GENETIC FACTORS IN SELR-RENEWAL 151

cells from C3H mice are fertile and can bo genotically manipulated.
Digcussion

Idcally, transgenic mice with different inbred backgrounds
would be useful for quantifying SSC numbers by germ cell trans-
plantation, which allows quantification of SSCs by the counting
numbers of germ cell colonies. Germ cell transplantation at two
different time points would have been useful for assessing the SSC
proliferation rate, as we demonstrated in B6 mice [18]. Because
such transgenic mouse lines are not available, we assessed SSCs
with different backgrounds by three different approaches, including
histological analysis after busulfan-induced regeneration, germ cell
transplantation using backcrossed transgenic mice and GS cell cul-
ture. Although whole mount or histological analyses have been
traditionally uscd to evaluate SSCs in i, & major impediment to
analysis of SSCs is the inability to distinguish them from sper-
matogonia that are committed to differentiation. We used germ
cell transplantation and GS cell culture techniques to evaluate
genetic effects in SSC self-renewal to complement the resuls of
histological analyses.

Our initial sct of experiments demonstrated a wide difference in
regeneration after busulfan treatment. Using the germ cell trans-
plantation technique, we previously quantified changes of total
SSC number per testis during busulfan-induced regenemtion. We
found that busulfan administration depleted the number of $SCs to
4% of thosc in the wild-type testis within 3 days, but the numbers
of 8SCs in B6 mice gradually regenerated to 61% by 70 days [18).
Likowise, regencration of spermatogenesis accurred in all of the
tosted strains. Spermatogenesis increased between 35 and 70 days
after treatment in all cases, suggesting a gradual recovery of the
SSC population after busulfan treatment. However, the degrees
and the pattems of regeneration were significantly different among
the strains, Spermatogenesis in DBA and AKR mice was relatively
resistant to busulfan, and 60-80% of their tubules contained multi-
plc layers of germ cells by 35 days. This differed from
spermatogenesis in BALB and C3H mice, which were highly sensi-
tive to busulfan; nonctheless, spermatogenesis recovered
dramatically between 35 and 70 days. Spermatogenesisin B6 mice
appears 1o have characteristics that fall somewhere between these
two types; whercas it was apparently more sensitive to busulfan
than those in DBA/AKR group, the regonoration potential was
more limited than those in BALB/C3H group.

However, these results do not necessarily reflect the number and
self-renewal potential of SSCs. Although aging docs not affect
spermatogenic recovery afier busulfan treatment [32), regencration
of spermatogenesis involves additional parameters other than SSC
self-renewal, including absorption and metabolism of busulfan and
damage to other cell components such as Sertoli or Leydig cells.
Chomotherapeutic treatments in other studies showed that testes
that retain spermatogonia on the basement membrane are unable to
undergo spermatogencsis [33). SSC self-renewal is also influenced
by tho presence of differentiated colls. It has previously been
shown that undifferentiated spermatogonial proliferation becomes
greatly enhanced when the number of differentiating spermatogo-
nia gets below a throshold level after administration of busulfan

[34]. This may explain why spermatogenesis recovered much
faster in mice that seemed most vulnerable to busulfan, such as
BALB and C3H. Furthermore, it also depends on the immediate
sensitivity of SSCs to busulfan, which influences the initial SSC
number before thoy start regeneration. Thus, while these results
suggest significant strain differences in the self-renowal activity of
SSCs, busulfan-induced regeneration involved many parameters
that are not relevant to SSC self-renewal, and the results from the
first set of experiments did not conclusively demonstrate that SSCs
with AKR or DBA backgrounds proliferate more actively.

Germ cell transplantation experiments have clearly shown the
regenerative potential of SSCs. Several germ cell transplantation
studies have established that a single colony is derived from a sin-
gle SSC (7, 26, 27], and that the germ cell colony count is
proportional to the number of transplanted SSCs [35]. Therefore,
the number of SSCs can be quantified by introducing a donor cell
marker and counting the number of germ cell colonies. Using
EGFP-labeled donor cells, we compared SSC proliferation for two
genetic backgrounds under the same in vivo conditions. The total
number as well as the frequency of SSCs in the testis cell suspen-
sion was not significantly different between the B6 and DBA mice.
The SSC frequency in the total testis cell suspension (0.01-0.06%
and 0.01-0.02% in the DBA and B6 mice, respectively) was com-
parable to previous estimates obtained by morphological analysis
(0.02-0.03%)[1, 36). Therefore, the rapid recovery of spermatoge-
nesis in the DBA background is probably not due to increased
§8Cs in this strain. Although we did find more SSCs in the DBA
mice, the difference in the SSC pool size may not be quite as pro-
nounced as found in the kematopoietic system, where the size of
the total stem cell pool in DBA mice was several times larger than
that in B6 mice [15]. It is unclear whether this is caused by differ-
ences in the self-renewing machinery or whether it can be
attributed to limitations of the stem cell assays in the two different
self-renewing systems. Regardless, it is of interest and needs (o be
examined from different angles in future analyses.

Serial transplantation experiments confirmed the effect of
genetic factors on SSC proliferation. By comparing the numbers of
germ cell colonies between the primary and secondary recipients, it
is possible to measure the net increase of SSCs in the primary
recipient over the course of 2 months because single germ cell col-
onies were originally produced by single SSCs that underwent self-
renewal divisions. Based on colony counts (0.86 vs. 0.35), our esti-
mates indicate that the SSCs in the DBA mice produced 2.5-fold
more SSCs than those in the B6 mice. A genetic influence on sper-
matogonic activity has boen suggested in several studies, including
pioneering obscrvations on experimental chimeras in the 1960s
[37-39]. In male C3H and B6 chimeric mice, the proportion of the
B6 progeny decreased markedly, while the total litter size remained
constant. This selective shift with age of the males was thought to
occur at the spermatogonia stage, and it was suggested that sper-
matogonia of the two strains might proliferate at diffcrent rates
[38]. However, it has remained unclear whether the shift is caused
by differcnces in the self-rencwal activity of SSCs or is due to pro-
liforation of differentiated progenitor cells. Our results suggest that
genetic factors play an important role in SSC self-renowal in vivo
and may explain the phenomenon observed in those chimeric mice.
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The current results indicate that SSC self-renewal is affected by
the genetic background; however, the dérivation of GS cells may
involve additional factors. We reported that GS cells could be
readily established from DBA, B6D2F1 or ICR backgrounds [8].
Although similar cells were reported from other genetic back-
grounds including B6 and 129, they grew poordy in culture, and no
genetic manipulation of these cells has been reported {13). In the
present study, we were able to establish GS cells from C3H mice,
which were sensitive to busulfan-induced damage but responded in
a manner distinct from DBA or B6 mice. These GS cells possessed
SSC potentisl, and successful production of transgenic offspring
from GS cells of C3H mice indicated that GS cell-based techniques
can be applied to a wide range of strains, Howéver, GS cells from
the B6 background did not proliferate actively under the same cul-
ture conditions, and we have not been able to produce transgenic
offspring using plasmid vectors i these mice (our unpublished
observation). Thus, there is clearly a need to improve current cul-
ture conditions. Although the addition of GFRAL1 has been
reported to enhance SSC self-renewal [13], it did not have a strong
impact in our culture system. The search. for additional self-
renewal factors must be continued in order to improve the efficacy
of the GS cell culture technique.

There are multiple variables that make it difficult to study the
genetic differences in self-renewal of S§Cs. These include strain
differences in 1) sensitivity to busulfan, 2) absolute numbers of
endogenous SSCs at any one time, 3) the rate of self-renewal of
endogenous SSCs and 4) interactions between SSCs and niche cells
or any other somatic cell type that'might influencé self-renewal of
S$SCs. The effects of these factors could not be neglected totally in
this study. Because SSCs are defined only by their ability to self-
renew, they must be assessed by germ cell transplantation, which is
the only method available to detect SSCs in a functional manner.
We attempted to study the genetic differences.of SSCs using this
technique. Albeit with several caveats, this study provided a basis
for study of the genetic differences of SSCs by functional methods.
It also raises several :mportn.nt questions for understanding the
kinetics of spermatogenesis. How genetic factors influence SSC
behavior i vivo, including the regulation of pool size, the life-span
and the stress response, remains unkniown. Forexample, studics in
the hematopoietic system have révealed fundamental differences
between the mechanisms that control the frequency of HSCs and
those that regulate matuce blood cell numbers [15]. Understanding
these regulatory [ectors is important for elucidating tho molecular
basis of S5C self-rencwal. It is also important to conduct genetic
mapping to find genes that influence SSC self-rencwal. At present,
we only know of a few molecules that promote SSC self-renewal.
The analysis of genetic factors may help to identify additional com-
ponents that modulate SSC self-renewal.

Acknowledgments

We thank Ms Y Ogata for technical assistance. Financial sup-
port for this research was provided by the Ministry of Education,
Culture, Sports, Science and Technology of Japan and the Japan
Socicty for the Promotion of Science. This work was also sup-
ported by the Genome Network Project, Suzuken Memorial

40

KANATSU-SHINOHARA o al.

Foundation, Kanse Foundation for the Promotion of Medical Sci-
ence and Japan Science and Technology Agency (CREST).

References

Meistrich ML, van Beek MEAB. Spermatogondal stem cells. In: Dosjardins C, Ewing
LL (ods), Cll and Moleewlar Blology of the Testia. New York Oxford Undversity
Press; 1993: 266-295.

de Rool} DG, Russell LD. All you wanttd to know about sparmatogonta but were
afrald to k. | Androl 2000; 21: 776-798.

Buced LR; Melstrich ML. Effocts’of busulfan on mine spermatogencsis: cytotoxdty,
sterility, sperm abrormalities, ond dominant lethal mutations. Melation Res 1987; 176
259-268,

do Roclf DG, Kramer MF. The effoct of three alkylating agonts on the seminiferous
epitholium of rodents. 1 Doplotory effect. Virchoms Arch Abt B Zalipath 1970; 4: 267~
z5.

Kramer MF, de Rool] DG, mdfeaom\mnlkylmca«usmhmwms
epmdmmomamuo,-mmcum. Virchows Arch Abt B Zellpeth 1970; 4: 276~

Bdnl(unl.llnmmlw Spermatogenesls following male germ-cell trarsplan-
tation. Proc Natl Acxd Scil USA 1994;91: 11298-11302
. Nagano M, Avarbock MR, Belnster RL. Pattern and kinetics of mouse donor sper-
matogonial stem cell colonization tnrodpient tostes, Biol Reprod 1999; 60 1429-1436.
.Kanatsa-Shinohara M, Ogenuld N, Inoue K, Miki H, Ogura A, Toyokusl 5, Shino-
hara T, Long-term proliferation {n culture and germiino trarsmission of mouse male
germline stem cells. Bol Reprod 2003; 69 612-616.
Meng X, Lindahl M, Hyvinen ME, Parvinin M, d¢ Roolj DG, Hess MW, Raatl-
kainen-Ahokas A, Salnio K, Rauvaia H, Lakso M, Pichel G, Westphal H, Saxrma
M, Sariola H.-Regulation of coll fato dedsion of undifferentated spermatogonda by
GDNF. Scimce 2000; 287: 1489-1493,
Kanatsu-Shinchara M, Ogonuki N, Jwano T, Lee J, Karuki ¥, Inoue K, Mikd H,
Takehashi M, Toyokuni S, Shinkai Y, Dvhlqu,bM.ml’,OsnnA,Shinolmw
T. Canetic and apigenstic properiles of mouss male geferlin stem colls during long:
term cuiture. Development 2005; 132: 4155-4163
Kanatsu-Shinohara M, Inoue K, Lue ], Voshimoto M, Ogenuki N, Miki H; Baba S,
Kato T, Kaaukd Y, Toyokanl S, Toyoshlma M, Niwa O, Oshimura M, Heike T,
Nalabata 7, Ishiso F, Ogura A, Shinohara T. Genciallon of pluripotent stem ealls
from nconatal mouse testis, Cell 2004; 119: 10011012,
Kanatsu-Shinchara M, lkawa M, Tekehashi M, Ogonukd N, Miki H, lncue K,
KnnMY,l.ea],Toyokunl S,O:!llmunM.OpluA.ShluohmT Ptodndmd
knockout mice by rondom and d Is In ] stem cells.
MMMSG!USAZDOG;W&BM&-W.
Kubota H, Brinster RL. Culture of rodent spermatogonlal stem cells, male germline
mwammmwwwmum
van Zant G, Fldridgo PW, Behringer RR, Dewey M. Genotic control of lematopeie-
ﬁcﬂlwﬁtltwdcdbyanlywsdaﬂop}ndemlm&Mm«ﬂaﬂddo.wlm;:&
635-645.
do Haan G, van Zanl G. Intrinsicand i control of hemop
bers: mapping of a stem cell gene. | Exp Mad 1997; 186: 529-536.
MilllerSieburg CB, Ribot R. Cenatic control of the frequency cf hematopoletic stem
cells In mice: mapping of a candldate locus to chroinosome 1. | Exp Med 1996; 183:
1141-1150.
Shinohara T, Avasbock MR, Brinster RL. 1- and aé intogrins ase surface markers on
maouse spermatogondal stem cells. Proc Nutf Acad Sci USA 1999; 96: S504-5509.
Klmin-Sh!nohm M, Toyokuni S, Morimoto T, Matad S, Honjo T, Shinohara T.
al of sdlf. I activity of male germline stern cells following
cytatorde damago and seria] tranisplantation, Bbl Reprod 2003; 68: 1801-1807.
OhbcM.lluwaM,KomhuiK,NdunidﬂT Nishirnune Y. ‘Greon mice’ a3 8
source of ublquitous green cdlla. FEBS Lati 1097; 407: 313-319.,
Kanatsu-Shinohara M, Toyokuni S, Shinohara T. Gonetic sclection of mouss maks
genmline stem calls in ritro: Offspring from single stem colls. Blol Reprad 2005; 72: 236~
240,
Sltlname.OﬂvngE,‘A‘Mll,"' ter RL. R g of the p
mouse testis Is d ges In stem cdll rumber and riche
“acoasaibility, MNMW&USAZWLWGML
Kanatsa-Shinchara M, Ogoruki N, Incua K, Ogura A, Toyokuni §, Honjo T, Shino-
basa T, Allogenele offspring produced by male germ line stem-cel) transplondation
intoinfertila mouse tests. mwm,cs. 167-173.
Kimura ¥, Yanaginiachi R Mouso & frgocted with testioud
mnﬂmwdamdwdopkmwcnloifm Development 19954.21 2397-

10,

1L

12.

& L ¢}

13

14

15 cell num-

16

17.

18

19,

0

231

5




84

2. Ogawa T, Oh

31

GENETIC FACTORS IN SELR-RENEWAL

Andersan R, Schaible K, Heasman ), Wylis C. Expression of tho hemophilic adhest

1583

molecule, Ep-CAM, in the mammalian geren line, ] Reprad Fertil 1999; 1164 379-384.
KanatswShinchara M, Miki H, Inoue K, Ogonuki N, Toyokuni S, Ogura A, Shino-
hara T, Long:term cubture of mouse male germline stem cells under scrum- or feeder-
100 corulitions. Bial Reprod 2005; 72: 985-991.

Zhang X, Ebata KT, Nagaua MC. Genetle nnalysis of the eloral origin of regementing
mouse sp genesls following transpl Bicl Reprod 2003; 69: 1872-1878.
Kanatsu-Shinohara M. Inoue K, Mild H, Ogonuki N, Takehashi M, Morimota T,
Ogun A, Shinchara T. Clonal ordgin of germ ool colonlcs after sp dad trans-
plantation tnmice. Biol Reprod 2006; 75: 68-74.

M, Y Y, Sawada H, Kabota Y, Expansion of murine spes-
matogonial stem cells through sexial transplantation. Biol Reprod 2000; 68 316-322
Ogawa T, Ohmura M, Temaa ¥, Kita K, OkboK, Suda T, Kubota Y. Derivation and
mosphological charasterization of mouse spermatogonial stem cell lines. Arck Histol
Cytal 2004; 67; 297-3064

Kanatsu-Shinohara M, Inoue K, Lee §, Miki H, Ogonakd N, Toyokani §, Ogura A,
Shinchara T, Archorag: P growth of mouse male germling stem cells in
vitro, Biol Reprod 2006; 74; 52-529.
Palermo G, Joris H, Devroey P, Van Steirtegh

T iminetton of

ind. A,

AC. Progr afer intracy
¥ ] p into an oocyte. Lancet 1992; 340 17-18.
Ehmcko J, Joshs B, Hergenrother SD, Schlatt S, Aging docs not affoct spermatogenic

y adter oxperimentally Induced infury in mice. Reproduction 2007; 13k 75-80,

41

n

38 Mintz B. B

- Melstrich ML, Kangasniomi M. He treatment after irradiation stimulatos
'y of rat of genesls from 1g spermatogania, | Androd 1997; 18 80~

87.

van Keulen CJG, de Roolj DG. The recovery from varfous gradations of cell foss tn

the mouse seminiferous epithelivim and its implications for the spermatogonial stem
cell fenawnl theosy, Cell Tissus Kinet 1974; 7: 549558

Dobrinsld I, Ogawa T, Avarbock MR, Brl RL Comp isted image analysls
10 assess eolondmiion of reciplont seminiferous tubules by spermatogonial stem eells
frem tranegenle donor mice. Mol Reprod Deo 1999; 53: 102-148.

Teglenboach RA), de Roclj DG. A quantitstive study of spermatogondal multiplico-
tion and stem cell reneweal in the CIH/101 F1 hybrid mouse. Muletion Res 1993; 290:
193-200

Melstich ML, Finch M, La CC, de Raiter-Bootsma AL, de Roodj DG, Davids JA.
Strain differences in the resporse of smouse testiculaz stem cells 1o fractionated racio-
ton. Radiat Res 1984;97; 478487,
pheoditism, sox ck 1
allophonie mico, ] Anim Scf 1968; 27: 51-60.
Balden-Tillor OU, Chilarini-Garcia H, Poirior C, Alves-Freitas D, Wong CC, Shetty
G, Medstrich ML Genotlc factors contributing to defective sparmatogenial different-
ation infuvenile spermatogonial depletion (Urp14b*) mice. Biol Reprod 2007; 77: 237-
246

.y

and germ ¢l sclection in







