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HE HyJ& T 4B fe(spermatogonial stem cells, SSCs)2 4% T F A taAh & A E 4k A K 247
Fo ik 4 oA 5 NG T 69 RRIEAT R ba i, RAFMEAR N E— R 1E & A R ETRGTFTLAL
ey ek, s E e TR AIBA A ZXREZOEA . A — MR mILREK, SSCs
FAGT R A FY AT LT e RS P LB R, A TR S F AR, % XK A ATt
K TSSCstyEMFHME. 5 BT % WRINERY 0B ZFBEBEAE 7 @B &, A Hd 4
BhAGE. e ALY BAOLA SRR AR AL,

KHIE  METAM, B IR b SRR B

Advances in the Research of Spermatogonial Stem Cell Techniques
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Abstract SSCs (spermatogonial stem cells) are the most primitive spermatogonial cells located on the

basement membrane of the seminiferous tubules in the testis, which can self-renew and differentiate continuously

to produce sperm. SSCs are the only replicable diploid cells which can transfer genetic information into offspring

naturally in male body throughout life. They play an important role in the complex spermatogenesis process. As an

undifferentiated cell population, SSCs have the role of gene transfer necessary for the generation of male gametes

and species evolution. Based on our previous research, the biological characteristics, isolation and enrichment, fac-

tors affecting in vitro culture and transplantation technology of SSCs are systematically reviewed, which has theo-

retical significance for the research and application of male assisted reproduction, cell regeneration therapy as well

as animal husbandry production.

Keywords spermatogonial stem cells; self-renewal; differentiation; culture in vitro; transplantation
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1 SSCsHIEMIF4F 4%
JE 4 R B AT TR B S LI AR A5 T, 7E

S R R R R A A B 20 R e B AR R BEA
Jio, 32k AR N SSCs. SSCs-5 HoAt pli A& T4 il — F¢,
H T 5o ae I 4E e A A7 BT R 5 ) $2
P T4 B e i . SEALSCRFA L.
JUURE: 200 B 0 8] )53 41 i X SSCs it LA A= A7 Y 34 853 12
B 7 EBEMYERER- . R, SCRREE I WA 2 Bl
HELR 7, B A4 R T AN IR AR & 7 (K T (glial
Bk 4
BT 24 4 i A K [R] 7~ (fibroblast growth factor, FGF)+
YW R 5 5 SSCsH) B W H B 5 - bl 15/ & V) ok
Fo fE/NE R, K IR 40— M NARL. BB K Ak
THESHER PR, BEEPRIEAN, 20
R S 20 P M R A R B e AR T3 SRR, TR L4
ﬁj\y\jAsingle\ Apairedﬁ‘cuAaligned%Rﬁo {B%#?—:{&Z{ﬂ%
i Do 240 PR AR AR A% TR S N D5 R R G 453 A g B
Apar M o T8 ORG Ji 2 i PRSI, B 124
ASHR R e B R A% A, AHAZ 2 BR [B JE, AA Bk
IR % . HARAZEPHA N, AT (K Asinge ™+ Apirea
UM Aatignea K S5 2 0 2 ELAT 40 Vs i, P I )
TR 3 ZRTONGS Ji7 40 o P B 28 S I 2 P ) 1 R
B BT, Z2EFE A, At A L2 3 IER)
SSCs. HET-SSCs4) T Hx1c % & I 7, SUNZELI
$eth 7 SSCsI JZ AR, B Agingie b S5 20 i A

cell line-derived neurotrophic factor, GDNF).
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ffio SSCs— BRILFN AFRICY . T U MUAR T SE
G AR, MRS AR IE T, FATESE T
PLZF(promyelocytic leukemia zinc finger). GFRal
(GDNF family receptor al)fE 4= A4 K% BEAH M o 1Y 36
ik, BRI A R ORAF R A S AL B E R T
SEAH (5 SSCs) I HEAT T AP IR (DM, BAAR
I R AR LR AE IR A SSCs Tk B &4 2 T
SSCsIIRMEM 73 1%, B3 7 SSCs L HoAth A= A 4 iy 12
BT, 7B EEARFRIE AR AEE D,

2 SSCsHInEEE

— M B IG LR B R A T S R 4 B
SSCso JRAE/NERE2 AL, 7E1x 108 2 AL P A
3.5% 10N 40 L T BEAESSCsP. (Al ¥ 2 b s
Wby Ee I B AR BISSCsF3 25 Al & 4 A& 3 AT 1A A 1%
IR BERER S ED I, X HXFSSCs 4 B 4t i
RAZH T HE R IR, SSCsHIA &4 8 1 R IE1E
AR R A e, — MR P RS . KB e
Jii BE I FIDNase 1 A2 7, BRI M 2 1) 1) 386 B 2008,
A RAER BRI A R SR
SR AIE BT IR ARG b R B4 i B A L v

—

Storage at —80 °C
overnight
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Fig.1 Gonocyte enrichment and culture from cryopreserved neonatal bull testis (modified from reference [4])
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Table 1 Molecular markers of the undifferentiated spermatogonia in mammals

WAL KB IR R

S FhRid Mammals species
Molecular markers A bra NER, 2 2 w 7t

Human Pig Mouse Goat Sheep Monkey Cattle
GFRal +l +7 +8 ND ND + +4
PLZF/ZBTB16 +101 + +12) ND +131 ND +H4
UCHLI1(PGP9.5) ND +7 +4 +13] +16l ND +17
ITGAG6 +18 ND 401 ND ND +01 +191
THY 1(CD90) ND ND +20 +21 ND ND ND
LIN28 ND ND +022 ND ND +2 ND
GPR125 +24 ND +231 ND ND ND ND

+1 H AR AN R I ND: RHE -

+: expression of the protein in undifferentiated spermatogonia; ND: not determined.

R B e B, R IX b R4 B L5 1
(R AR T R NSSCs 43 B8 1) 2 5

5 B J5 IISSCsil i 7 B B W 3 51 4 9% %
5 e AR AN A AV E . B AT, I TSSCsif)
aifb 7 vk £ B 2 5 W BEVL. Percoll % F 1 5 &9
O yF. It 2R 40 B 43 % 7 (fluorescence activated cell
sorting, FACS). % % 14 Bk 77 126 7 (magnetic activat-
ed cell sorting, MACS)%%, 7= 5 Ik BE L FE T i ¥ 5
BAE A BRI S5, B2 B T SSCs i 43 25
B %, GIASSETTIZESIE T Fft (6] 4 F #5 1ICITGA6
GFRal. CXCR4FMITHY 1/ %Kik, £ H 2 F % E
H AL B FEH/ ML) 264, FIHIE R S5 T4
SSCs. Percollf & B3 U 42 R Hi5 41 f 5% B 160 AN )
BISSCsH, XFSSCsih 11 FE 25 56 BB AT /1
HEIDARIZE | H AN 3% S Percol 4 B 25 0092 53 25 1L
2ESSCs, A 43 4T, 1E32%48 FE AL IR1F I AT I
9 i 44k R 15 1494.60%. FACSIE FIMACS{E: #f 2
BT FhRIC I E S5k, TR0 7L sh ks J5 4 i 1)
B Ak 7 TH R R R R i . KIMAERORR
FACSE S8 T BRI ISSCso AR J5 s (1l 5 4 1,
E T4 4 ik . Percollf¥ & 55 40 45 ' FACSTA g
VA b A 1 P AT 2 A RS 4l . MARCELO
SEPTHIMACSE: & 19 3 1 HCXCRAFF 1T (1 M 5
BT 4K SR 48 i, KANATSU-SHINOHARA 2502
IMACSy i 2:, K ILAE /IS B AR BE T 41 il (gemline
stem cells, GSCs)Zk 1) _E 57 4 i 3 B 43 ¥ (epithelial
cell adhesion molecule, EPCAM) 1] # F T 45 1.SSCs,
KEPCAM 5 GSCsH) 75 —brid 4> TCD9%: &, 7R

CD9""EPCAM"" ] 4 i #f 4 2 25 42 =1 1 SSCsff 4l
R #(48.71%). LAk, R FHGSCsH K 1 73 + &
IR0 41 i B B 43 -7 (melanin cell adhesion molecules,
MCAM)FRIC B FEKIT 3 AL BEARTE 4 1R T g M TR
4, PT3RF32.345 PA L E B JE ISSCs. 45 A ULk
JURR 4> F#ric, A fCDOMEEPCAM™KIT -MCAM
S 5 F 1 T e A T T 2 R 1 560,65, L
SSCsHT i bl =ik 176131

3 SSCsiishEF IR M E =

bt & X SSCs A= 4 2 5 1 IR TR N HIF 55, S [ Fol
RENVISSCsHIR AN K I FR Ll NPT R LA
T B IR R, S 92 BISSCstA 5 % 1) 2 vk 26 1F
KANATSU-SHINOHARAZ:C4F] F 3% 1z A= K K -+
[ I35 $01 [Bl 7. FGF2. GDNFAIZ2 2485 2 Chb 7
(1) /I BV i S 2 4 4 A SR ) 3% 2 4 P, mT Ak B
YR ARG B A RIEA F M/ R A e R
SO ) H R AR B AT B, I DA 0 K A 1 5 i g 4
ANH o Ak, DL EREFUE R I, MK TR 1 AR FE 2
L 15 A T 3 (1) B A 2B B 4 B AT A=A R AR, R
JIT B 5% B A M LA — 78 1SS Csi 14, PR I 3K 6 441 ffy
WK NGSCse FEAHASRAT T, MHAt /N R i 2Rt
AR FRIR1GSCs. WFAKRI, MRS R, Fb D
ST SSCsI AR 7 55 75 7= A AN R L I RE o d T,
OATLEY %I 5% 1 4= A 73 AHS T 40 i 1) 855 75 2% A1,
AT B A WL 8% 2145 A0 T- GSCs 4l A 4E V&, HIE B
Yikh Riedk. BEIRIRFE AR % )2 2 (A ik AN UL
Bie X} S LI SSCs IR E R 7 ih R 2 N 2L,
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H A, fEHEAEE AL 1, mfEDMEMAIDMEM/
F127E 5K & SSCsHIR M5 % th B 8472« PARK
SR DL E DM EM A SRl il 2% (1) = 4 xR b
RUedE T RESSCsIIGFARE /T . A4k, EFXF/NERSSCs
HITE L5 B 774K R L 4 57 . RADEZEPIZER N
10% I35 B A4 (1) 355 77 2k v Af3 H 8 /) B2 L2 2
HHISSCsIGHA 434k, F=2E 7RS40 M, R G I
B IR AR R B T K K & SSCs I 8 72 475 4 T AL By
B,

4 M DX X SSCs i 15 7%t 4 H 2. CSF1.
WNT5A. WNT3A. WNT6. VEGFA. FGF2. FGF8.
GDNF& 85 0] 520 SSCs A 7 5 7208 . HoHH, GDNF
AE 19 S SSCs ) 14 #h 48 5l . GDNF H1 52 5 41 Jifa A 55
JE LA 40 B 23wk, SSCs B 387 5 Hoor i f & A
HYIK R . GDNF/KV PRS2 S B AS A MK= 1)
/b, Foad Rk N2 FEUA R & EL, RIGDNF/F A
RARE T R AR, KT &N 2 FECR R
JiE 20 P Ot A B, O Y ) 98 2R (follicle stimulat-
ing hormone, FSH) & 5 GDNFl B H K ¥, 5200
SSCs H R H B IF R 4E £ FOR A RAS . OBt 7t
T, EARSMREFR3 H 8 R BISSCsHT, ¥8 IIFSH) 3%
FrAR Z 0] DR 2E 40 i 5 35 5. FGF2/2GSCsH
YA, R0 I GDNFE{FGF2 th 7] f#i GSCs7E
ANRE IR Fh i 1, X 2% W GDNF X T 4k f5SSCs i 1
FEFEAE L FFHY, {H 2, FIFGF2EXGDNFE; 77 14 i
PHRAETEAS . BEBDIR A AN P 25 0 T R AR . Rl
B AE TE SRR S 22 oy B DR B R A B L
TEAC IS B0 R AT AR 15 A B, T s 25 0 5
. X$E7r, FGF27] e A [ T-GDNF 15 5 i %
TR AESSCsA7 G MG . A W 7L # ¥ FGF2/GDNF{5
THEHESNNR SN, KIX2M T R85 S
GFRo 2R 73 A0 HG [ 200 A e ok 1 0, {5 240 P 4 7% T
BAFES,  Fidgk RPN, FGF2IEEHil14 N SSCsi)
BB 5 046 77 A AN R T-GDNFIIE A

4 SSCsFHEEA

DART B 5T 2 SR F e 388 e € R0 Jik 38 R A il
SN T 1R S AISSCs, {HTGVE X I B OE 1) D RE
SSCs. i JFZH M (5 SSCs) A 3 A [ 57 J2: fift 1R X
— M A ) TR I R o B T R AZ AR R AR
JER 20 4 B AN /N B SR AL, R 32 A 1 T 48
B Rl 2 AR I R AORS , RIRIT IEEA B 1R

Bt TR . SSCsFE AR 1 I8 4% K0 A2 4 A 47 41 i 51
N2 AR 52 AL IR 58 AT, 1 1 A M A7 0 JS AT AT
. A, M EEZ AR TR T RE. e
FE/N R R R T 7 UM IR AR, B AR A 4 5|
NEE AU INE S AR B DL RS A, Hoh
H/NE N RO, TR E S, 78 KB
FLahy i i N E A RER A AR R B 5T\ it 2
K&, T2 AL AR N BT A AR /INE I IR O X,
AR T A AA R 5 4 i B s T S 381 o A A R B 5
I LA T 240 M GO 558 R 1) R 38 B )
I, TE DR 52 4 52 AL T8 55 25 46 1 [R] N, i) 46 T A
i 5 4 B 1 52 AR B4, % T-SSCs % Al 28 O M,
X T WA UG B4, BRR FH 1V 22 (busul fan) I8 i 13 5%
B3 S 52 AL SV AT P R ARG A RO TR A AN
H A2 ARAN, 3 v R KKt RAE AN B AR,
FEKit/Kit" AN E MR, He-KidE R R K, T
B A FH A A R B S BH, TR AR AR R 40 B A N
B AR KK S AR /N GRS R TR R SR A e R A AR,
DAL % /N SR ) 72 /R SSCs 8 AT F 52 4 i A1),
F&AH J5 SSCs I 72 FH H 52 1 52 1 1) 3 H7 40 o £ =
R« FEMFLBNY R, SCRPAH M AE BRUAF J5 A T3 4,
HAEEWIM R AR A R E R I,
SR 200 it R 1) 2 T LS ) {1 A4 SSCsTE 52 44 rh
IRalacN OFA Y i S 6w 1 Iy NANARINI S 1 o s a1
KE R IR BEARSSCs e N 321654 52 Fuh, sefe it
SSCsIFIHEE, IX % B 32 AR 2 W) 1) 4F % %F SSCs ) 12 b
RORMNE T RAHR —E M. W53 YSSCsF i 77
ERE TR R, AR LR R B AHREOR I il . AE
BHOW A= F Fip, SEBISSCsH A 1 — I N &R
e I SR SSCs KA I I G idE M . A
FEM AR, IKEFEIAE AR B 152 HISSCs
PR FEA 2 DR HE B2 AR Z0 ) 2 L SRR T K
Ao R, HBEAARSSCSTE RS HE i 0 20 40 i A4 A1 835 77 ok
S A B T

T 5. - %ESSCs R s 8 TR LM FIAE 2
AR (1) 1) % 56 7 TATY SRAEAE VT 2 [l i, AT b K 5K 78 5
ILSSCsFEAEATY R A2 — gk i R, 1 77 i — PR
%o MIKKOLAZEW i i (7 2 ok Ab 3 A 5% 52
i, Rae i b 8% BEAVE B /D, HEAS R B0H B
HNVRPESSCs. TEJE 2R A, AR ILSSCsHAH
FAREAFAE— e @, 10, T SSCsfE =2 AL4H A
AT ARG, T HL R ARES 7% 1R [ 40 i I A 46



346

FESSCs, LRI ACRAL T 1M H, H s mEs
REAE A B W [X 4 SSCs A L 7 A0 K SR 40 il . 45t
B2, WEL Y HISSCsAE A Hh s I 1 e v i i A
%I AR R RS IR 34k, K2R
ISSCstRIL I AN 58 4 g S AR 1Y, A7 L8 B mT DAAE
LAt K 4 0 T R L AR AR I R AR, T DA SR A
Mo AE o (4 S RE e B, (B K JF A B H
KT RARIRE ). DRI, SSCsif % e it 7 Btk — b
7 306 I A 4 R RF S PR T AE, RO RESS &
SHURFERIN LAPRAl . LA BIE TR, AL E A
A 20 R T A A S AL IR RN AR B AR 0 B
N, AT IR H R 1, PR L O B Sh
(% P BEAH AL, B AT A2 RS R 7= 2R JE AR B R
VRO 1) 5 1 2 AL ARG R BOR, RERR I 3R A
i /I Rl AR RS TR AR, 3R T RS T AR R
T SRR T BT N SRR SRR S R RS SRR AT B S
AR AR GMRG T R A BOR AN 52 HL A 2157 P RS AR 3
AR E AP L i AR R 5 153

5 FHiEfRE

gi BT, BATIAN, SSCsH 3. B8 5 4 4k (7]
FR) S8 A S A G T A P 44 o A A 455 485 ) S 4
R F-E F (2t . R s IRl 755000 7% SSCs )
W EAEEVT Z A EE R, (B2 Ay R H B
AT AT E 42 B 5 B XTSSCsit 1T 43 3. B HEMLERA
FINLEI AR W 7E . H AT, AN B S Eh ISSCs
AR FR AR DLl T R, (B, F5%
KK & SSCs I HF i K5 7= MR A8 7 VLA b TR R By
Bro R FRREAE RS R KPR B ik SR SSCs [ A
B, 2E4e AR GE 20 B A 2 A HEZ A B, DAL bEoRS
JR AR s IR A B AR . fER TR R R
I/ B2 P 2L 2 BT o IR 00 e AT SR o e 7 9 35 I 1
AR TRIRBEAE L, IR S RIS . B B e
S ALH R TR R, 1 FIE T R A, v REE B
TR PLSSCs A A5G 77 350 73 Il @, AT SE K K &
SSCsHIK IR 77

ST HOMER I AR S REE, SSCsEA AR T A
W TERT 5e.  H AT, A RN AL 3IYISSCs 1 it 7t 76
TEA WY e ()[Rl B U T K& 0 AR, A3
FEA J5 I PR = 2 A0 8 O AR 7745 07 TR L B 2 1)
4. HEIESSCsI Y SR, B S U 5
A AE 7, LIRS . KR IRSME TR, 5B

T PR BOR, KXt HARKR IR AW S 5 A AT
K.

SE Ak (References)

[11  TAN K, WILKINSON M F. Human spermatogonial stem cells
scrutinized under the single-cell magnifying glass [J]. Cell Stem
Cell, 2019, 24(2): 201-3.

[2] HARA K, NAKAGAWA T, ENOMOTO H, et al. Mouse sper-
matogenic stem cells continually interconvert between equipotent
singly isolated and syncytial states [J]. Cell Stem Cell, 2014, 14(5):
658-72.

[3] SUN F, XU Q, ZHAO D, et al. Id4 marks spermatogonial stem
cells in the mouse testis [J]. Sci Rep, 2015, 5: 17594.

[4] CAI H, TANG B, WU JY, et al. Enrichment and in vitro features
of the putative gonocytes from cryopreserved testicular tissue of
neonatal bulls [J]. Andrology, 2016, 4(6): 1150-8.

[5] SAHARE M G, SUYATNO, IMAI H. Recent advances of in vitro
culture systems for spermatogonial stem cells in mammals [J]. Re-
prod Med Biol, 2018, 17(2): 134-42.

[6] DI PERSIO S, SARACINO R, FERA S, et al. Spermatogonial ki-
netics in humans [J]. Development, 2017, 144(19): 3430-9.

[71 KAKIUCHI K, TANIGUCHI K, KUBOTA H. Conserved and
non-conserved characteristics of porcine glial cell line-derived
neurotrophic factor expressed in the testis [J]. Sci Rep, 2018, 8(1):
7656.

[8] GARBUZOV A, PECH M F, HASEGAWA K, et al. Purification of
GFRalphal” and GFRalphal~ spermatogonial stem cells reveals a
niche-dependent mechanism for fate determination [J]. Stem Cell
Reports, 2018, 10(2): 553-67.

[9] FAYOMI A P, ORWIG K E. Spermatogonial stem cells and sper-
matogenesis in mice, monkeys and men [J]. Stem Cell Res, 2018,
29:207-14.

[10] LA HM, MAKELA J A. Identification of dynamic undifferenti-
ated cell states within the male germline [J]. Nat Commun, 2018,
9(1): 2819.

[11] ALMUNIA J, NAKAMURA K, MURAKAMI M, et al. Charac-
terization of domestic pig spermatogenesis using spermatogonial
stem cell markers in the early months of life [J]. Theriogenology,
2018, 107: 154-61.

[12] MOHAQIQ M, MOVAHEDIN M, MOKHTARI DIZAJI M, et
al. Upregulation of integrin-alpha6 and integrin-betal gene ex-
pressions in mouse spermatogonial stem cells after continues and
pulsed low intensity ultrasound stimulation [J]. Cell J, 2018, 19(4):
634-9.

[13] BINSILA K B, SELVARAJU S, GHOSH S K, et al. Isolation and
enrichment of putative spermatogonial stem cells from ram (ovis
aries) testis [J]. Anim Reprod Sci, 2018, 196: 9-18.

[14] KWON J, KIKUCHI T, SETSUIE R, et al. Characterization of
the testis in congenitally ubiquitin carboxy-terminal hydrolase-1
(UCH-L1) defective (Gad) mice [J]. Exp Anim, 2003, 52(1): 1-9.

[15] HEIDARI B, RAHMATI-AHMADABADI M, AKHONDI M M,
et al. Isolation, identification, and culture of goat spermatogonial
stem cells using c-kit and PGP9.5 markers [J]. J Assist Reprod
Genet, 2012, 29(10): 1029-38.

[16] OLEJINIK J, SUCHOWERSKA N, HERRID M, et al. Sensitivity
of spermatogonia to irradiation varies with age in pre-pubertal ram



RICAES

A I T AR BRI FUidt e

347

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

lambs [J]. Anim Reprod Sci, 2018, 193: 58-67.

KIMY H, CHOI Y R, KIM B J, et al. GDNF family receptor alpha
1 is a reliable marker of undifferentiated germ cells in bulls [J].
Theriogenology, 2019, 132: 172-81.

NICKKHOLGH B, MIZRAK S C, KORVER C M, et al. Enrich-
ment of spermatogonial stem cells from long-term cultured human
testicular cells [J]. Fertil Steril, 2014, 102(2): 558-65,¢5.

DE BARROS F R, WORST R A, SAURIN G C, et al. Alpha-6
integrin expression in bovine spermatogonial cells purified by
discontinuous Percoll density gradient [J]. Reprod Domest Anim,
2012, 47(6): 887-90.

AZIZI H, SKUTELLA T, SHAHVERDI A. Generation of mouse
spermatogonial stem-cell-colonies in a non-adherent culture [J].
Cell J, 2017, 19(2): 238-49.

ABBASI H, TAHMOORESPUR M, HOSSEINI S M, et al. THY'|
as a reliable marker for enrichment of undifferentiated spermato-
gonia in the goat [J]. Theriogenology, 2013, 80(8): 923-32.

RODE K, WEIDER K, DAMM O S, et al. Loss of connexin 43
in sertoli cells provokes postnatal spermatogonial arrest, reduced
germ cell numbers and impaired spermatogenesis [J]. Reprod Biol,
2018, 18(4): 456-66.

AECKERLE N, EILDERMANN K, DRUMMER C, et al. The
pluripotency factor LIN28 in monkey and human testes: a marker
for spermatogonial stem cells ? [J]. Mol Hum Reprod, 2012,
18(10): 477-88.

HE Z, KOKKINAKI M, JIANG J, et al. Isolation of human male
germ-line stem cells using enzymatic digestion and magnetic-
activated cell sorting [J]. Methods Mol Biol, 2012, 825: 45-57.

HE Z, KOKKINAKI M, JIANG J, et al. Isolation, characterization,
and culture of human spermatogonia [J]. Biol Reprod, 2010, 82(2):
363-72.

KANATSU-SHINOHARA M, MORI Y, SHINOHARA T. Enrich-
ment of mouse spermatogonial stem cells based on aldehyde dehy-
drogenase activity [J]. Biol Reprod, 2013, 89(6): 140.

GUAN K, WOLF F, BECKER A, et al. Isolation and cultivation of
stem cells from adult mouse testes [J]. Nat Protoc, 2009, 4(2): 143-
54.

GIASSETTI M 1, GOISSIS M D, DE BARROS F, et al. Compari-
son of diverse differential plating methods to enrich bovine sper-
matogonial cells [J]. Reprod Domest Anim, 2016, 51(1): 26-32.
HEIDARI B, GIFANI M, SHIRAZI A, et al. Enrichment of undif-
ferentiated type a spermatogonia from goat testis using discontinu-
ous percoll density gradient and differential plating [J]. Avicenna J
Med Biotechnol, 2014, 6(2): 94-103.

KIM Y H, KANG H G, KIM B J, et al. Enrichment and in vitro
culture of spermatogonial stem cells from pre-pubertal monkey
testes [J]. Tissue Eng Regen Med, 2017, 14(5): 557-66.

GOISSIS M D, GIASSETTI M I, WORST R A, et al. Spermatogo-
nial stem cell potential of CXCR4-positive cells from prepubertal
bull testes [J]. Anim Reprod Sci, 2018, 196: 219-29.
KANATSU-SHINOHARA M, TAKASHIMA S, ISHII K, et al.
Dynamic changes in EPCAM expression during spermatogonial
stem cell differentiation in the mouse testis [J]. PLoS One, 2011,
6(8): €23663.

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[43]

[46]

[47]

[48]

[49]

KANATSU-SHINOHARA M, MORIMOTO H, SHINOHARA T.
Enrichment of mouse spermatogonial stem cells by melanoma cell
adhesion molecule expression [J]. Biol Reprod, 2012, 87(6): 139.
KANATSU-SHINOHARA M, OGONUKI N, IWANO T, et al.
Genetic and epigenetic properties of mouse male germline stem
cells during long-term culture [J]. Development, 2005, 132(18):
4155-63.

OATLEY M J, KAUCHER AV, YANG Q E, et al. Conditions for
long-term culture of cattle undifferentiated spermatogonia [J]. Biol
Reprod, 2016, 95(1): 14.

PARK J E, PARK M H, KIM M §, et al. Porcine spermatogonial
stem cells self-renew effectively in a three dimensional culture mi-
croenvironment [J]. Cell Biol Int, 2017, 41(12): 1316-24.

REDA A, ALBALUSHI H, MONTALVO S C, et al. Knock-out se-
rum replacement and melatonin effects on germ cell differentiation
in murine testicular explant cultures [J]. Ann Biomed Eng, 2017,
45(7): 1783-94.

TAKASHIMA S, SHINOHARA T. Culture and transplantation of
spermatogonial stem cells [J]. Stem Cell Res, 2018, 29: 46-55.
SHARMA M, SRIVASTAVA A, FAIRFIELD H E, et al. Identifica-
tion of EOMES-expressing spermatogonial stem cells and their
regulation by PLZF [J]. Elife, 2019, 8. pii: e43352.

PIERI N C G, MANCANARES A C F, DE SOUZA A F, et al.
Xenotransplantation of canine spermatogonial stem cells (¢SSCs)
regulated by FSH promotes spermatogenesis in infertile mice [J].
Stem Cell Res Ther, 2019, 10(1): 135.

TAKASHIMA S, KANATSU-SHINOHARA M, TANAKA T, et
al. Functional differences between GDNF-dependent and FGF2-
dependent mouse spermatogonial stem cell self-renewal [J]. Stem
Cell Rep, 2015, 4(3): 489-502.

MASAKI K, SAKAI M, KUROKI S, et al. FGF2 has distinct
molecular functions from GDNF in the mouse germline niche [J].
Stem Cell Rep, 2018, 10(6): 1782-92.

SAVVULIDI F, PTACEK M, SAVVULIDI VARGOVA K, et al.
Manipulation of spermatogonial stem cells in livestock species [J].
J Anim Sci Biotechnol, 2019, 10: 46.

GIASSETTI M I, CICCARELLI M, OATLEY J M. Spermatogo-
nial stem cell transplantation: insights and outlook for domestic
animals [J]. Annu Rev Anim Biosci, 2019, 7: 385-401.

KUBOTA H, BRINSTER R L. Spermatogonial stem cells [J]. Biol
Reprod, 2018, 99(1): 52-74.

MERONI S B, GALARDO M N, RINDONE G, et al. Molecular
mechanisms and signaling pathways involved in Sertoli cell prolif-
eration [J]. Front Endocrinol, 2019, 10: 224.

MIKKOLA M, SIRONEN A, KOPP C, et al. Transplantation of
normal boar testicular cells resulted in complete focal spermato-
genesis in a boar affected by the immotile short-tail sperm defect
[J]. Reprod Domest Anim, 2006, 41(2): 124-8.

NAKAI M, KANEKO H, SOMFAI T, et al. Production of viable
piglets for the first time using sperm derived from ectopic testicu-
lar xenografts [J]. Reproduction, 2010, 139(2): 331-5.

SATO T, KATAGIRI K, GOHBARA A, et al. In vitro production
of functional sperm in cultured neonatal mouse testes [J]. Nature,
2011, 471(7339): 504-7.





