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crucial stage that determines the number of hair follicles, type and quality of hair follicles. Exploring the
important genes in this stage is one of the important tasks for breeders. In recent years, there has been
some research progress in the identification of important genes related to hair follicle development.
However, due to the complex structure of the hair follicle, the variety of cellular composition and rapid cell
differentiation, researchers have made slow progress in the establishment of a complete hair follicle cell
line, the mining of the main gene, and the determination of the function of the gene. Therefore,
understanding the basic structure of the hair follicle, its developmental process, and the signaling pathways/
genes that play important roles in this process is the key to solving the above problems. In this paper, the
morphological structure of the mammalian hair follicle and its developmental process during embryogenesis
(taking mice as an example) were systematically introduced, and the key signaling pathways related to hair
follicle morphogenesis and development as well as the important genetic factors that have been identified so
far were summarized. The results showed that: 1) Embryonic dermal fibroblasts and epithelial cells can
further differentiate into various types of hair follicle cells, so timely induction/inhibition of their differentiation
is the key to successful construction of cell populations. 2) During the regulation of hair follicle genesis and
development, different signaling pathways in the same signaling pathway have different degrees of bias,
such as the Wnt signaling pathway being biased toward the Wnt/B -catenin signaling pathway, the Edar
signaling pathway is biased toward the Eda-A1/Edar/Edaradd signaling pathway, and the TGF- g/BMP
signaling pathway is biased toward the Smads-dependent signaling pathway. 3) Multiple signaling
pathways and genetic factors jointly regulate the morphogenesis and development of hair follicles. Wnt and
Edar signaling pathways are indispensable for the normal formation of hair follicle placode, while TGF-
signaling pathway is one of the key signaling pathways in the differentiation of various hair follicle cells and
the downward growth of hair follicles. In conclusion, a comprehensive comprehension of the process and
mechanism of mammalian hair follicle development is an important basis for further exploration of key genes
related to hair follicle development, which can provide a crucial theoretical foundation for enhancing the
production performance of hairy economic animals.

Keywords follicle; morphogenesis and development; signaling pathway; non-coding RNA
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Fig. 1 Schematic representation of the hair follicle structure
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Stage 0: The epidermal cells are a uniform layer without any morphological signs of HF formation; Stage 1: The epidermis gradually thickens
in preparation for the formation of the follicular placode precursor; Stage 2: The follicular placode precursor sends out 'signals’ to induce the dermal
fibroblasts to aggregate and form the dermal condensate precursor; Stage 3: The follicular placode continues to proliferate downwards and sinks into
the dermis. And the dermal condensate are more tightly clustered below the follicular placode; Stage 4: The placode continued to grow downward,
and the dermal condensate became more compact. At the same time, the hair follicle stem precursor cells were significantly lateralized to prepare for
the formation of hair follicle stem cells and sebaceous gland cells; Stage 5-7: The hair follicle continues to sink into the dermis, and the axis of hair
follicle has been basically determined. During this period, hair follicle structures such as inner root sheath and hair canal begin to develop; Stages 8-
10: The development of hair follicle structures such as dermal papilla, sebaceous glands and inner root sheaths is basically mature. Among them, the
hair shaft grows upward and penetrates out of the body surface, which indicates that the hair follicle structure is basically formed.
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Fig. 2 Different stages of hair follicle development
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S M BMPs {55, 18142 8 ¥ 6 28 A TE ™ .

2.1.4 HtbAg£1E5E%

Bk Wnt, TGF-B/BMP fll Edar 5 B # %X 4 & &
YA 5 0915 5 18 B& 41, Notch .JFGF . Shh %5 5
%A AU i E B R AE R K E . #la, Notch
5 TGF-B/BMP {5 %5 il i B 2 B % . Notch 7] D43l
A TGF-B ik it F & 48 40 M ik A ZE K3, th
AT YE 7 B R AIE BS54 ;2 B2 P 1Y Notch K i
B OR BF PR BB A B 3 A Al R L R B
RIS ZH™, FGF2052: 1 BH LI
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Fig. 5 Eda-Al/Edar/Edaradd signaling pathway

W EE R G S Z— Wb FGF20i 1% 5 % B3
K L2 B IR E R B D, RI] FGF20 7R 15
T EL R AT Y A Sy Ak D B Lk 0 b R R G
SEMERUO TR B R AL 20 AR S VI BR Shh 5 iE
32 Mk b Smo 22 5 8 Shh {5 53 % 52 BH, 52 ) B 2
B FL kW Noggin 9 £ 5, # 1M &2 w E 7L 3k /9
e R

gL, BERRKAELAEMNHAESBEREZH T
BAEZEBETAAFRNFES R ERN L
AR E RN A — A5 5 30 B b R [\ A9 45 5 B AR %
TR F o BRI AR T 2R 5 e B EE O TR .
LUREESE £ 9§ IESE 3 Oy A e ol L AN Y i
2] Z A4 i F R IK ) Wt Edar {5 5, 28 W 78 % 1d
B Wintf5 5 Fs X BR AL LT M HEFE
M T Wnt/B-catenin {5 5 3% 42 , Edar {5 = i # ]
FAK# T Eda-Al/Edar/Edaradd 5 5 & 18 ; 7F £ 3¢
R A K BT M, U RAE B -
Ii] 76 Jo 40 i 4% b it B b, TGF-B/BMP 5 5 K # &
HE AR HX 2 F0 {55 32 2258 i Smads 4K PE
G5 BRI 3E . BARAS TR i Th A A & H
7 E SRR E BRAER HRXIFAEK
e — A5 5 B b r A DR Ol W — (S

ARSI EREERENRE., EREEKR
B2 HEN M2 M558 i3 m R E N,
AN TR 5 308 [ ) £ AH B2 ) e ) 8 4 B 2 1 R AR
KB X 2% R s AL R 3 A A Y o
2.2 ERLELZEFHEXIERIGRNA

Ak 4 5% RNA (neRNAD & 35 AN H A 4 5 25 (i
UIfiE i RNA 4y ¥, HR BT KLk 73 8 B K ncRNA
A M neRNA'™ . F % ncRNA F % U fF
rRNA . tRNA . snRNA F1 snoRNA ; #4 45 ¥ ncRNA
HR A < BT LAE — 25 43 /T 200 nt 89 i/ RNA
(miRNA) /N RNA (snRNA) Fl K i K T 200 nt
(9 A% AR 2 A% RNA (IneRNAD FLELA FRR 25 4 (1) 2R
R RNA CeireRNAD ™ 35 45k | il 5 ) 3 5 0 77
B PR R ROk B2 1 neRNA 8% & 917 2 i
1% 2y b F v 473 1 b O ] B Y AR 6 AT R S I 4R
PR 7 5% S5 A% S) I KPR s 6 G R 3k
2.2.1 IncRNA

IncRNA & —2&K ¥ KT 200 nt H I & H %% 55
fie 71 CORF=<C100 4~ 2 2 2 ) 1) RNA 73 F , H i
RNA R4 FE 5%, H 5 mRNA 8589 2800, 8 5
1E 57 % HA 7mC B E T 454, 384> 78 37 %% A poly
A5 ™, IneRNAE iR N EZ 155 50 F
R AR A T A B A 3L DR 2 rp 3 3 A7 7, P K 40 i R
LU I X AP E DU S RN 1R e
IncRNA i 12 5 A 22 5 N 7 5 5 3 I AH BLVE
MEZEREE BN EAERT . FEHEIL AR
A, Inc RNA 30 2o 8 45 6 % AH 56 35 R 118 3 3K 1 [ 432 97
5 R 2Lk B IR B L B E AN 1 14 4 AN A Ak, HLAE D
Bz B R W)Y 1R B 9 S AR A TR B bt R 4 A A
R Nie S50 @2 IF 20 A7 1T 48 25 6 L B2 ik 41 20
IncRNA £ihi% , K MEHRFERLTLRP ERRL
ik B IncRNA 62 4>, H th LOC 539599, XLOC _
556463, XLLOC_0150 81, XL.OC_1285606, XL.OC _
297809 Al XL.OC _764219 # Uk WA XH 17 3 41 9 B % &
AREBENAEEN. WA XTS5 ERELTH
K IncRNA (1 I8 45 Bl A0 32 25 W42 6 . i 98 &
L, IncRNA PlncRNA-1 A 4 3 & 2 T 41l i () 3% 5
Fay4k , O8I TGF-B1 B4 il 71 LY2109761 )5,
AR FE AR JH B EL War Bl B-catenin 36 3% K - B
ik, 221 IncRNA PIncRNA-1 7] §gif 3 b8 TGF-p1
A3 1 Wnt/B-catenin {5 *5- 3 % {2 #F & 2 T 40 i (1
HEE AL 5 IneRNA-XIST 1] A5 Shh 35 4 PE 45
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Table 1 Important genes in signaling pathways related to hair follicle morphogenesis and development

15 7 38 i G AN

h {55 k1% nomE o i ik

Signaling Key genes in the ]

Signal path . i Function Reference

pathway signaling pathway
Wnt10b fE #F T A4 B B JoT 40 Mg 3G 58 Fn o AR 8 43k [23]
Wat5a Z: 5 AR AR Y 9B AL [25]

i E T T AN L 1) 4% B B AN R AR Al R E B R A

~ H _r in: Lefl 28-
Wt Ynt/B catenin [-catenin ; Lef P [28-30]
G5 &z ) .
Gsdam3 i ok B 4% b R MR A 4y 1k [28]
CXXC5 0 H Rz T 7Lk 40 g 1 5 [26]
CCN2 T4 T T 4 A 4y ik [27]
. L S e 1 O T L R A v 51 B e 1
TGF-p1 [42]
Ak
- Smads & ##i P TGF-82 {2 DF B 2 1 40 A 3% 5 oAk R B R AR K [40-41]
’ 55 &% TGF-B3 2 HE B 3 T 20 M 1 58 0 431 [44]
IGF-1 fRE B A ALK B [43]
TMEFF1 04 6 2+ i 2R [40]
BMP?2 HEERAREREREELEL ;5T TAE [45]
. TE B AR B A M Rk R B L - R T R
Smads # i 1 BMP4 : ; [45,49]
BMP R 40 i A Ak 5 42 E B 2 T 40 0 17 Az R RN VT R 4 1k
R Noggin BMP {5 5 10 1 7 5 -5 6 98 3 6% [47-48]
Dlix3 2 3F 1= Rz - 18] 75 J5% 40 M % 1k [46]
Eda-Al {2 JF 1 fz 41 M 1) 6 5% AR T R [59]
TRAF6 I EH LIEMEF LT [63]
Eda-A1l/Edar/ _ )
Edar . / FGF20 e E B R A W R AR B FL KB [65]
Edaradd {5 5 & 12
. VAR LR R FO AW E B @ TR R
Gatab [64]

ik

& miR-424 , 7 1 #00% Hedgehog 15 5 i 4% , {2 ¥ &
kAT BT A IncRNA 627.1 77 L Y
Edar3g 4P 45 4 miR-29a-5p, [ i Eda/Edar {5 5
il B Edar 193635, ﬂﬂi_%iﬂlﬁéﬁiﬂ@iﬁé“‘”-féﬂi
L2 Bz Bk b %58 31 IncRNA H19 7] D) o miR-214-
3p/B—caten1nﬂ?"‘iﬂﬂﬂﬁl_ﬁﬁ%ﬂ%éﬁiﬂ@ﬁﬁﬁi
g, R R gL E BN R E R B(K 2D,
2.2.2 miRNA

miRNA S — K JE 200 22 nt 59 P9 R P R 4 5
/NRNA, HAE RN 1A AL 4G miRNA JE B A A 2
2 Y S miRNA 5 T 75 i B 48 du N & B,
b6 J 75 Al W R e W Bl 2 R BT B 2 5 B A K
(1) 4% b A2 BRE 31925 miIRNA AU KR AR Z i H
J7 91 T B AR ST, ELAT A SR s e S s e i
5”3 (14 6~8 /1> B 7 41 15 A EL A mRNA 119 3 i

AP B PF DXl B AR B A AN S A mRINA R fig
ol 0 ) A5 L O A AR ARk, K
T AT UE 5 IE 52 miRNA AE A3 800 35 N2 54
Yk & R kAR LS S S T A A A A
e BEAK LT KR WA KSR
FEEST R BR miRNA TG W Ir 75 1 il 5 P (Dicer %&
D G, /N BV IG | e w4 248 M T ¥ 1E % 401k, B
RERERAHHBWEEREY  RUEBREE
RE SRS, mRNA RS 55, BEE &
WP R AW AR, 5SEREELRFTMLHN
miRNA # % 4 (4298 Ff i, KX ERARKREF M
A5 AL T % T R BT . L A A e A
AT R 48 B miIRNA B PR L BE S AT T %
SEOY M, 36 B 25 5 IR B miRNA 107 4~ FE 1
miRNA 1 246 4>, oAb, 3 i A= 9 2 5 R % H4k
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miRNA 8 £ HLH BEATERTE . WFIE & B, miR-205
Xt PI3K A5 5 38 1% B Pren F1 Inppl 1 55 400 i IR F 17 4E
T 6 & R /N B miR-205 )5 , /N R B % T 41
F1%) 358 G R Ak 2 B B S a0 A R T LSk 4
i 23K A9 miR-181a-5p Al DL 1 #0 [7] WIF1(Wnt
5 T AR DD L P0G Wnt/B-catenin {5 53
T 0 7 B T A T AR A miR-26a
1 LR Bk L 4 35 22 R, HL T LR
] i Smad 1 /) 3k , i AR oF B R 6 70 3k 40 M
HATE Y AR N SR gL SR IR R R Rk 414 R 2
2351 miR-370-3p Al DL o 8 0] 0 ] TGF-AR2 Al

FGFR2 335 W0 b K2 41 B F B B 18 2T 4k 40 i 1) 34
LR EARTERGE S AR T RIEE LA  miR-
218-5p Al LAHE 5] 45 & SFRP2, Wil SFRP2 i %3k,
& Wnt/-catenin {7 5 & 42, i 0 42 #F & T 19 4=
KWk,
2.2.3 circRNA

circRNA J& — 2 B A $2 & P& B AR 0 e I AR
A% RNA, %A 3 % PolyA B 1 5 3t iiF 14544 5 3
35 I Al neRNA F o, A 5 8% &% W 4 U) il
RNase R Y B 2200 o RNA % £ 1 59 3 f
F2 I B 3 7R A . K 2B cire RNA A7 F 41 i it o, &%

F2 ERREXRFHEXRPIERTGRNA
Table 2 Non-coding RNA related to hair follicle morphogenesis and development

Z& 5 4k % % RNA g L P s ki 42 fH5®i 3 ik
Category  Non-coding RNA Function Target gene or regulator Signal path Reference
IncRNA fit JF B 2+ 40 B 14 5 R .
TGF-p1 Wnt/ B-catenin [77]
PIncRNA-1 e
IncRNA-XIST  f& #F E 4 Fi A= miR-424/Shh 15 5l Hedgehog [78]
IncRNA
IncRNAG627.1 i 34k T 2 T 41 fe 3% 5 miR-29a-5p/Edar {5 5 il Eda/Edar [79]
_ o miR-214-3p/B-catenin )
IncRNA-H19  fi # B0 % B 7L S 20 i 34 58 . h Wnt/B-catenin [80]
15 5 il
. e 9 B 9 40 i 3 5 R
miR-205 Pten ; Inppl1 PI3K-Akt [90]
o1k
. EIETIRER: - o 5 i .
miR-181a-5p o WIF 1 Wnt/B-catenin [19]
PEIL R T
- Smads &K 8t 1 5 5 &
miRNA miR-26a 2 i 7B 3L Sk 40 M 4 5 Smad1 P IEETEI TR g1
#(TGF-p)
E1 I 7 A S A
miR-370-3p dE o4 Mo HG 5E R 2 AR TGF-BR2; FGFR2 TGF-8.PI3K . MAPK  [92]
it %
miR-218-5p fR#FTTHK SFRP2 Wnt/ B-catenin [93]
, miR-148a/b-3p/CDK19 .
circRNA-1926 N Wnt/ B-catenin [98]
2 3 v 2 B 5 T 40 1] {5
circRNA-0100 2% 41 s & 43 1k miR-153-3p/KLE5 {5 5 4 Wnt/ B-catenin [99]
_ circRNA-1967 miR-93-3p/Lefl {5 = fi Wnt/B-catenin [100]
circRNA
, fie i B B AL Sk A0 M . i} .
circRNA-0001141 e miR-184/FGF10 15 5 MAPK ; PI3K-Akt [101]
B, 0 A
L d T s A 2 miR-149-5p/CMTM3
circCOL1A1 MAPK [102]

R T

&




50 hoE K ok R

2024 4F 55 29 %

O3 F AN AZ s B, KR cire RNA J& 7R 75 5 i
KR PETIRE™ o AT 40 B b cireRNA Gl
A LAFE R ceRNA 4 F i 3L 1 65k BV T L 5
mRNA 7% 4P 45 A 818 miRNA 18] 52 (1 3 5 8 3 (A
HIF B K. B cireRNA B9 % & FII e #Y A W2
P, KT cireRNA X B %A K& F 1 I8 45 h s &
Lo BTGS2 — o Zheng &9 L8 o W AL T
ZRlES A e TIE S CREE Lo )40k
P, 4t % #) 13 320 4 cireRNA, 2% 5 £ ik 1Y
circRNA & 321, H i1 circRNA128 . circRNA6854 .
circRNA 4154 Fil circRNA3620 7£ 1L T 48 111 °F & Bk
HYIh % 2 55 . Shang 217 FH i & 0¥
AT T GRL AN [F] R iR 9] R Ik 4 2 cireRNA R Gk
T, LU 7] 21 784 4 cireRNA, H: 3 % 4 & 4 7
Notch NF-«B % 5 B4 & 4 & & A O AF 5 i %
o, B S L BFSE A G0 cire RNA 4 3 45 AL 1 3 17 45
98, K BRH 58 i ceRNA HLHI X B 4% % 18 & & it
FEUEAT AR . WAES L FE R R EE D LR,
circRNA-1926 7 & T 45 M 3R 5k, JF H AT 5 o
# 1] miR-148a/b-3p #4455 CDK 19 H K () & 3k , i
ZAIES/ @ EEE S D I TRAE =t F N N (A
circRNA-0100 A LUl i 5 KLF5 3 4 P 25 & miR-
153-3p,, 2 1M1 5% Wi 28 111 2F 6 2 1 40 Jf 1) 4% 6 4 40 i
Z 0k circRNA-1967 1] L5 Wnt/B-catenin {5 5
AR Y Lef1 32 4 1 45 4 miR-93-3p, M ifii £ 3 ¥k
G E T U0 1) 45 B A I R A KDY cireRNA-
0001141 A 3 3 miR-184-FGF10 15 5 fli 12 #F & ¢
B 7L 3K A0 M A B LR T R R =AU
WAk 2 25 R GK 1) circCOL1ATL, 7] DA
38 2T # [) miR-149-5p/CMTM3/AR Hli # | & 2 T
20 0 4 B R oAk S S A T (R 2)

il WAL S B KA R B Z AR A R
RNA F13E 4 % RNA 9 2[5 o 4% . Hob, dE 40 15
RNA FEAE & 8 o 2 /40 5 B Rk A K EMEE
53 fH T DA R T R B R R AR . AR
K, 0T BHRAEKRE MRS S RNA 1958 K
Z 4 T IncRNA il miRNA , circRNA 18 % £ %2 k&
AR E B R G R GE O AR XA 5 b R e 6 T
circRNA | IncRNA M CiF 58 K Z & F HAE N
ceRNA X £ & & i B2 09 45, i 4b T AF 58 2 1h By
B, W, XTI RNAZEEREKLF P
WFFE R T i — B TR

3 HEASMERREREARFEMN B

TRERZWHIA DY P BIERIRANZZ
—, THEBRLELAERE ZHERRET ERE
D5 7 7 B T A MR AR 4R B i Y
A B R W £ 19 R AR . BE A R R
0 PR A L 324 B TR B D B AR AR W K
PR R R H AT A EZEH
B s SR, PAODR R hy 22 A DA I [ 9 42 1, iy 20645
PRI ERCER R TAE R E P ZE., BRE—
ol 45 K S 2 ) B/ N B, LT AL 10 AR B A
JRE o AR, £ B 1R T 38 A A R BRI
1725 3 55 07 TR R B4 3 g, % T S 2 TR ) 92 4l A
BAEARKIHBE e 2218 . h T BRI E IR HN
i T H B R AR 3 B R P AR A S 4 O B
JO & 4 S AL AN R TR T e I AR AT ) A 3
WA Z B RS T B L T i
PR ) e R R . AL e B R A R A
OE R 75 — B s L A2 IR A I R . 2%
202 A0 AR ) ) S A OC 3K 6 ) 0 T R v AR
T LT 4 | bR A R B LK A AN AR P, TR
£ Y R EBOR L ARl S RGN IR SRS N S N AN
AR 2 A0 R WF TS ENAR D o TR, TR 2 R A
AR AL BAT 40 M R, B IR R b A i S/
R b B R A R A Y .
SR CEEE ¥ eV A B ) U R B R
AR B0 L B 398375 /40 ) 6 98 20 g o> fo ik A 1 2t
e DR ¥ A 5 R B A N R Y R, T O
— 2 20 MK P b R R 3R kA A B 4 it
TR L e Ah B A A A 5 R OR 1 B B
A AT B IR BOR W B D A5 BT
EIZ AR A N2 B 2 240 i B 57 O 1l A B as [T, i
5B M2 22 5 2l W) B e 28 28 1 B 3R O T ik R )
Z T o TR, T e 1 B 40 i B SR AR W] fie i A
FEH RS R A [ B B R A R BRI,
] Bk — A AR A [F] B A kA B B 4 AR
145G o 2 [N, ] O A A B A L e B R T
Sy £ A e R AL, O 4fE 3l 3 4 A R 4 R g 1t
S AT T PR R
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KE MK AR 5% (JE % RNA (IncRNA |
miRNA Fl cireRNAD #EAT T IHAF 45 . B2 —
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R YRR R AE R R B AT . B
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EREKE SIS, Wnt, TGF-8/BMP LA } Edar %5 5
EREAERFHAGFESEBEZIR T EEER
B Ufig s Hoh Wnt Edar {5 %5 J2 & 28 5L 02 1E % TP AL
b 2 O AT SR 45 S L T TGF -B AR 5
EREA LA LR BRI N AE KSRGS
Wz —, RBESHEE G50 FRREANT
ERET ERCEH F /0% 400 510 T 42
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