW NINNY

[12D D'NN72 D12IA7N NND DRI NNAN NINVANNA D' NIYAYN D' DIY' NT 2701w

27w 2WUN'NY7 710" 12'X telogen -0 NT J2INA .[21] telogen-n 27W2 110 *T'7 D'NQ estrogen receptor
V'YW TN 7W N1pPAd NNO9N 27w ax'n XpIiT XINYW N1N7 120 .nNin

bulge region-7 TIMX¥2I NNNNA PI*TA NAXIMI AN 2¥N7 NN dermal papilla-N ,telogen-n 2'7wW2

-1 YTAN 'KN 2 DN NIFYPRIVI'R NWOKRN IT '¥XRIV'O L(.j7.V - AA-Q WNINN NNT 2x¥n)
WTN TN DY YTAN 'RN 7W 072090 NIX7 NN dermal papilla-n .demal papilla -7 bulge resion
L10] ya '8N *2'yon 7Y 7'901 NIQA TIDM XY ATA 7'NNNA anagen-N 7Y YWD 77T v
dermal papilla-N QY bulge region-N 7W NI'YPXIVI'RN |2 N7IR7MN1 21719700 [1I'nTh NINNY
D'772N DN DAY W'Y PPT DY 7002 NAIYAN 0'ANTN QY hair follicle placode-n 7WI
NITAIN NI'XID W' nerve growth factor-1 TGF-B-N NINSWNN 0'713'0 NNdY7 ,XNAIT? .0"71771n
DNV 2'PTN NINNONN 27WAYW NINNY 0017 .19 TN AT21 W'Y 2727 DINNSNN 17nna
(catagen) N'01277 DIIAN I9N N2 DNIX'A DN DMAR W'Y '{P'PTALININN9NN DX DTN
D'I'N X W'YUN 2'PT NINNONN 27w 0DNI'A VDR, hairless & notch 112 DNK 072200 .[10]
[26,28] anagen-n 17w NXIWN2

71D QO NY' D YIT' D7IX .OWIT DI'X [TV YTAN 'KN N7YON7 D'WINTN D*7171mn 0'019N
NI7IR7IMN 72PNl anagen-N 27 N7'NNY7 DMNA7 N 7V 178 vy2an? w'w 0'7'yon 7w 'onp
¢ DXQTVPRI NNNN 2 IT'R NIV7IYY DNIFTON NI71R7IM NN .N'YA'OPRT NNAY NIdYNN
DTN 121 DDV DAY W'Y IITAN 27U MY 13 7'91N9 110" Y INIT 12D YTAN 'KN
D'712'0N |2 217'Y 'Y NNNWI YTA 'RN W NNy Tiva [14,21,29-32]

v N'X2'0?X ,DKK-I TCF3 — Wnt (members of wingless family) '23YnI BMP (bone morphogenetic protein)
nY QoA .[7-9,33-35] B-catenin 7w 2'X' TID DY TN Wnt '2'yOni1 BMP "IXDT NIWAIT YTA 'KN
TIN Y'Y' X7 [91INQ YN BMP ,NNIINAN 17w 170N :IWN NIX TNX AT [91X] DN7an 071700

7W 2I¥" DIWN Wit 722101 NY7Y anagen-n N7NNN N2 D7IX L,[36] B-catenin-n aIxn
Wnt-N TX'D YIT X7 [TV NRT DY .[7,9] dermal papilla-2 BMP "IXDT '7W mljm '10'al ,B-catenin
.7vomn

ANKA P'PTN ITNN 7V DYW'DYNN D'MIIAN 12T VTN DR VYN 2'NINY7 'NNN — NN
DN KNY D' T 21pW7 W MyT? 2 V1,00 1R TV, JWNn TR7AY 19D LAA 7w [l
7w 7'nnnin 7y 0Wwownn oMYA NORIN (NAI7M'R 07NN NIXTIA N2 D NNINA) [10'NN
(-2-V).anagen-N 27 N70O9N7 NNNIA )21 NINIRD X"

7?77 7Y Y1aN 'KNI dermal papilla-NN 7NN NAYTNA V] bulge region-n ,anagen-n 17¥ N'7'NN N2
(D"NT D'P'7NNN D'RN) hair matrix-2¥ YTAN 'RN 'RYRY D7IX .DNINN 27U7 D10 NNywn
-2 NI' ZNINNN ITRA .anagen-n 1700 722 B-catenin 7¢ 21X NI?'WO Wit NIIZ7IM 7V DN
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D'XN NI7WIYT? NII'MNNN A7 7'nnnl NIANNYT 0''091 1770 0'RNN | precortical hair matrix
AIVAY 2V NIY'DSYNN NIAY N2 NI7IE7IM INIT 12D DINY (122 -hair follicle epithelium-n 7w NI
DN 7RV RN DI7YIY DY 10N

GATA3, Cutl1, BMP for inner root sheath formation, Sox9, SHH for outer root sheath formation, Wnt/B-catenin,
VDR, Notch, BMPs, Foxnl .

- [37] w'wn 'k DY DAY 0N Y 9D IROT WI9 TCF3 D VIT D Ind

190N 77 'R VIT K7 TV ,RNAIT? .NINMS NN W'Y ITNA Y NN 2wa ninn NivRY
70NN 27w DNN YTAN RN IRY VITALITNA 7D 17002 0'¥2'0PX DDA YTA 'RN 7Y (o
DINN2 DPINN 1192 QXN NI MIYAYNAN JANKD ,07IR ?Wnt-7 YTAN 'RN D2AN 21FT XD
77T 79 MNIVIRD ITNNY DIIAN (AXPN YA DIIAN) TINNN 7¢ D2IYA D'02'NN NN RIN DT
71912 NAXY 1191 NYYI NYY 7D 7 NIMITNAN NIX 1720 1INKD YUK TINN ,Nywn

'PT W YTAN 'NN 7Y NI7'Woa D'07IWN 0P DA INIT DIAR D WATK L[10] "nninown
N'0'01 N"M7IRZ7IN NN Y VW1 Z'PTN 7Y YWD 17'RD DRI R 2'RTN ITNN 7w1 nnywin
TA1D ,7V192 IN'R TAIY NRIN [IRIL, NN TINY7 2N N TN 7 [IVUnY XIn 1Navy nn N
NI7ITA NINIAR 7Y ATNNAN DR NIYW? DMYRN WKL P'PT7 YINAW IV ITRA D'YANN D'712'0
J20] T AR NITR NN X7 NN 7Y DIRTE WY T

V'Y 7Y n'NVINAYY

,UV 117 190 11Iyn 7¢ NN D1IY D' |2 DNWAY DFT'RON 1IN W' Y'Y 7Y 1'Y0INarey
melanocytes-1 ?91NY — 1171 — Y'UN VINA'O D7 0N .01 NINIXI NAXRION ,91AN DIN NP2
anagen-N 27¢ 17002 271 7w 11Xt .0"wOIN 077" T 7Y NNXIY 21 N9I0 KIN W'WN P'RTaY
757 Q02 .1¥NN 22N NIV NIM'VRPR NI7IR7IM NN'D02 ITYY? WY N1Dan 07712000 7y
D'MPZINNN D'UXI'0IPN 7Y NNMAN DR DTN D'O'NII'0IR7 D'O'NR7ANN 1N YW 1avnn
N71>'0 v n'oYMIEnY D [38] 1'7M D'uRIEN DNAN 17X NAI0YT hair matrix-N 7w NM19M191
T2 1270 01777 N2 N7 Y2 DI'RY D'OYINRYT7 0N RYAY! 171 VI7R7 MNP N2IVN
A7 TIMY XN WIYN 7PT 90 0IXT 00NN TORN D'UNIT7N NOXIY (UANNN 170 IxXTY
-NN 12YNN A7 TINA DTRIA 7091 1'70NN .NNITAN NYSIN MR DDA |3 V1 anagen-N
QX I'INX71 ,NNISI 71N 2170 DAY 170N NNONA 'ATIR 7W IXT Y7001 catagen-7 anagen
.0'0'¥17N 7Y O'TIVDION 17NN WNINN

TNIRTI hair matrix-2 DY21W DN'NIARI W'WN 2727 7W D'0'X¥1'7N anagen-n 17W2

112 21N 7¥KX Y1910 MINWN) WD 0INAD W IXY D7IR VWD 22T 7Y outer root sheath-i

P77 7w DrTINTR R'YLINADN DTN Y D'WNINNA ("DYA1MA" XN INNN DTRTRD IR DTRN
72210 1171 7W NTN'0 .anagen-n 27w 1 NINTI dermal papilla-7 2'2011 72un NNzANN V'Wn
DIXI'M melanosomes-N .TRI'?2'TIN'Y 'Y 171210 TWKI melanosomes K710 DITIT'77 MWpN [1N2XY?
IT NN2YN ,W'YUN 7W 0'O'XI'0NP7 2'OPR [DIN] JWNN DNAYINT matrix-N 7 NM9M90 1ITRA

[38]nywn 7w N'XLINA'ON NN NMKRD NIX'AN RN

D7V WD 'PT IY TNORN NI 0'07OKRN (D'V'XIINN 7Y AN 'RN) melanoblasts-N ,02dY2
[39] .stem cell factor (SCF) — 17W T12"20 "YI c-KIT Y A71ANYW 170N INT .0"TAIN

AIX7 220 |DINQ DMIWR DI'X outer root sheath-2 O17DX7 D'V'ANN D'V0711'MNI D'O'XI7NAN
.0'MNT'ONNN D'O'XIT7N 9*7NNYT 072100 DN NIXN NT'AQ X ,D'0INA'DN

-7 INNN) AYNN W'WUN V11 bulge-2 DMFZINNN ,D'O'NNA7NA 7Y YTA 'RN 7710 WU 2T
NT'N' U NIThN NIYTANN 1IX7 D'RN 'K70D D'UNWN DN 12 TR ,(telogen club hair
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2N N97NN NIX7 DY'NION DO 7Y YA RN R [38] Wi T 7w nYuanaon

v nwIn'y .[38,40] catagen-n 77NN O'TIVDIOX DNAIVY W'UN 2'PT 7W DY D'O'XRNN
7¢ NIMANANEIMYN [TV IT'RD 7Y DEani Wen et Y nrovnnn Y yan 'Rn
[41,42] Mitf-1 Pax3 PIMYWN 'NI12Q DMI7N O'RNN

''2T2 .09 072200 'Y NNAIM DY Y NI D'0'NRMIN 7Y D1IDIN NI7'WONI DI'An
.[43,44] hepatocyte growth factor-I SCF DN D*'0VI7IN D'722'0N ,0'12DYA pelage AION W'Y

Foxnl — forkhead family factors 722'0N N'XVINA'O 7Y 7NN DNAIWYN D'O'XI'VIPA INIT ,NINNKY
N'Y0INA'ON NN 7V D'Y'OYNN DNPAD LFGF2 — (downstream) 17W DTN TYINA 7y91wn 713'01
7¢ N7 NMIN DY DR WIYN 7Y RY0INADN NAN D7 'R L[45] wien v

Foxnl-1 FGF2 'T' 7Y NYSWIMN D'0'XI1'0I7 7W NIDN L1170 VIZRT WD P'RT 7w D'0NIN'0IPn
[45]

P'77 7W N'YLINA'DN NT'N O'7'YON DUV TIA'R 7Y N'Y DIRXIN RIN V'OXRN W'Y
A40-n nnnw yxnx? 30-n NY y¥nxkn DTRA N7'NNN 770 0T WK NYOINA A YN
NIIYAN NINN .D'O'YNAN 7Y YTAN RN R (177 DIYR W'WN DNO9KRN7 1NRvn Na'on
DN7W 2NN ‘KNI D'0'YR'MNY N2'oN L[38,46] WW'win NNORNA DA [N X NINN NIIY
NN K7 TV DN7Y “D'NOT'ORN D'NAYNNT NI 1NN DNAANN

7720 N12N 227 N'YVINAD 7Y DIIYN DNPNNN 7W NIYNYNN NN |Y¥X 0'82N D719
N7RYUN N7V 198 DENNA D NIXPA MIXK .NIY Y'Y (I3 1702 79 RN DRTEAA -7 NIvIn
NT'W1 YW N7 NYSIN N'OX] VITN LAA-7 MIYRY [A'0IRN 'RYI1 DN D'0'¥IA7AN DX :NXAN
D'0'¥N'NN 'K "TIR"YD MY 19D) 702 170V WY 7w dNmy '91707 X721 k' Y
D'0U'¥N7NN 7Y YTAN 'RN IR N70NN NI'X [10'NN NDIWNW 1N D IR )P (?nNaannn 1'nna
[PR NAIDN 7¥ DMPNA D YIT N LOYINE0INAO WY UNN 7TA M KW N A P 17 D
(.j7.y) .'0IN2'9 W'Y NNIX I'MI2PYAY VINA'S 10N W'Y NAIDNN N7'NN NNIX

.("baby-hair") VINA'D X77 N7'NNA [N QR NINNIX  (D'RM2 D'WIR W) "N A" NNYY D RN
ININN 27w DNYY YTAN 'KNN D'NNSNN D'0'XIMMN D'RNNY NI WY nY9IN? 110nn
(-i7.y).nr

lo'n iro'n

NT702 DINKR NWATIN K7 1T NIDN ,NIYWN 7'T 7¢ 9011 NAIYN NIIDN [M'Y7 U7X DI'0Y7
YN NIM7Y NIA'WN D702 NAIDNA NAITA D7IRE AT XIQN N2NdA MOAN0N N2V 210 NITIR
"™ X7 7PN 7w NNjpna L110tn [I'oN7 0ITH DMK DNIRNA TR KIN NYWN 'PT .AA 7Y
INTY 11D 7Y MHC1 NI71j77iM 7 10 1Ty KX 2'T7 [10'NN NdDyN D |2 'T'S DIoNn]
N7Y2 ,NXI1D ,N1'N IT DTAW ,NK 'RN 7Y NI7'WO 0'ROTAN D'RI0'Y 7¢ DN DI 2'PTh

[AT2 DA N'I¥NA 210'NN |I'0'NN NYSINY [MIyN .JUNNA NIDY N2 [ITX TIVI AA-Q N'0N7 NIvnwn
DNANY N1II0'N NAIAN 7'VON7 ONN N D'WINN [10'N 'RITNA Treg 'RN 1AM ["OIXAN [IN'NN
K7W VN'R) 'WIR [9IX] ,NINRDIN 19D ,'MIOX IT NYDIN 7W NIYEN NMNIRXINA 2yn NPNTY
"191" 170N nnay 01w 15-3 YWNna AA-n N720wW 25-0 N WK L (W7D Ny 0T TVIN
N¥NY DDNN A3 7V D'NNAXA NIXAY DNYWN DN 720w 71910) 7811017 X7 DT
M7 WTIND 112D N0 D 1ND1 W'Y NNXY7 N7NN NWIRN 719'0 INIR INR7 .(N9j7a
NINVINN IX¥YN [OX D101 .NT70 TNKT AW WY TV NNXI'UNn Y'Y [N 7002
21N NOIPNA AA NITIN 78K ,AXN1D ,NMINwNY 1IN ,[312,313] AA *71N2 Treg 'NN W NDIN]
.(.2.Y) (10 17nna1 197 AA NI7IN 7K Treg NN DT T2V A1PNY7 XY RWID)
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What causes alopecia areata?

McElwee KJ, Gilhar A, Tobin DJ, Ramot Y, Sundberg JP, Nakamura M,
Bertolini M, Inui S, Tokura Y, King Jr LE, Duque-Estrada B, Tosti A, Keren A,
Itami S, Shoenfeld Y, Zlotogorski A and Paus R

Exp Dermatol. 2013 Sep;22(9):609-26. doi: 10.1111/exd.12209
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AN W 13 2u1 MWID X7 TV (AA) NONIN N'ODI7N 7Y (122100 XN N2INY D ININI NNOX
JINIRT

VAW A'XX JUNNA DMPINN |2 020N QNIYN NN ["YN AINNN 7750 NN DR 'YX N'UR)
.071p2 1T N7NN 7Y 01N DNRIN T 7Y AXINY NRIY DEIRTMIE 02N NI

NINRIVIX V7NN 7Y 7T 7Y 12 D N2 DRT DY LI 1R [PTY AA 99 21Tnn 7Tinn
DIN'T [12D) 12NV DIINNN DA N7NN7 N'012 D01 7Y 7¥X .20 'ANIA DY NYIIN 2yNnn
Th1 'xn 2w ni'wo nwn ([10'NN N>IWNYT MXY [A'0IX 27U NN NIDWNR IX INK IX 2RI
NN"P 12 110'N [I'0'N DY VITN 11'N MY 'PT Y'WN 'PT DR qIzn CD8* alon T 'RNI
[48,49] "mxn [ro'nn 101N n'7nna 07NN 7¥R ,MHC 7¢ nouyin NIXLANN

MHC | 1012%7 o' P anmnt IFN-y omninan awxo 'o1 [1>'02 0'wak 7¥x nwnnn n7nnn
0102 .MHC nixvann 7w Ap'wn TTivnn XN IFN-y-w ixan oo .nywn pipr ima
102 JYNN2 07¥X X¥N1 ,NI7NY7 0 Tvmn ,C3H/He) Moy nmoo'o mixa IFN-y-n |1 nona
,0'7'p9 T 'xn XN IFN-y 29 yimn qipnne [n'na .o''prn T2 2 aion pal 1 aion MHC 7w
[49-52] IFN-y nxawn'?1 T-n 'RN 7w DN7Y5N7 NNNAW X' 110NN [I'0'NN N'7'91W N7 W
N¥" NRT 7'wnn? AINIY 193 IN NIND1 DIVY 111011 1110 7Y NIA'0] XD NIN''PNn D7IN)
IFN-y nyanw ix IFN-y nx'w T 'kn n7'von 10'nn [r'o'nin 791 2?07z Nz nn ,"N7200N1
(?pro'nid N'7'91 NX NWYNY DINNY 1V ,MHC1 107 NNYA NK AN

N7 210' N> 1210 ;7120 D2 ,0'012 D'ANIA TA7N MK X N7NNn DX 77107 Nan 7y
["'OWON §'a1 TA1D D' TAINT 102 X¥N1 NNNK NMINMRIVIN NI7NNA NN IR 28,210 DT
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In all reports. there is a high frequency of a positive family history in first-degree relatives of affected patients. ranging from 10—2%
(30% in our group). more obvious if the disease starts at a younger age. This and the equal frequency in men and women. hint to a
dominant genetic disease. One small study found a very high concordance of 33% in monozygotic twins. Such a high concordance rate
is not seen in any other autoimmune diseases.

The varions HLA associations, for example, an increase in the appearance of DRB1%04 alleles and a significant decrease in the
appearance of DRB1 *03 alleles in patients with AA may be one genetic component predisposing to A4 Recently. following the
advances in mapping of complex disorders, genome-wide scans of patients with AA provided evidence for several susceptibility loci.
some of which lie outside the HLA loci These include genomic regions containing genes that control regulatory T cells. cytotoxic T-
lymphocyte-associated antigen 4. IL-13 and the LLEP gene cluster. which encodes activating ligands of the natural killer cell receptor
NEG2D. In addition, the R620W variant of PTPN22 was found to be more commeon in patients with A4 and the presence of the
Jilaggrin gene mutations was found to be associated with a more severe form of AA when it occurred in conjunction with atopic
dermatitis. Case-control studies have shown that single nucleotide polymorphisms (SNPs) in Foxp3. NOTCH4 and ICOSLG genes
were associated with AA Additionally, SNPs in some immune-related genes (including HLA-DMB. PMS2 and TLR1) have been
found to be associated with alopecia vniversalis using exomic sequencing. Over the vears. polymorphisms in other genes have been
reported to be associated with AA They are summarized in 5 "M

The C3HHel mouse develops adult onset disease that resembles AA in adult humans. The disease in mice develops spontaneously,
based on four different genetic susceptibility loci. One could postulate that AA in humans could also develop spontaneously. without

the need for any external trigger, taking into account the complex gene susceptibility.

The age of onset and the different expression patterns may be attributable to different expression of genes, some of which might be
defected. during different time periods. Indeed. HF s are known to express different genes depending on hair cyele phase.
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Transmission electron microscopic view of part of an affected hair bulb melanocyte in acute
alopecia Areata. Note (a) aberrant melanogenesis, as evidenced by the abnormal deposition

of melanin in enlarged abnormal melanosomes (MS), and (b) swollen Golgi apparatus. Nu,
melanocyte nucleus.
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Transmission electron microscopic view of part of an affected hair bulb in acute alopecia
areata with a view through the follicular dermal papilla (DP). Note (a) relatively normal-
appearing matrix (Mx) containing melanocytes (Mc), and (b) a more disrupted DP with an
active plasma cell (Pc), fibroblasts (Fc) and other cells with immunocyte morphology (Ic).
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JAFEN-y 2w noon n1n%? 'jprn NX qiwn 71> ,01axyn N> 7NN

DN,DN7W D1I07177 NNNN DY T 7p substance P- 1X\L IFN-y-n ni7'yo nnnon ,amain 1Ix?
'7T0 7 N2IANY |70 TIaTNNY NN 0'DYT? W K77 QNI Nintvann 719'0n DT AR
.AA D'DN 1IRY

,0'NAN [I'0'NN NIK MNWN XMAN 2'PTN N2 TN DX NIPNYT7 W' D DW7 .0y X' NMwn 1T
["TYY "Nni'on mig" Tyl (DNIX'R 1720 NXY) aMSH, CGRP, TGFR1, IGF-1 : N1Tya NN A
[259,269] ni7ann? oDy

FK 506 (tacrolimus) 'Mpn NT DWIN AT DWIN .[I0'N NDYNA KON XINY 'MNAY DYWIN 17'9X W'
N1'N in-vivo INXY NX NIN DIV XINW NTaIvN) [259] in-vitro 110NN [I'0'NN NIX 2'wWn'7 N'7xn
.(AM97 NU9X IT Nwal PRT7 17w 171N NYa W RN W19
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NIYTN VAN NTI)

AA "71N2 D'1'VO'N'VIR XYW 7NN

noNN IT NN LAA 7w 192 , 117N1 DOV TYUKR ,T'7ON NI'NY7 1YY 0'21'A00'N 'VIXT7 DA D DKM
.n7nm TN W' DIV'S 'NNY7 DAY NMIRMA

miynwn 19w 1a'¥n fexofenadine chloride 2101 D'2'NVO'N'VINA WIN'WN 121101 1V |92
[270-273] naw M 'y nathina

MOV 9" AN Ebastine DY |'"MUO0'N'VINR] YIN'YY AXRIN TNKX 10" ,NIRTN NN!
[274] C3H/Hel

NnNUNY n710' (substance P) P 2 nn 1 7y n72yoimn ,AA *7In2 DI0'D 'RN W NX707AT
2w nrxrmaTn nx x> fexofenadine .o'ina et 2w aopn 27w X PPN M7 9IKA
[275-278] AA-2 IT N9INN 7w NI'Y'I9INN NNLVNN NIX DUINN DIV'D 'XNY D ,DI0'9N 'NN

XIN [279] AA Dy DY'OIVN D™7IN2 RPIT 119 AIXIN 'AVON'VINNY NQ'ONY DMID'ON AN
.N'OIVNA D'™MYID TWR DIV'ON 'RNT7 MIYPY NXT7110ATN 7V Y'OUN '00N'0IRNY

D'7IN7 NOOIND 71 K7 D'1'MVON'VIRN 7Y NIXSINN NIYOWNN NN |INQ7 YXIN LI7X 7D N2
X7'7072 AA-1 DIV'D 'RN W T'RONIN N12N NIXYT DA R7X DMOIVN

:(p.v) n¥INW VaNnA NITEZA? 9NIYNA NIdN

NI2N NNNION NIITYN [N2'N2A D7IRI D'ANIMN 72 7¢ DN'MIYT DX D07 *T'¥N "Nl DXy
110'NN |I'0'NN NT'91 7W NRXIN K'N AA-W X'DI71D IR 7'"NNY NNIRD YYD "N RXINY
X APNAN D 7V .(*101 NI'NA DTN 1Y N7NNAN DX DNWAY IN1780 [I'o'Nn 17901 Ninw)
N7NNN NNY) UTNN IMIX DA 'R 21NN [1'0'NN N'7'917 NiNMIAY Nin‘oa Tynnn?
N7'917 NIV NI'0 QW' 'MYT NIMIY7 .(WTNn NNRIX W'WUN TIN [IF'O'NNWIY NDINIE N'MMZ7Y N1'R
noniwnn ARXINNI (121 'KIPRA QUNIY MY [2'0IX ,0NNKRI DR DAINT) 210NN (I'0'NN
[P jnm™ o'nn jrornin X 7'onn IFN-y 7w otain nxyin X0 n7d

J7NY 2% W'w My Da wr R AA-D N7NNY VNA'D 7Va 1A '00'VV0 YR RXNMIY NTAIVN
N7NNN VINA'D Y11 D7IRI N'7NNT7 1AV DINT? NDIYN NTOI7DIRN '70W DN 7IX NI
DA D'SIYN 0N ,IRYN 727 0N X ,1IIX'NN 1AN0Y7 0'91WN DN D710 1D, DY NI NNDY
.D"O¥IT7NN 'RNA HIXAN XY [2'VIR 7Y NIRIPER NO'WUNYT
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