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Role of Retinoic Acid in the Regulation of Spermatogenesis
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Cell Biology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai 200031, China)

Abstract Retinoic acid, an active metabolite of vitamin A, has been shown to be essential for mammalian
spermatogenesis. However, the molecular mechanisms underlying this requirement remain to be determined. The
goal of this review is to outline retinoic acid transport, metabolism and signaling in testis. Finally, this review will
explore the role of retinoic acid in the regulation of spermatogenesis.
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1EREAE R ACIFRMBEEE, retinol, ROL)E/A N
FIVE AT P2 ) ——4E H R (retinoic acid, RA), Ak
TRAEFLT. FEFRPRERY, KB4ER
AB Z (vitamin A-deficient, VAD)) A FRU41Ek /N fRE,
FrRAESHIRE, T U R 4EA RARH 4L
MR G, XL ST R AE NP ek e . I, d
Xt 54 RAKGE . AR O IR R J H 32 A Tk A
il /N BRI A 7, JE— 2P B T 4E B RRTERS KA
TR REEREEH . RSO 4 R T
KA SR ATk e — TR 22 41 .

1 $BF&E

¥ 7 R A (spermatogenesis)4h T K i T 41 Hg,
TERTKE T TR, 7& — 1> BE S 2 ARR A ) 248 i
Bid AR Zak R AE RS A ARG G RS R AR
$> %4 (meiosis) FUAEG T ¥ il (spermiogenesis) 55 — 4
BB, Dh/NBR 9, RS R 4E IS SE T &, B e
FAANTRUOKS 41 O (A single spermatogonia, A,)iE i H
P B HT B B T R X 2R S 4 (A paired sper-
matogonia, A,), Ay — 5 B 5E A= B R ALK T 2 il
(A aligned spermatogonia, A.). A, F1ALH 41 HE 43 24
A e, A 8] AAR R R MR A E . Aa— B 5
4. RER164H M, 15 /K 2 324~ 4H a7 (] 1)
A AL AGGEFR AR RS SR A0 . 22 O R
WON, MEA A RS R4t SR, Sl T
FAR, BRIEIRAEIIRE T, A AR
FEET AR, Aah &I f 2 5 R BB ACE A,
RUNE 540 B, 120 FERR ARG I 41 B 5316 (spermatogo-
nial differentiation). [ J&, A ZAE 540 il & of FH X
AL ZBUTIE HA Ay Agy PRI (InRY) H &
BAUKS S 4. A, 2= BAYKE I 41 i 48 R A 43 10 B RS
JRAHAENT . BAYKE 40 M P8 — A 22 0 24 A
25 7 WK BE 41 MY (preleptotene), HE 1M 5 S 57 24 .
PR R R Qe AR S — I, R RIE S RN
R, MNP A A AR I [T RS Al . R e R v,
A AR G Ak Sy BE I B e 4G, T R G ek i R
QR R G B B B) R AE O . R A EE A AT He . URkER
Iy 404y N1 (meiosis T, M)A (meiosis 1T, MII),
MMIAIMIICR] & B 8 A HT . . AR
W b, [RIVE G 4R 4 5 ML, MR AR T 25 48)
TH 25 R HR e k7 B IR AR,
MIHT 38 5 8% N A Xl 7 2 40 28 W (leptotene) s &

2k 3 (zygotene)- fH £k 1 (pachytene) X £k (diplotene)
H2 7% ] (diakinesis) 55 TLANPT B ok 070 L1 O B
A2, OFEFE R AR, B, HA
L5 8, R AEEMIATH . @it —RVE 41
TR F WIS FRCNR T ZE 1625, KR M 19506,
HFEHFE R A BRG S A S5, Bk
(Y 52 T A 20 B e 25 T K TR A 190

o RAE RS, K5 I 40 B 7 AT BRA S 1R
A 2257 ZLFERT FRARN [ e I H [\ 20 . 78 1t 3 i
b, AFANF K B B Bl (generation) AR FE 41 B AE FEZ AR
[ 52 Fr) 41 i B (association), M AEFENLA & . K L
B X A 4 B R AR 2 I (stage) T (B12). i,
VAR AR RS B B R ARG IR A A 40 22 17 B RS B
A AR E ) PR A BRI 8RS (A
2). SR, FFEAEFTA AaFB IR I 20 A0 T A A TR 200 i,
RUKS IR B A AN R 20 o AS[RD D RS SR 4t Bl 5310 =
BT RAERAFENG . B, 75 52 4L fe i 52 3 4b
TAFE“HP AR . Hodr, /NS RN |
Bl o3 g R a3 8 F U, N AR b
B0 53 975 BRSO, /N R ALK iR 20 22 0] A 2k
A SUTRE BEAH IR (A B R 298,62 d, BN BREEAN AR 1
B AR B 8.62 d(2), T NS BN A H R
MR EZI 916 do ALK I 240 i 245 58 2T %
T I VUAN ARG b B J5 H, WiIs BRORS - AR 2 7
35 d, AR IR64 d¥. 25K R 40 i o4k [R5 4k,
7N BR BN 43 T3 B3R5 8.62 dEk 16 dA AR B — Rk T,
M AEFF S A SR 2 H b m] DL, K 4 B 4 AL A
() 20 S R LB i 1 2 AN T A O 1 O 2Rl

W LB YIRS T K AR S T S AR RS NE b AT
o ARG INE RSB A, Ge A AR BUA RS
SRR R A AE I IR v R AR R ) A B —— 52
(niche)”™%; 1fij 3 5 41 Ji(sertoli cell) 2 A4 1 5& " I #x¢
TN SR MY 2 18] 1) 8 55 e AR R /N
O3 NFEE/INE R /N o R B 2 M 4 5 R A T 2
JE/NE, TR o RIS T T8 S R A T s /N2
A SRR 1 — IRAE 56\ A RS b B2 R TR AR /s
EWE T, SN2, P EFEH SRR Y6
i

2 HERRER S AN
Y VR £ PR B A JEURE R 42 FRA . {ELR, TR
LB E SRR B KA, SNSRI
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LIN28: R ARG IR ANNAR G . Ag: HATOE RN, Ap: B RS IR AL Agp: BEIRTURS AU .
LIN28: an undifferentiated spermatogonial marker. Ag: a single spermatogonia; Ap: a paired spermatogonia; A,|: a aligned spermatogonia.
Bl NREENERERALIN2SRE AR E
Fig.1 Whole-mount immunodetection of LIN28 (red) on seminiferous tubules of mouse
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A: diagram depicting the twelve stages of seminiferous epithelium in mouse spermatogenesis; B: stage VIII of seminiferous epithelium in mouse sper-

matogenesis (H&E staning). S: sertoli cells; Pl: prelepotene; P: pachyetene; Sd: round spermatid.
E2 NRETFLRE

Fig.2 Murine spermatogenesis

Wi L 290 A\ & 9 £ HX A A% 25 B8 (retinyl ester, RE)
B RATTAYIB- TS M RAE/DNHHEL. RIS,
A R 4 AR R ATE A B B I 2 % B2 I (lecithin retinol
acyltransferase, LRAT) AL T, == % DI 5 BRI X
it AF TR o I A& A N 4E 42 25 Ad K IR Aifi A7 2%
B o FFRERL I 4E A R A 5 ILERBP4(retinol-binding
protein) 45 & 7 i RBP4-ROLE &)1, 18 &9 id
RBP4FIH AL T A M i 1) 52 A STRAGLE G122, 44 4k
HERARE BN A N, CALAEAH & g F
1%, B AR BRI A A7 T A N (B13) . e
WL, ToiE A RARR R AE AR IR . 5
— 2 IO R YA B AR A AR ORI B 8 (retinal), fRE 1L
% 5B 1) ik 475 i 2 2 i 08 2 (cytosolic alcohol
dehydrogenases, ADHs) 1 #1L 5 BE i & M 2 (retinol
dehydrogenases, RDHs) KK 5%; 58 20 [ N AL S
P A A A R, FH PR 3 T it 018 2R (retinaldehyde

dehydrogenase, RALDH)f# £ 58 1l =2(1&13). ZH—
Mt 2 N BRGE S BE, H HLRT I, B D i S H [
AN, A R 4E R T R4 IR A &R
Jii(cellular RA binding proteins, CRABPs)iz #ij & 4|
JiAZ 200 JE s SO HAZ S AR AR AR AR L B
2 240 o €5 X P4SO M :226(cytochrome P450, family 26
enzyme, CYP26)F% i (3). 40 i P9 4k F 1R /K ~F
B BRG], & H A AN AT A5 R
SENNYEFRE FZORIE T H A S5, £ ARERE
A5 YE R S AN AE 5 1 3 it AN
2.1 E|BARNEEZANEEER

% FF 40 i K TASTRAG, TMiSTRAGH: ik K /2
RBP4[{I 552 2, *4RBP4-ROLE & iof 1y 41
Wk NG, ZE &)@l 455 STRA6AKROL
e BRI N . (H2, HEVESIra6sE R bR /N B
EENIER, BT RAEWITTHE, KR/
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DOe0RA00AG0N0N0NA0NAcNN
OO0 E6EEE ,i‘;j‘* 771)3,‘
Lo 55! b6

YL FRARE S MIERBPA4LS & FARBP4-ROLE A W), il i RBPARIFLAL T- 41 I I _F 1 R STRA 645

9000,
X
XX e SR 000

&, M ERARZ E MM . AN

PRI 2E 2R A AL SR T SRR A7 T 20 Y, B0 S i S 2 15 5t L 2R (ADHs) FIAIL 281 1t S0 22 (RDHs) U1k BV S T, 3 9 400 0Tt S 22

(RALDH) LA R 4E R o B i) 4 IR sl 2 08 b 40 i 4 HH R 45 5 28 11 B (CRABPs iz B 4l k%, 4563

A € 3R PASORE 52 26(CYP26) Kt fift

SEAR, WIS T R ek, Bl

Vitamin A circulates in complex with retinol binding protein (RBP4). RBP4 facilitate the uptake of vitamin A into the cell through binding to the trans-
membrane receptor STRA6. Vitamin A can either be stored as retinyl esters by lecithin retinol acyltransferase (LRAT) or oxidized reversibly to retinal
(RAL) via RDHs/ADHs enzymes, and further oxidized to retinoic acid (RA) by RALDHs. RA is then either transported into nucleus with CRABPs to
stimulate target gene expression through binding to the RAR or degraded by CYP26 family enzymes.

3 s FANKE
Fig.3 Vitamin A metabolism

HABEROLIE N ZH i P () % . b Ab, 20 AR 2
2k & 8 F1(cellular retinol binding protein, CRBPI)F!!
CRBPIL{F £E T A2 A 2 P9 S R7 48 o>, LRATAHI

RBPIRIA T 2 WAL A, REEHKEREE
SE AL YEA R Al A7 RS S DIAR O

2.2 ENAEREEE KSR

LS 2 R 5 F 8 Y IR A K
Wiy, fe DA N 22 AL I 4E 2R AN R, & o4E IR
/N B 52 LN A7 /E = FlADHs, H #ADHI1MIADH3
RS R T SCRF A MY, 1T ADHAN 2k T i RS
FYHC A, [E, )N SR AL B A W B -G A A [
RDHsH#ik, f#ERDHI. RDH9. RDH10. RDHII.
RDH13. RDHI4MIRDH15%, #IRDH10%K & T H &
R/ BRI 52 0 S RRAH IR AR RS 40, RDH 11K IA
TR BRI AR, R AN R T S A AR 4 F R [P RALDH
FIEI VUL 7, RIRALDH1~4, 43 |t Aldhlal .
Aldhla2. Aldhla3RAldhS8al¥s 15 A= B4, 76 W 15
FKENY) 2 I, AR =FIRALDHIIAELE, 7 5N
RALDHI1. RALDH2FIRALDH3B3, Rdh105% Aldh-

la2 5= DRI Rt B /N BRI P 2 BUR R 2 234 IRk =, I
117 38 VR R 8058, & WIRDH10MTRALDH2E 4k H R
A BT T I OGBS 52 0N, P A R S YRR 10
B Aldhlal~33% A R B /D B FEUE BH, /DN BCSE LA S
FF 20 M AN AR R A AR B G R4 R, (H =2 L 4EH
1% = EORYE T SRR

bR 7GR, 4E IR I PR B OCH 2 B R
el 52 0 P9 4 PR R MR FE 4 R AE — S A A AR E K,
AT LR 0 D G 52 47 5 1 4 HH R A 5 )l i o B
Fon AE IR . 25 48 W R AR ) =P i £ 2R 4
1k EECYP26A1. CYP26B1FICYP26C14) 7] % ik 7E
& JE WUEE4H B (peritubular myoid cell) P, R —1E L
BRI, A RSk R L AR 4 F R R N AR b P
Ak, CYP26BIAE MG A 5 M HFF I Nl 2
FIEW AR B RIE T A G /N B2 S R4 M H
HIATSAS B

3 HFRRSIK
94 FRRR IV R RO T s B A%

2k, 1%k

1
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PR J& T 4% 52 088 SR, A6 4E FF IR 52 14K (retinoic acid
receptors, RARs)F1 4t Hl i X572 A (retinoid X receptors,
RXRs) R Fii# Ge b A 4k FH R EO- i X 4 R
(9-cis RA), 1117 R O9-MaCAE F R el &K
KR E B AFAE =M & (isotype): RARa. RARP.
RARYHAIRXRa. RXRB. RXRy. X8 5Z {4k W A 4
) EE AN () ) 5 R i i 7 i T 2R 52 Ak S &/
PR A S5 44 7R (isoform), [A] — 0 28 52 44 () AN [R] 5 4 44
RV T — N EER AR BT, 5 AR 2%
B R A A S5 A AR AR, RARsH FH A~F 7S AN &5 4 3k 4i
&, (HRXRs A A A~E LA™ 46 1 35 i eF&s 38, =
H, DADNAZE 4 [X (DNA binding domain, DBD) AT £
FICIX FECAA 45 4 [X (ligand binding domain, LBD)Jt
T B X 55 A R 57 NA U FIA/BIX & A —EC AR K
TP B SO T R DX (AF-1). AIXAE A — 7 84 52 44
(R AN (5] S g A 2 ) 22 S B0, B DX DA 6 £ 57457
RARSHIRXRs LA I — AR 7 24k & 4 IR S b
JC 1F(RA response element, RARE), RARE— i {i7. T
2 PP R A R AT 1 4% X (0 J2 ) )T A o A 2
., W45 & TRAREM 5 i — % /R AINCoR/SMRT .
PcGs(polycomb group proteins)& &5 [ & &8 H.AE
H, A8 G40 BT 4E R U AANHIRAS, FEEEEE N %
K. HAEHRERARE G, WIS Rk A48k,
18 RAR/RXRABE IR A I/ F 1) B 2514, [
MRS B A AR EE(EREAE D OB LR, &
HALNE . DNAKH I ATPEE S ) 0 4l B0 K+ (coacti-
vator), ‘7 EYL J5F RAL T IFTBCIRAS, e 0 FE A
PRI 571,

KHALLK, WFFC N 01 SR 258 . S e 4 i
1 B ARG - Fh S B () 4 TR R S2ARAE AN R R B B
BU AL s R I RE AT T2 . BN
BEFEITVEANE], JG 2 S5 40 Ak 25 A8 F ) Aok
PEAS—, DRIEAS [RI B 50 2H 4k 5 1R 44 FH IR 52 A4 7E 52 L
H BARIEGE RIHA . L FAEMR 7L
ANAN () S5 2 AR 9T 45 SR VR e AN A A A KRR
S2 MR B 41 i (gonocyte) Rl 32 $57 41 i 35 3 IR A Bk
RxrbM 1) FE A b 4 FR R 2 A8, 1 WG 2K B Ley-
dig o I e SRk A 4k IR 2 Ak« FE A KRR, 7
W.Rara. Rarb. RxrafIRxrgZRik T H& 7400, K EF
4 B DA B2 [T RS 7 40 M, T I 7S b 44 FR R 2 AR T
FIET S FP A AN A B Leydig4H i . 38 XS AN (R
/N RAE T B 5T R I, Rara 5 RxrbA7AE T S Fr 40 i

i, RarafRarg R IEAERS AL N, 1iRarb. Rxrafll
Rorg | 3L @ 67 F 26 7~80 ARG T4l o b . F kvl O,
52 AL PN R P A A BE A 22 o 24 HH IR B2 AR 148500,

4 HEHRSHBETLRE

Wolbach S 46 & T 19254F 5t O %% 21, BRIt =2
AIHIAR . REREMRER T I L LR oh, g4 R
AR Z KBRS 7R AW S AE w3 — St
R, FERAEERANEVEACE = 4E H R, A%
BFERE RN RS REAI IR 24 RS TR
TEW IR T R AERZ AP B
4.1 HEHESHERMAERS L

s S 4 2 A2 K 7 R AE I R BE D B, R
T RAEDT SRR GEI B . KR AR, 4EH
P 2 JE BIRE SR A o AL R B R . e, K4
AERARRZ R REUN R, AR F RS A
MR R A RS S A PR, 2 BG40 B 2 A Rty
BIXIEFYIAN TR RASCE 4R, W24 hf5 4K
bR RO ALK SR AN, A DR 4 B 4 Ak 15 DU
SO T R e e o S R PN A R PR A PR R S R
SR R Rdh 1058 Aldh lal~3 )5, /)N B S8 FL N 4 R
DRk =, i RO - R 2B A i T R 2 AR i At By
B, HER R T VAD/N R, ISR 45 0% s /) R
TR R, TR I A M o AL RE B TR B (HA 450X
SE YA TR AR A, IR B 40 i LA R R
H =, 4 R REAE ARG 31 75 R 210 RS 5 4t
ST A A RS S 4 )

Y W IR e 2 AR R AR AR S ThRe . K T4
IR Z R 2 RIET AR L, {5 — % IR2Z
Ty RERE R, M P At ) B IE 4 R 2 A4 T
DALAMEE ThRE . FTLA, S 4 H RS2 AR L (R R )
/IN BRAE A T e G RS S 40 i 234k 0T B 52 52 e AN ™
B, B &I, R Rara. Rarg. RxrbHiA>FE[X
m B /N RR UM REEAS 9, o, R — 50
PA_b () Rara: PR /I BR R B RS IR 40 B 701k 5
FUAERS B R AR 3 ARG 5L 2 R R SRR 4 A, A
B YA R AR Z N

BT AT HE 2 FR I 3 e o o 40 1 428 4G D
YA A AL, 0ok PR 2 75 B A RS D 40 it v 5
KRG JE A 534k 2 B A d I AR T SRR v 2
R K T T A 10?40 B 38 I A TR AN i R S RE
S o e ()4 FH T O 590 DR 40 P 2 G0 T T,
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Rara: [F B bk 7T 5 20K J5 40 i 4 AL B A ), SR,
KN Rarabk 3238 T HEAG AL, 30K T SCRpGHM, B
DATE MAS 2101 G Rl o3 i 1R 2R SR IR T AR RS 40 P,
BURSCRRAINE . 2 JEVEE — /N I R OR, SCREGH
PR S P Raradil DRI R BSGAF /)N BRURDAS T 4 Bl 20 A oK
DS, AR — 5 88 DL b SRR MR 7 M Raradik DR i
RIS R, B 80% I AR A /N HLAE RS BRI E A
SCHRPAEIRRT . Sk B T R AN N BRI A RO,
— W DL A B AN B 5 P Rarg B TR b . R ERZE
B 41 R S 1 Rarg/ Rara XU 36 [R] g 9% /)N BR 3 B W R
T RAERENS, B8 K ESTRASFIKITRH 14 41 it 77
TETAERE /N, R WIRE B 40 M 7 Ak oK 52 2 3 2 7l
ghit IR SLS, SCEAREFHEN, 4R T AeiEd
A T AT B RN SRR 4B S [ 42 05 T A i Ak . 4R,
5 S M o A B 2 B ) — e 4 R R 52 A Y Rarg
B PO Y Rarg/Rara i, FLAR A Bk (1) 4 FH G 52
PRE B AT e AR O SR 2 . BRL U, AT58R TE vk
B JFCAth 5 RT A 1 o VR 0 O SRR 4 ] 2 1R
2 Do 4 23 A B P I e R 42k T At P o4

FH UG AT L, P 7 4 R R S ek A A A e 4 1
FERE I A M Ak, SR BEEAE T4 e 1 2R 0 S P A L
BMEFRES RG . HEIGZ — 6 & a4
% 52 A N R (1% 35 R 2 A M i B 26 1 /D B (Rard™
T Rarb™ Rarg"", cell specific Cre). H. W& —
ST I FH S A 97 TR AR A P R 52 A SR PR TR 4 R R A
5 110 S R B SRR RRAIE, o) 8% S AP 7 AR G R A7
PRSI i BE TR /N R, 4856 40 e S PR IA 1 Cre
B, 20 SR S A Vi AGG DR 4 I S R 4 i A 1) ¢
MET ARG NMAZIR RS, EHLIEUEH T
o H R i B B RS SR I AL CR R R kD)

o R fie 5048 B3 K] W Stra 8P I RKi 5 ) 3%
1K, X 5 R IR 40 A AL TT BEAH OC . Rl B TR B,
LIN28. CCNDI. MYCNUVL KMircl. Mirc355 5 ik
/INRNAS R R IE T AR RS IR 40 A, 1X 28 K[ R IE
15 91 B 8 5 % YIAE D% T 5 48 M 4 A0 A 0% 1 let-7 5%
JGR/NRNASI =7 1A T 40 AL BURE JE 2t pfate0-on - 2 R
BE BB A R 2010 K T 41 BELIN28 [ R 1A, 1T LIN28
A DL il let-7 58 12 /NRNAs R AE B, AT 38 filet-75K
B /NRNAs/K (K)o BN, LIN28 S 2 let-7 1) ¥
FER, WK T T let-743 38 RLIN28 7K T 1 FEAIK,
BE— 5 Bet-7I A . BEAP, let-738 i 100 1] I 50 3
[KICCND1. MYCNAERS JF A+ IRk . MYCNK

V- BRAR o ol L 1 e R 1T A B K Mirel . Mire3%5 5% ik
/NRNASHIRIE R . Rk, 489 BR{E 5 RS nT gl
it LIN28—-let-7-MY CN—Mirc1/Mirc338# % i % ¥ Ji
4 f AL

4.2 HHRRRSHETMARBH TR

TRy 2N A TE A M BT R R AR 2 A, 2
A=A AR T AR A SRR . DR R AR h e ik
Sl — IR, ML 24P IR, NI P28 B A (1A
TEON TR ALEI) . (EUbidfErh, AERVR G Bk 5
FC s EH ZE A, T T 88 4 € A 1 = Lk 4 € P4 ]
RAETCK B A E A A8 He, I (E R T £ ILsfE
ZREAL, BT SEARRER . Rk, IR R AR
WEY AP EAT. Gt R B AR oE AR, 2P FiE
JRLEA 58 A8 A T AS g A BT

R L 20 4 T A A T B oy 24 B
i) A7 SRR AS R AR A o e AR 5E 2
WA R T RRG I, R B RER & T Wik
T TR AR TE AN Bk A RN AE T AR S, D —i%
SR B, EHNE R, 4TRSS IR
ST I /) B AR BE 40 BRIRCE o 2 JE B, OB IR BE
e R IR RIS TR S FAH G Rl T FESTRAS
5. TE/NRR, IR 12.5 dJS IR O SL A A 4t T
FGEECYP26B1, MiEPE AR HE 20 B IR Ji 4 ) 28 25 A )
4k H R 5 5 F IASTRASJH24~36 hEL 2 HE N I8 577
LT VR i ) 22 LSRR AR B R = K CYP26B,
BV A= Rl 24 R 8 A 4 DRIl P e, P AR BEDIRZS TR IR
I 1 1) 2 AL 26 T TR 4T B AN B8 3 Bl ek B o 4, 5
SR TR B, AR T DR A0 P R 2 4 R S S R A
STRASW A FEHE NI EL 7 24, B 3B 7 e 1E Nk 2
DEMBWARETE R, MARINFET . XKW, £
Jir 240 P A o A PR R B A SO, A TR R
A2 CASCRRRE G 2410 JE B R R e, B 2 A R
BB B SRR AT B AN R SR A SR 08 1) SCRF, B
ST AT A e,

o F R S 15 B8 S 2h HH A S T T A E AT T Dk
oy il I SR N Aldhlal~3 5 RFE
FtPERCER /D BR(Aldhlal~3% )RR BT 5T, #8717
O PRty L A i T A S AT B ek K 43 24 sl
0, FLUFHE 2 BEALEE LR B AL (1)4E R A 2 AR
PRIZ Aldh]al~3%""/IN 5 RTAS Ji 200 PR 2 A4 R B 70 22
1) Ja 35 ()FEHE R Kk Aldhlal~3%""/N B FTRS T
Y3k i, T DAGE F R 32 4R i M) B FIBMIS493 Ak
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PN, HIRBUT RN ARE RS . B2, WER AR LA
BMS493FH4E FH R AL PRIV, D)/ BRI KR 73 L RE IEHE
JRB) . SR, YRR I b A5 S Sl e AR B 4
PR 3 5 B KR BB H AT ANTE 2, V598 £y
I B o

Y IR AE 5 308 % w38 I U 48 SRR 40 M 1 Ty
fie, Z 5 4L I 52 BF [%(the blood testis-barrier, BTB)
RS HE A o I 52 o R 1K) 6 B o 0 8 el B 70 REAE
(R E 5K 1 R AR AN AT BB R o A9 2, e o /N B
Rara, & 3BTRS 5V R K7 EEE W 57
W, AR JEUAR TV I 52 5 R ) GYR) R %15 F it
NIl /N2, 2 W I 52 o B 1) 58 B 1 52 31 1 B AR
T HAAR A BF FEAE S, £EVAD/IN B 35 10 2 e 1130
(), 3 52 7 W B T J o i 5, AN T 301 55 A2 391k
iRk o SN I R At R e N D E R SR EURAN
B, ATHIRA IR R A i LR Y
43 HRRSE TR

Wolgemuth S 45 2 1) R HIWT T UE S, 4E R 54
TIEHAHIS, T EEE 4G (1)RaraZE 5%/ 5
[ 55— FS 1 & 4 (the first wave of spermatogenesis)
ST 585K F M Bt (step 8 spermatid); 1H /&, 7E4F
S i RIAARARA T Rara i IR g 5 /> B 1) [ JE K 7
LS, HHS TR RUBE SE A, B TR AE R IR,
(2)RARHE H1 7BMS- 189453 &b 3 (1) /N BRKS 1 I A% [
5§70, B Z MR, R R AMES 5T IEK,
1M HLRE S WA AE TR, QOVADK B T B T A2 6
b AN B IR R BCT RS /N JETY; 1A EAVADAR
BHRIRbp4 A Lrathk TR R /N BRORS 5t B - A2k 1
JeBs7 AN, Rara. Rxrb3E RIS R /N BRSO
AE IR B, Komada®5 Pk B, 4 F R 1 4% £
1 E-MAP-115(epithelial microtubule associated pro-
tein of 115 kDa)FJ 862 5 1 /NG T ORI A2

5 R

Y TR VR 125005 - R AE 1 2 AN B, ALK JEL 4
st RS BRI T . AT, F A% 4 R
TAERS T R A R AR FHUB A e . 2 HL
Y PR X EESRVE T 1 5 A B, HLK P2 SR T T 42,
(B2, 1 S IR ARG . fRBHE R E Y £ i)
A RS . RN TE 4 R TERS TR A A Th A,
e ot 5 2% L LR JELA B RS LT S B A R
R LA RS T BRI 43T AL R A e 2 2 1A

11

12

13

14

15

16

17

S EHK (References)

Morales C, Griswold MD. Retinol-induced stage synchronization
in seminiferous tubules of the rat. Endocrinology 1987; 121(1):
432-4.

Griswold MD, Bishop PD, Kim KH, Ping R, Siiteri JE, Morales C.
Function of vitamin A in normal and synchronized seminiferous
tubules. Ann N'Y Acad Sci 1989; 564: 154-72.

van Beek M, Meistrich M, de Rooij DG. Probability of self-
renewing divisions of spermatogonial stem cells in colonies,
formed after fission neutron irradiation. Cell Tissue Kinet 1990;
23(1): 1-16.

van Pelt AM, de Rooij DG. The origin of the synchronization of
the seminiferous epithelium in vitamin A-deficient rats after vita-
min A replacement. Biol Reprod 1990; 42(4): 677-82.

van Pelt A, de Rooij DG. Synchronization of the seminiferous
epithelium after vitamin A replacement in vitamin A-deficient
mice. Biol Reprod 1990; 43(3): 363-7.

Clermont Y. Kinetics of spermatogenesis in mammals: Seminif-
erous epithelium cycle and spermatogonial renewal. Physiol Rev
1972; 52(1): 198-236.

Shinohara T, Orwig KE, Avarbock MR, Brinster RL. Sper-
matogonial stem cell enrichment by multiparameter selection of
mouse testis cells. Proc Natl Acad Sci USA 2000; 97(15): 8346-
51.

Ohbo K, Yoshida S, Ohmura M, Ohneda O, Ogawa T, Tsuchiya
H, et al. Identification and characterization of stem cells in prepu-
bertal spermatogenesis in mice small star, filled. Dev Biol 2003;
258(1): 209-25.

Barroca V, Lassalle B, Coureuil M, Louis JP, Le Page F, Testart J,
et al. Mouse differentiating spermatogonia can generate germinal
stem cells in vivo. Nat Cell Biol 2008; 11(2): 190-6.

Sada A, Suzuki A, Suzuki H, Saga Y. The RNA-binding protein
NANOS?2 is required to maintain murine spermatogonial stem
cells. Science 2009; 325(5946): 1394-98.

Nakagawa T, Sharma M, Nabeshima Yi, Braun RE, Yoshida S.
Functional hierarchy and reversibility within the murine sper-
matogenic stem cell compartment. Science 2010; 328(5974):
62-7.

Huckins C. The spermatogonial stem cell population in adult
rats. I. Their morphology, proliferation and maturation. Anat Rec
1971; 169(3): 533-57.

Huckins C, Oakberg EF. Morphological and quantitative analysis
of spermatogonia in mouse testes using whole mounted seminif-
erous tubules, I. The normal testes. Anat Rec 1978; 192(4): 519-
28.

Hara K, Nakagawa T, Enomoto H, Suzuki M, Yamamoto M,
Simons Benjamin D, et al. Mouse spermatogenic stem cells
continually interconvert between equipotent singly isolated and
syncytial states. Cell Stem Cell 2014; 14(5): 658-72.

de Rooij DG. Proliferation and differentiation of spermatogonial
stem cells. Reproduction 2001; 121(3): 347-54.

de Rooij DG. Stem cells in the testis. Int J Exp Pathol 1998;
79(2): 67-80.

Clermont Y. Kinetics of spermatogenesis in mammals: Seminif-
erous epithelium cycle and spermatogonial renewal. Physiol Rev
1972; 52(1): 198-236.

Oakberg EF. A description of spermiogenesis in the mouse and



1342

RFAILRIR -

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

its use in analysis of the cycle of the seminiferous epithelium and
germ cell renewal. Am J Anat 1956; 99(3): 391-413.

Russell LD, Ettlin RA, Hikim AP, Clegg ED. Histological and
histopathological evaluation of the testis. Int J Androl 1993;
16(1): 8.

de Rooij DG. The spermatogonial stem cell niche. Microsc Res
Tech 2009; 72(8): 580-5.

Chainani M, Sampsell B, Elliott RW. Localization of the gene
for plasma retinol binding protein to the distal half of mouse
chromosome 19. Genomics 1991; 9(2): 376-9.

Bouillet P, Sapin V, Chazaud C, Messaddeq N, Decimo D, Dolle
P, et al. Developmental expression pattern of Stra6, a retinoic
acid-responsive gene encoding a new type of membrane protein.
Mech Dev 1997; 63(2): 173-86.

Jornvall H, Persson B, Krook M, Atrian S, Gonzalez-Duarte R,
Jeffery J, et al. Short-chain dehydrogenases/reductases (SDR).
Biochemistry 1995; 34(18): 6003-13.

Pares X, Farres J, Kedishvili N, Duester G. Medium- and short-
chain dehydrogenase/reductase gene and protein families: Medi-
um-chain and short-chain dehydrogenases/reductases in retinoid
metabolism. Cell Mol Life Sci 2008; 65(24): 3936-49.

Zhai Y, Higgins D, Napoli JL. Coexpression of the mRNAs
encoding retinol dehydrogenase isozymes and cellular retinol-
binding protein. J Cell Physiol 1997; 173(1): 36-43.

Rajan N, Sung WK, Goodman D. Localization of cellular retinol-
binding protein mRNA in rat testis and epididymis and its stage-
dependent expression during the cycle of the seminiferous epi-
thelium. Biol Reprod 1990; 43(5): 835-42.

Vernet N, Dennefeld C, Guillou F, Chambon P, Ghyselinck NB,
Mark M. Prepubertal testis development relies on retinoic acid
but not rexinoid receptors in Sertoli cells. EMBO J 2006; 25(24):
5816-25.

Rajan N, Kidd GL, Talmage DA, Blaner WS, Suhara A, Good-
man D. Cellular retinoic acid-binding protein messenger RNA:
Levels in rat tissues and localization in rat testis. J Lipid Res
1991; 32(7): 1195-204.

Zheng W, Bucco RA, Schmitt MC, Wardlaw SA, Ong DE. Local-
ization of cellular retinoic acid-binding protein (CRABP) II and
CRABP in developing rat testis. Endocrinology 1996; 137(11):
5028-35.

Schmitt MC, Ong DE. Expression of cellular retinol-binding pro-
tein and lecithin-retinol acyltransferase in developing rat testis.
Biol Reprod 1993; 49(5): 972-9.

Deltour L, Haselbeck RJ, Ang HL, Duester G. Localization of
class I and class IV alcohol dehydrogenases in mouse testis and
epididymis: Potential retinol dehydrogenases for endogenous
retinoic acid synthesis. Biol Reprod 1997; 56(1): 102-9.
Molotkov A, Fan X, Deltour L, Foglio MH, Martras S, Farrés J,
et al. Stimulation of retinoic acid production and growth by ubig-
uitously expressed alcohol dehydrogenase Adh3. Proc Natl Acad
Sci USA 2002; 99(8): 5337-42.

Duester G. Genetic dissection of retinoid dehydrogenases. Chem
Biol Interact 2001; 130-132(1/2/3): 469-80.

Lin M, Zhang M, Abraham M, Smith SM, Napoli JL. Mouse
retinal dehydrogenase 4 (RALDH4), molecular cloning, cellular
expression, and activity in 9-cis-retinoic acid biosynthesis in in-
tact cells. J Biol Chem 2003; 278(11): 9856-61.

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

Lopez-Fernandez LA, del Mazo J. The cytosolic aldehyde dehy-
drogenase gene (Aldhl) is developmentally expressed in Leydig
cells. FEBS Lett 1997; 407(2): 225-29.

Zhai Y, Sperkova Z, Napoli JL. Cellular expression of retinal
dehydrogenase types 1 and 2: Effects of vitamin A status on testis
mRNA. J Cell Physiol 2001; 186(2): 220-32.

Sandell LL, Sanderson BW, Moiseyev G, Johnson T, Mushegian
A, Young K, et al. RDH10 is essential for synthesis of embryonic
retinoic acid and is required for limb, craniofacial, and organ de-
velopment. Genes Dev 2007; 21(9): 1113-24.

Niederreither K, Subbarayan V, Dolle P, Chambon P. Embryonic
retinoic acid synthesis is essential for early mouse post-implanta-
tion development. Nat Genet 1999; 21(4): 444-8.

Raverdeau M, Gely-Pernot A, Feret B, Dennefeld C, Benoit G,
Davidson 1, e al. Retinoic acid induces Sertoli cell paracrine
signals for spermatogonia differentiation but cell autonomously
drives spermatocyte meiosis. Proc Natl Acad Sci USA 2012;
109(41): 16582-87.

MacLean G, Abu-Abed S, Dolle P, Tahayato A, Chambon P,
Petkovich M. Cloning of a novel retinoic-acid metabolizing cy-
tochrome P450, Cyp26B1, and comparative expression analysis
with Cyp26A1 during early murine development. Mech Dev
2001; 107(1/2): 195-201.

Mangelsdorf DJ, Evans RM. The RXR heterodimers and orphan
receptors. Cell 1995; 83(6): 841-50.

Chambon P. A decade of molecular biology of retinoic acid re-
ceptors. FASEB J 1996; 10(9): 940-54.

Piedrafita FJ, Pfahl M. Nuclear retinoid receptors and mecha-
nisms of action. Retinoids 1999; 153-84.

Repa JJ, Hanson KK, Clagett-Dame M. All-trans-retinol is a
ligand for the retinoic acid receptors. Proc Natl Acad Sci USA
1993; 90(15): 7293-7.

Bastien J, Rochette-Egly C. Nuclear retinoid receptors and the
transcription of retinoid-target genes. Gene 2004; 328: 1-16.
Chung SSW, Wolgemuth DJ. Role of retinoid signaling in the
regulation of spermatogenesis. Cytogenet Genome Res 2004;
105(2/3/4): 189-202.

Glass CK, Rosenfeld MG. The coregulator exchange in transcrip-
tional functions of nuclear receptors. Genes Dev 2000; 14(2):
121-41.

Vernet N, Dennefeld C, Rochette-Egly C, Oulad-Abdelghani M,
Chambon P, Ghyselinck NB, et al. Retinoic acid metabolism and
signaling pathways in the adult and developing mouse testis. En-
docrinology 2006; 147(1): 96-110.

Kim KH, Griswold MD. The regulation of retinoic acid receptor
mRNA levels during spermatogenesis. Mol Endocrinol 1990;
4(11): 1679-88.

Ulven SM, Gundersen TE, Weedon MS, Landaas VO, Sakhi
AK, Fromm SH, et al. Identification of endogenous retinoids,
enzymes, binding proteins, and receptors during early postim-
plantation development in mouse: Important role of retinal dehy-
drogenase type 2 in synthesis of all-trans-retinoic acid. Dev Biol
2000; 220(2): 379-91.

Wolbach SB, Howe PR. Tissue changes following deprivation of
fat-soluble a vitamin. J Exp Med 1925; 42(6): 753-77.

Tong MH, Yang QE, Davis JC, Griswold MD. Retinol dehydro-
genase 10 is indispensible for spermatogenesis in juvenile males.



M BESE: EHIR SR TRAE

1343

53

54

55

56

57

58

59

60

61

62

Proc Natl Acad Sci USA 2012; 110(2): 543-8.

Zhou Q, Li Y, Nie R, Friel P, Mitchell D, Evanoff RM, et al. Ex-
pression of stimulated by retinoic acid gene 8 (Stra8) and matura-
tion of murine gonocytes and spermatogonia induced by retinoic
acid in vitro. Biol Reprod 2008; 78(3): 537-45.

Wolgemuth DJ, Chung SS. Retinoid signaling during spermato-
genesis as revealed by genetic and metabolic manipulations of
retinoic acid receptor alpha. Soc Reprod Fertil Suppl 2007; 63:
11-23.

Vernet N, Dennefeld C, Klopfenstein M, Ruiz A, Bok D, Ghy-
selinck NB, et al. Retinoid X receptor beta (RXRB) expression
in Sertoli cells controls cholesterol homeostasis and spermiation.
Reproduction 2008; 136(5): 619-26.

Lufkin T, Lohnes D, Mark M, Dierich A, Gorry P, Gaub MP, et
al. High postnatal lethality and testis degeneration in retinoic
acid receptor alpha mutant mice. Proc Natl Acad Sci USA 1993;
90(15): 7225-9.

Gely-Pernot A, Raverdeau M, Celebi C, Dennefeld C, Feret B,
Klopfenstein M, et al. Spermatogonia differentiation requires retino-
ic acid receptor gamma. Endocrinology 2012; 153(1): 438-49.
Oulad-Abdelghani M, Bouillet P, Decimo D, Gansmuller A,
Heyberger S, Dolle P, et al. Characterization of a premeiotic
germ cell-specific cytoplasmic protein encoded by Stra8, a novel
retinoic acid-responsive gene. J Cell Biol 1996; 135(2): 469-77.
Busada JT, Kaye EP, Renegar RH, Geyer CB. Retinoic acid
induces multiple hallmarks of the prospermatogonia-to-sper-
matogonia transition in the neonatal mouse. Biol Reprod 2014;
90(3): 64.

Tong MH, Mitchell D, Evanoff R, Griswold MD. Expression of
Mirlet7 family microRNAs in response to retinoic acid-induced
spermatogonial differentiation in mice. Biol Reprod 2011; 85(1):
189-97.

Tong MH, Mitchell DA, McGowan SD, Evanoff R, Griswold
MD. Two miRNA clusters, Mir-17-92 (Mircl) and Mir-106b-25
(Mirc3), are involved in the regulation of spermatogonial differ-
entiation in mice. Biol Reprod 2011; 86(3): 72.

Le Bouffant R, Guerquin MJ, Duquenne C, Frydman N, Coffigny
H, Rouiller-Fabre V, et al. Meiosis initiation in the human ovary
requires intrinsic retinoic acid synthesis. Hum Reprod 2010;
25(10): 2579-90.

63

64

65

66

67

68

69

70

71

72

73

Koubova J, Menke DB, Zhou Q, Capel B, Griswold MD, Page
DC. Retinoic acid regulates sex-specific timing of meiotic initia-
tion in mice. Proc Natl Acad Sci USA 2006; 103(8): 2474-9.
Bowles J, Knight D, Smith C, Wilhelm D, Richman J, Mamiya S,
et al. Retinoid signaling determines germ cell fate in mice. Sci-
ence 2006; 312(5773): 596-600.

Snyder EM, Davis JC, Zhou Q, Evanoff R, Griswold MD. Expo-
sure to retinoic acid in the neonatal but not adult mouse results in
synchronous spermatogenesis. Biol Reprod 2011; 84(5): 886-93.
MacLean G, Li H, Metzger D, Chambon P, Petkovich M. Apop-
totic extinction of germ cells in testes of Cyp26bl knockout
mice. Endocrinology 2007; 148(10): 4560-7.

Chung SSW, Choi C, Wang X, Hallock L, Wolgemuth DJ. Aber-
rant distribution of junctional complex components in retinoic
acid receptor alpha-deficient mice. Microsc Res Tech 2010;
73(6): 583-96.

Chihara M, Otsuka S, Ichii O, Kon Y. Vitamin A deprivation
affects the progression of the spermatogenic wave and initial
formation of the blood-testis barrier, resulting in irreversible tes-
ticular degeneration in mice. J Reprod Dev 2013; 59(6): 525-35.
Chung SS, Sung W, Wang X, Wolgemuth DJ. Retinoic acid re-
ceptor alpha is required for synchronization of spermatogenic
cycles and its absence results in progressive breakdown of the
spermatogenic process. Dev Dyn 2004; 230(4): 754-66.

Chung SS, Wang X, Roberts SS, Griffey SM, Reczek PR, Wolge-
muth DJ. Oral administration of a retinoic acid receptor antago-
nist reversibly inhibits spermatogenesis in mice. Endocrinology
2011; 152(6): 2492-502.

Huang HF, Marshall GR. Failure of spermatid release under vari-
ous vitamin A states—an indication of delayed spermiation. Biol
Reprod 1983; 28(5): 1163-72.

Ghyselinck NB, Vernet N, Dennefeld C, Giese N, Nau H, Cham-
bon P, ef al. Retinoids and spermatogenesis: Lessons from mutant
mice lacking the plasma retinol binding protein. Dev Dyn 2006;
235(6): 1608-22.

Komada M, McLean DJ, Griswold MD, Russell LD, Soriano
P. E-MAP-115, encoding a microtubule-associated protein, is a
retinoic acid-inducible gene required for spermatogenesis. Genes
Dev 2000; 14(11): 1332-42.



