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Summary

Stem cells in various somatic tissues (bone marrow, skeletal mice) and RNA expression studies of differentiation
muscle) can be identified by the ‘Side Population’ marker markers demonstrate that germinal ‘Side Population’
based on Hoechst 33342 efflux. We show that mouse contains spermatogonial cells. In additionge-integrin and
testicular cells also display a ‘Side Population’ that express Stra8 germinal stem cell markers, are expressed in the
BerplmRNA, the ABC transporter responsible for Hoechst  ‘Side Population’. In vivo repopulation assay clearly
efflux in hematopoietic cells. Inhibition of Hoechst efflux  establishes that testis ‘Side Population’ in adult mice is
by specific BCRP1 inhibitor Ko143 show that germinal highly enriched in male germ stem cells.

‘Side Population’ phenotype is dependent on BCRP1

activity. Analysis of two well-defined models of altered Key words: Spermatogenesis, Stem cells, BCRP1/ABCG2,
spermatogenesis W/W' mutants and cryptorchid male  Transplantation

Introduction The presence of stem cells — as for all self-renewing tissues
Spermatogenesis is a step-wise process that requires®MONg spermatogonia is already (_:Iearl_y_ established :_;md
coordination of mitosis, meiosis and differentiation. NumerouS€veral markers have been recently identified. The location
knockout and spontaneously mutated murine models exhiff undifferentiated spermatogonia close to the basement
altered spermatogenesis, underscoring the complexity @embrane of seminiferous tubules suggests that extracellglar
homeostatic control in this lineage (reviewed by Escalier, 2001§0atrix receptors may be expressed on stem cells. Using
Inactivating genes involved in DNA repair, proliferation, functional assays, the ability of the candidate stem cells —
apoptosis or cell-cell interactions generally results in a blocROSitive for receptor expression — to recolonize in vivo sterile
of germ cell differentiation. In addition, functional testis ha}s been established. Screening for the integrin receptors
spermatogenesis requires the support of somatic cell§flaminin has demonstrated that the cell populations expressing
especially Leydig cells (located between seminiferous tubule$ Of 06 chains include stem cells and that theintegrin

and Sertoli cells [3% of the cells inside tubules (Bellve, 1993)]Positive cell population is more highly enriched in stem cells
Although in adult mice the main subpopulation is set up byShinohara etal., 1999; Shinohara et al., 2000b). These subunits
haploid cells in terminal maturation (spermatids), the eventdre also stem cell markers in some other epithelia [hepatocytes
necessary to spermatogenesis completion (i.e. germ céfuzuki et al., 2000), keratinocytes (reviewed by Watt, 2002)].
expansion, meiosis entry) involve fewer than 40% of germ cell@ased on ay expression, theag"SSC°ay fraction of

This population is highly heterogeneous and includes both préryptorchid mouse testicular cells is greatly enriched in germ
meiotic and meiotic cells. Spermatogenesis initiates with theétem cells (Shinohara et al., 2000b). Among the genes
mitotic expansion of spermatogonia, the various differentiatio@xpressed early during spermatogenesis, another stem cell
stages (at least 7) of which can be distinguished bynarker has been characterized: 8tea8gene is expressed in
morphological criteria (Chiarini-Garcia and Russell, 2001). Thespermatogonia (Oulad-Abdelghani et al., 1996) and the activity
transition from diploid B spermatogonia to tetraploid primaryof its regulatory sequences enables the purification of germinal
spermatocytes characterizes meiosis entry. Following thstem cells in transgenic mice (Giuili et al., 2002).

pachytene step, spermatocytes | undergo a reduction to diploidin different lineages [hematopoietic (Goodell et al., 1996),
spermatocytes Il, which are themselves reduced to spermatiddkeletal muscle (Jackson et al., 1999; Gussoni et al., 1999),
In adult rodents, germ cell differentiation is continuous and eacheural system (Hulspas and Quesenberry, 2000)], stem cells
step is concomitantly present inside the seminiferous tubuleshare a phenotype based on the efflux of vital fluorescent dyes.
(Russell et al., 1990). The use of DNA-dye staining [i.ebis-benzimide Hoechst
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33342 (Ho)] coupled to flow cytometry analysis on thesepropidium iodide (Pl at fg/ml) was added to exclude dead cells. For
lineages revealed a population exhibiting a low Hoanalysis of CD45 expression, cells were incubated 20 minutes at 4°C
fluorescence and highly enriched in stem cells: the ‘Sidwith 1pg of Cychrome anti-mouse CD45 clone 30-F11 (Pharmingen)
Population’ (SP). Some members (MDR1, BCRP1/ABCG2) of? incubation buffer. Cells were then washed, resuspended in
the ATP-binding cassette (ABC) transporter family contributénsgﬁfgﬁg rgttjf{szs;Vt;tr(‘PE;rﬂggg‘na)'?;zgg‘; \;:\l/;: u(;eze;(;rioi?r%?ms.
té) ttf;e dye effllth (iomnggg ntBof tpe SPZ%g(;not)é%eR(eriVIe'\gvsd b Analysis and cell sorting were performed on a dual-laser FACStar
ottesman et al., ; _bunting, )- ( Cg%’Ius flow cytometer (Becton Dickinson) equipped with a 360 nm UV
Unigene cluster Mm. 196728) was recently reported t0 Dgrgon laser and a 488 nm argon laser. Hoechst blue and red
responsible for Ho efflux, at least in hematopoietic stem cellgjyorescence emissions were collected using a combination of 400 nm
as described iBcrpI”— mice (Zhou et al., 2002). long pass and 505 nm short pass filters, and a 630/30 band pass filter.
Evidence that stem cells of different somatic lineages sha@ychrome fluorescence was collected with 695/35 band pass filter.
similar molecular properties (Lowell, 2000) led us to addres&GFP and TruCount microbeads fluorescences were collected using
the question concerning the occurrence of SP in the mafeshort pass 560 nm dichroic mirror, and 530/30 and 695/35 band pass
germinal lineage of adult mice. We have demonstrated thatters.
testicular cells also display an SP population and that th&g-integrin magnetic cell sorting (MACS)

expression of markers of germinal ste_m cells is, padity ( This procedure was modified from a previously published method
integrin) or even totally (Stra8), restricted to SP cells. | hinohara et al., 2000b). To purifig-integrin positive cells, 4@.06

addition, transplantation of testicular SP cells demonstrategsiicular cells were suspended in B0of incubation buffer and
that spermatogonial stem cells are present in testicular SP |@heled with 40pl of PE conjugated antis-integrin antibodies

adult mice. (GoH3, BD Biosciences) for 15 minutes at 4°C. Cells were washed
and resuspended in HBSS supplemented with 1 mM HEPES pH 7.2
M rial nd meth and 0.5% bovine serum glbumln _(HBSS/_HEPES/BSA)_. Lab_elt_ed cells
.ate als and methods were then sorted with anti-PE antibody microbeads (Miltenyi Biotech)
Mice according to the manufacturer's procedure. @aéntegrin-positive

Adult C57BL/6 males (Iffa Credo) and//W males (Brinster and and negative cellular fractions were collected and resuspende® at 10
Zimmermann, 1994) — all parent strains issued from The Jacksasells/ml in incubation medium. For transplantation, SP cells were
Laboratory — were raised in our animal facilities. Experimentalsorted in tubes coated with 3% BSA containing DMEM supplemented
cryptorchid males were produced by suturing the testis fat pad to thveith 10% FBS.

abdominal wall at 5 weeks of age and analyzed 2-3 months after o

surgery (Nishimune et al., 1978; Shinohara et al., 2000a). EGFHoechst efflux inhibition

transgenic mice (C57BL/6-TgN(beta-act-EGFP)010sb) were used tdoechst efflux inhibition was performed by preincubatiog
detect donor-derived spermatogenesis after germ cell transplantatioriegrin-positive cells (190 cells/ml) for 30 minutes at 32°C in
(Okabe et al., 1997). In the testis of EGFP transgenic mice, germ cellscubation medium supplemented either with 2-deoxyglucose and
are labeled with EGFP except elongated spermatids and spermatozeadium azide (Sigma) at 50 mM and 15 mM final concentrations
All animal procedures reported in this paper were carried outespectively, or verapamil (Sigma) at 25 andugéml (Scharenberg

in accordance with French Government regulations (Servicest al., 2002), or specific BCRP1 inhibitor Ko143 at 200 nM (van der
Vétérinaires de la Santé et de la Production Animale, Ministére deol et al., 2003). Cells were further stained with Ho in the presence

I’Agriculture). of the inhibitor as previously described. They were then washed
) ) ) in ice-cold incubation buffer and resuspended in cold incubation
Testicular single-cell suspensions medium containing ig/ml PI before flow cytometry analysis.

Cells were isolated from 3-month-old male mice according to a )
modification of the protocol of Vincent et al. (Vincent et al., 1998).RNA extraction and RT-PCR
The albuginea was removed and the seminiferous tubules weF®r RNA purification, from 50,000 to 100,000 cells were sorted in
dissociated using enzymatic digestion by collagenase type | at 1@llicone treated tubes containing PBS and 20 U recombinant FNasin
U/ml for 25 minutes at 32°C in Hanks’ balanced salt solutionribonuclease inhibitor (Promega). After centrifugation of the cells,
(HBSS) supplemented with 20 mM HEPES pH 7.2, 1.2 mMtotal RNA was purified using the RNe&sMini Kit according to the
MgSQ47H20, 1.3 mM CaCi2H,0, 6.6 mM sodium pyruvate, manufacturer’s instructions (Qiagen). RNA concentrations were
0.05% lactate. After an HBSS wash and centrifugation, the pelleteguantified using the RiboGreBiRNA quantification kit (Molecular
tubules were further incubated in Cell Dissociation Buffer (InProbes). The first strand of cDNA was synthesized from 100 ng of
Vitrogen) for 25 minutes at 32°C. The resulting whole celltotal RNA, in 6.7 mM MgCl, 67 mM Tris-HCI pH 8.8, 16.6 mM
suspension was successively filtered through @mOnylon mesh  (NH4)2SQy with 5uM pdNs and 1.25 mM each dNTP. After 5 minutes
and through a 2@um nylon mesh to remove cell clumps. After an denaturation at 70°C, 200 U of M-MLV RT were added and the
HBSS wash, the cell pellet was resuspended in incubation buffeeaction mix (2Qul final) was further incubated for 45 minutes at 42°C
(HBSS supplemented with 20 mM HEPES pH 7.2, 1.2 mM(Ory et al., 2001). The cDNA was then diluted to 16Gnd 10pl
MgSQy7H20, 1.3 mM CaCi2H,O, 6.6 mM sodium pyruvate, were used in PCR (fl for B-actin). All PCR reactions were
0.05% lactate, glutamine and 1% fetal calf serum) and furtheclassically performed using the primers shown in Table 1.
incubated at 32°C in a water bath. Cell concentrations were RT-PCR assays were performed twice on each subpopulation and
estimated using Trypan Blue staining (>95% viable cells). in addition on populations purified from two independent sorting

To discard the interstitial cells, a filtration step with g nylon experiments. Equal amounts of RNA were tested in parallel for the
mesh was added after the collagenase digest, and the seminifer@lbssence of genomic DNA.
tubules were subsequently treated as previously described.

Testis cell transplantation and analysis of recipient mice

Flow cytometry analysis and cell sorting Total unstained testicular single-cell suspensions, used as control, and
Two million cells were diluted in 2 ml incubation buffer and stainedsorted testis SP cells both obtained from EGFP transgenic males were
with Hoechst 33342 (fig/ml) for 1 hour at 32°C. Before analysis, resuspended in Dulbecco’s modified Eagle’s medium containing 10%
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Table 1. Primers used
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Target genes

Upper primers

Lower primers

Dazla(Wang et al., 2001)

TTCAGGCATATCCTCCTTATC

ATGCTTCGGTCCACAGACTTC

Kit AATGGAAGGTTGTCGAGGA CAAATCATCCAGGTCCAGAG
Stra8(Oulad-Abdelghani et al., 1996) GCCAGAATGTATTCCGAGAA CTCACTCTTGTCCAGGAAAC
B actin TCGTGCGTGACATCAAAGAGA GAACCGCTCGTTGCCAATAGT
Cremt TGCCTGGTATTCCCAAGATTG CGGCTGATTGTGCTGCATA
Hsp 70-2 CGCCTCACCCAACTAGATATCA GCTTCATATCGGACTGCACTGT
H1t CAGTTTCCAAGCTGATTCCTG AAACTCACTTCCTCCCTGCTG
Berpl(Zhou et al., 2001) CCATAGCCACAGGCCAAAGT GGGCCACATGATTCTTCCAC

fetal bovine serum, and 1Q@/ml DNAse Type | (Sigma) and 0.5%
Trypan Blue, and maintained at 4°C throughout the procedure. Ce
concentrations were adjusted ranging from 10 tl8®cells/ml and

1.6 to 2.%10° cells/ml for total and SP sorted cell populations,
respectively. Donor testis cell populations were transplanted int
immunologically compatible C57BL6 recipient mice that were
previously treated with busulfan (40 mg/kg, Sigma) to destroy
endogenous spermatogenesis (Brinster and Zimmermann, 1994; Ol
et al., 2000). Busulfan was intraperitoneally injected at 4-6 weeks ¢
age and the mice were used as recipients 4 weeks later. In additi
recipient mice received a single 7.6 mg/kg i.p. injection of leuprolide
(gonadotropin-releasing  hormone  agonist,  Sigma)  priol
transplantation; treatment is known to enhance colonization afte
spermatogonial transplantation (Ogawa et al., 1998). Recipient mic
were anesthetized by Avertin injection (640 mg/kg, i.p.). A volume
of 10 ul of donor cell suspension was introduced in each recipien
testis via the efferent ductules according to the method of Ogawa
al. (Ogawa et al., 1997). Approximately 70-90% of seminiferous
tubules were filled with the donor cell suspension as monitored b
Trypan Blue staining.

Analysis of transplanted testis was performed 10 weeks after don
cell transplantation. Recipient mice were sacrificed and the remove
testes were observed under an Olympus epifluorescent microscope
detect the presence of EGFP fluorescent seminiferous tubules. Sin
cell suspension from recipient testis were prepared and stained wi _ 3
Ho. To determine the repopulation efficiency, the EGFP-positive cel ] - 1
number per recipient testis was measured by flow cytometry usir
the TruCount™ (BD Biosciences) methodology on testicular cell
suspension according to manufacturer's instructions. Briefly
recipient testis cellular suspension (0.5 ml) witu@ml Pl was
added into BD TruCount tube. Microbeads lyophilized pellet
dissolved, releasing a known number of fluorescent beads. After flo
analysis, EGFP-positive cell number per testis could be calculated t
dividing the number of EGFP cells by the number of fluorescen
beads, then multiplying by the bead concentration, dilution factor an
cellular suspension volume. To compare repopulation efficiency oi
SP and total cells, EGFP-positive cell number per testis wabkig. 1.Flow cytometric analysis of Hoechst 33342 fluorescence.
normalized to 1®cell injected. Statistical analysis was performed by(A) C57BL/6 adult murine testicular cells. (B) Definition of the five
Student’st-test. main subpopulations and respective percentages of total testicular
viable cells: 1 (1%), 2 (2.4%), 3 (8%), 4 (7%), 5 (70%).

(C,D) Comparison with two infertile murine model§/W mutant
(C) and cryptorchid C57BL/6 male (D). (E,F) Identification of
An SP population is detected in testicular cells somatic inter_stitial ceIIs:_ interstjtial cgll-enric_h_ed fraction (E)
stained with Hoechst 33342 com_pared _W|th the fraction enriched in semlnlfe_rous tubu_les (F).

i Vertical axis shows blue (Ho) fluorescence, horizontal axis red
In order to determine whether the SP phenotype was al3fo/PI) fluorescence.
conserved in the spermatogenic lineage, single cell suspensions
of adult mice testis were analyzed using flow cytometry after
Ho staining (Goodell et al., 1996). Populations were separatadsticular cells could be resolved into four distinct major
using a two-window discrimination of red and blue fluorescencpopulations (annotated in Fig. 1B): haploid (number 5), diploid
emissions along the ordinate and abscissa axis respectively (Figumbers 2 and 4) and tetraploid (number 3). An additional
1). The PI uptake allowed dead cells to be grouped along tlsibpopulation (number 1) exhibited low Ho staining correlated
ordinate axis; cellular debris were localized near the origin. with the fluorescence feature of SP cells, therefore suggesting

On the complex fluorescence profile (Fig. 1A), wholean active Hoechst efflux.
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The SP population includes spermatogonial cells W/Wy SP  (4n) (2n) (n)
To identify further the different subpopulations, the Ho staining .
c-Kit
pattern of normal cells was compared to those of two well
defined models of altered spermatogenesisWA&' mutant Dazl
and the cryptorchid male. Infertid//\WW adult males display
an early block in spermatogenesis, owing to mutations in th H1t

Kit gene resulting in a defective Kit/Kit ligand pathway.

The cryptorchidism induces by heat shock a depletion i Hsp?O—Zm

differentiating germ cells. In addition to somatic cells, the

seminiferous tubules ofN/W mutants therefore contain Cremt =

rare spermatogonia (Brinster and Zimmermann, 1994), an .
proliferating early spermatogonia are present in the cryptorchi B actin =
testis (de Rooijj et al., 1999).

Analysis of single cell suspensions purified frov\ and ~ Fig. 2. Analysis of differentiation marker expression on the sorted cell
cryptorchid whole testis gave similar fluorescence profile§ubpopulations. RNA from whole testis cell suspension of mutant
(Fig. 1C,D, respectively). Compared with the analysis o /W males was analyzed in parallel with a sorted cell population

: R . : ding to Fig. 1B) from normal adult males: population 1 (SP),
normal cells (Fig. 1A), subpopulations 3, 4 and 5 were totall accordi L : .
absent while(sgb o] )ulatioﬁspl and 2 were conserved in t gpulation 3 (4n), upper diploid population 4 (2n) and population 5

pop . RT-PCR was performed f#iit (35 cycles)Dazl (30 cycles)H1t

subpopulations 3 (DNA content 4n) and 4 (2n) were meioticactin (30 cycles) served as a normalization control.

and population 5 (n) was postmeiotic corresponding to
spermatids. The SP fraction (1) and the diploid population (2), ] ] ) ]
common to the three profiles, might include premeiotic cell§espectively. This result was emphasizedilyRNA analysis,
and somatic cells. whose level of expression was higher in spermatocytes | (4n)
To assign somatic interstitial cells to subpopulations than in premeiotic SP cells (Drabent et al., 1998).KRihgene
and/or 2, a filtration step was added (See Materials angutations have little effect on the levelskit RNA in W/\W
methods) to collect on the one hand a fraction enriched i€lls (Nocka et al., 1990). .
interstitial cells and on the other hand a tubular and germinal The Hsp70-2 and Crem 7 genes are transcribed from
cell suspension. The comparison of the two Ho profile§permatocytes | to spermatids (Zakeri et al., 1988; Foulkes et
(Fig. 1E,F) strongly suggested that the diploid subpopulatiodl., 1993; Dix et al., 1996). In the same way (Fig. 2), their
2 was mainly composed of interstitial cells. Some SP cell§xpression was detected in pure subpopulations 4n, 2n and n,
were detected in the interstitial cell-enriched fraction (Figconfirming in particular that the upper diploid population (4)
1E). This fraction contained 76% cells positive for CD45was meiotic.
marker (data not shown), demonstrating that they wer . .
hematopoietic cells. A contamination by haploid cells WaSpermatogonlal stem cell markers are expressed in
present in the interstitial cell-enriched fraction. In theSP Cells _
seminiferous tubules fraction (Fig. 1F), the SP population wads the SP fraction was a phenotype common to noiveA’
present as well as subpopulations 3, 4 and 5. In this fractioAnd cryptorchid testicular cells (Fig. 1), it might include
93% of SP cells were negative for the CD45 marker angndifferentiated spermatogonia. The expressioneeihtegrin
confirmed that this population contained premeioticand Stra8 markers of germinal stem cells was analyzed
Spermatogonia| cells. (Sh[nohara et al.,' 1999; GIUI'I' et al., 2002) ) N
In conclusion, in the Ho profile of whole testicular cells (Fig. First, as previously mentioned, thes-integrin-positive
1B) were clearly defined: the diploid interstitial population (2),Population is highly enriched in stem cells. We took advantage
the SP fraction including spermatogonial cells (1), the meioti®f this property to enrich fone-integrin-positive cells by
populations — tetraploid spermatocytes | (3) and diploidmmunomagnetic purification prior to DNA staining and
population 4 (probably spermatocytes 1) — and the postmeiotitACS analysis. The selected-integrin-positive cells (Fig.

spermatids (5). 3A), representing 2-4% of the total population, was
) ) o principally composed of SP cells and spermatids compared

RT-PCR analysis of differentiation markers on flow- with the ae-integrin negative cell fraction (Fig. 3B). Nine

sorted subpopulations percent of ae-integrin-positive cells displayed an SP

Further characterization was achieved by analysis gbhenotype. Excluding the contaminating haploid spermatids
differentiation marker expression on sorted cell populations. Asubpopulation 5) from analysis, the SP population
W/W cell suspension was used as a control because fewpresented 60% dig-integrin-positive cells, showing that
spermatogonia are present and it is also enriched in SP celle stem cell-enrichedk-integrin-positive fraction was highly
(Fig. 1C). enriched in SP cells.

Each subpopulation was tested for the expression of genesSecond, the expression of tB&ra8gene was tested in the
transcribed before the first meiotic division (Fig. Razland  pure sorted subpopulations (Fig. 3Gfra8 gene expression
Kit genes (Ruggiu et al., 1997; Vincent et al., 1998). Botlwas restricted to the SP population of normal mice and was
genes were expressed only in the SP cells and in the tetrapla@itso detected in thg&V/W mutant cell suspension which is
cell population (4n), confirming that these subpopulationgonsistent with the presence of spermatogonial stem cells in
corresponded to spermatogonia and spermatocytes the SP fraction.
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Fig. 3. Analysis of the SP population for the expressioogf E W/Wv  SP (4n) (2n) (n)
integrin andStra8germinal stem cell markers. Ho fluorescence flow
cytometric analyses afe-integrin-positive cell fraction (A) ande- Berp1

integrin-negative cell fraction (B) after immunomagnetic sorting.
(C) RT-PCR analysis ddtra8gene expression (35 cycles) WiW,

and sorted normal populations: SP cells (SP), tetraploid population
(4n), upper diploid population (2n) and haploid population (n).

The germinal SP phenotype depends on ABC
transporter activity and SP cells express
Berpl/Abcg2 gene

The SP phenotype is caused by an active Ho efflux vi
members of the ABC transporter superfamily. This
mechanism can be inhibited either by ATP depletion o
specifically using ABC transporter inhibitors (Zhou et al.,
2001; Scharenberg et al., 2002). To determine whether AB
transporter activity was involved in the SP phenotype o.
spermatogonial cells, the effects of sodium azide an@ig. 4.The germinal SP phenotype is related to ABC transporter
deoxyglucose, and verapamil, were assessed ina@ie activity. ae-integrin-positive cell fraction stained with Ho without
integrin-positive fraction. The SP population was markedlynhibitor (A), with deoxyglucose plus sodium azide (B).28ml
reduced in the presence of sodium azide and deoxygluco&e) or 75ug/mi of verapamil (D). (EBcrplexpression analysis (35
(Fig. 4B, 3.4%) compared with controls (Fig. 4A, 11.5%)cycles) in testicular subpopulations: SP cells (SP), tetraploid

. . : : nopulation (4n), upper diploid population (2n) and haploid
showing that this phenotype in germinal cells was energ)’E)opulation (n)ae-integrin-positive cell fraction stained with Ho

dependent. Verapamil — an inhibitor of PgP — atugsml ithout inhibitor (F) and with ific BCRP1 inhibitor Ko143 (G
moderately inhibited the Ho efflux (Fig. 4C, 8.8%) suggestingwI out inhibitor (F) and with specific inhibitor Ko143 (G).

that PgP was not the major ABC transporter involved in this

process. However, an increase in the efflux inhibition (Figresumed at the end of meiosis because RNA levels were
4D, 3.6%) was observed at higher verapamil concentration (#aarkedly increased in spermatids. Using the specific BCRP1
Hg/ml), as already described for the SP population in bongyibitor Ko143 (Allen et al., 2002), SP phenotype was
marrow or carcinoma cell line (Goodell et al., 1996;markedly reduced (Fig. 4F,G). Hoechst efflux inhibition by

Scharenberg et al., 2002). . Ko143 shows that the BCRP1 transporter activity is involved
The effect of the MDRL1 inhibitor verapamil was notin the germinal SP phenotype.

complete on the germinal SP fraction and the study of

Bcrpl~mice demonstrates a major role for BCRP1/ABCG2In Vvivo repopulation assay in busulfan-treated

protein — rather than P-gp/MDR1- in the SP phenotype (Zholgcipient mice show that the testis SP is enriched

et al., 2002)Bcrpl gene expression was therefore tested irfor stem cell activity

each purified subpopulation (Fig. 4EBcrpl RNA was  To determine stem cell activity, donor EGFP germ cells were

detected in the SP cells of normal mice and alswiW  used for transplantation into seminiferous tubules of busulfan-

mutants. Although RNA was not detected in tetraploidireated recipient normal mice. EGFP germ cells were obtained
meiotic cells, it appears th&icrpl gene transcription was from EGFP transgenic mice whose spermatogenesis is normal
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(Okabe et al.,, 1997). As we have shown tbatintegrin-  cells (lower diploid) might result from differences in their
positive fraction is highly enriched in SP cells, testis cellchromatin structure. Finally, spermatids are identified, as
were firstly enriched for ag-integrin-positive cells by population 5, by their haploid DNA content and their
immunomagnetic purification. The testis EGFP-positive SRxpression oCrem1 andHsp70-2genes.

was then purified by flow sorting (Fig. 5A) and transplanted The SP phenotype after Ho staining is one of the molecular
into recipient testis.

Ten weeks later, the SP EGFP-positive cells have colonize
the seminiferous tubules of recipient testis (Fig. 5B)
Testicular single cell suspensions from recipient testis wel
prepared and analyzed by flow cytometry according to EGFE
and Ho fluorescences. The EGFP-positive cells were detect 2
among the negative recipient cells (Fig. 5C). Flow analysi @
showed that 49+4% (meants.e.m.) of EGFP cells wer Q
spermatids (haploid DNA content) and that EGFP cell
displayed the Ho profile typical of normal spermatogenesi
(Fig. 5D), demonstrating that transplanted testis SP cells we .
able to proliferate and differentiate. To analyze the efficienc
of repopulation, the number of EGFP-positive cells pe -
recipient testis was determined by flow cytometry using n 2n_ -4n C
TruCounfM methodology (Fig. 5E). As shown by . | i N
repopulation assay, the testis SP was 15-fold enriched in ste . =
cell activity compared with total cells (Fig. 5F). Those dateLL
confirm that the testis SP cells in adult mice contain mal 8”
germinal stem cells.
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Like other self-renewing processes in adult tissues Hoechst blue ' 2°°H0$Lh-;§°reé°° "
spermatogenesis originates from a small pool of stem cell =
The molecular mechanisms governing germinal stem ce o
renewal and initiation of differentiation remain barely & -
understood. Their understanding would be facilitated b &
purification of the stem cell population. It is already well @ .
established that complex self-renewing cell lineages can lg"
analyzed and cells of interest purified using vital DNA dye a= _
Ho, combined with flow cytometry analysis. Red and blu¢g =i
fluorescence emissions of Ho result from three cellulac
properties: (1) ploidy, (2) structure and accessibility of =g g 0"
chromatin, and (3) Ho efflux caused by ABC transporte Green fluorescence SP Total
activity. In agreement with these criteria, our results show thac
whole testicular cells are distributed in five mainFig.5.In vivo repopulation assay of the testis SP EGFP-positive in
subpopulations in adult mice. Four of them are defined by thehusulfan-treated recipient analysed 10 weeks after transplantation.
DNA content: tetraploid (population 3), diploid (populations 2(A) Ho fluorescence flow cytometric analysesigfintegrin-positive
and 4) and haploid (population 5). The fifth population (1)cell fraction from EGFP donor cells. Sorting gate of the testis SP is
exhibits an SP phenotype because of Ho efflux. enclosed in box. (B) Detection of fluorescent seminiferous tubules in
The nature of each subpopulation has been identified. T recipient testis transplanted with the EGFP testis SP as determined

| dioloid Vi v in whol I ; fluorescence microscopic analysis of whole testis. (C) Flow
ower diploid one (2) is present only in whole cell suspensiongy;,metric analysis of EGFP and Ho blue fluorescences of testicular

and is composed of somatic interstitial cells. This populatiojngie cell suspensions prepared from recipient testis transplanted
may include Leydig cells, endothelial and blood cells whichwith the EGFP testis SP and (D) Ho fluorescence flow cytometric
are released during collagenase treatment (Bellve, 1993). Thed/blue Ho fluorescence) analysis of EGFP-positive cells in
meiotic origin of the tetraploid (3) and upper diploid (4) recipient testis gated from Fig. 5C. (E) Green and red fluorescence
populations was assigned by comparison with two models @alysis of testicular cell suspension from recipient testis in order to
early blocked spermatogenesi&% M mutants and cryptorchid determine EGFP-positive cell number per recipient testis by flow
males — in which these cells are completely absent. This ftometry using TruCouf¥' (BD Biosciences) methodology (see
confimed by RT-PCR stues: these two_Cell popuiatoniels d methods) EGEP postve cole (£GEF)and TuCoun
express meiotic differentiation marke@rémt andHsp70-3 '

. . recipient testis by the transplanted testis 188 testis) compared
highly but express spermatogonial markers weakly &nd with total populationr{=8 testis). EGFP-positive cell number per

Dazl) or not at all §trad. Consequently, these populations canrecipient testis was normalized to>x@lis injected. The values are
be identified as spermatocytes | (tetraploid cells) anéheants.e.m. Difference between SP and total cells is significant
spermatocytes Il (diploid cells). The red Hoechst fluoresceng@<0.03). Results were obtained from three independent

shift of the spermatocytes Il (upper diploid) versus interstitiabxperiments.
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properties shared by a number of somatic cells [hematopoieticaused by BCRP1/ABCG2 protein activity as demonstrated in
muscle and neuronal cells, as well as ES cell lines (for a revieBcrpl-null mice (Zhou et al., 2002). We have shown Bapl
see Bunting, 2002)] in various species (mouse, pig, monkegNA is detected in the germinal SP population cells and that
and human) (Goodell et al., 1997). Our results clearly show thdoechst efflux can be inhibited by BCRP1 specific inhibitor.
presence of an SP fraction among adult male germ cells. Thidws, BRCP1 activity is a determinant of the germinal SP
SP fraction represents 1% of the total viable cells (or 0.6% qdhenotype reported here. TBerpl/Abcg2gene is a member
total testicular cells)which is on the order of magnitude of of the superfamily of the ABC transporters that are key
somatic SP population sizes (Goodell et al., 1996; Zhou et aklements of the blood-testis and blood-brain barriers. The
2002). In addition, the germinal SP fraction described herblood-testis barrier is composed of capillary endothelial cells
exhibits properties of somatic SP populations (Zhou et aland Leydig cells, and by the myoid layer of the seminiferous
2001; Scharenberg et al.,, 2002): (1) the SP phenotypgebules and Sertoli cells. Those somatic cells express specific
corresponds to an active Ho exclusion that can be inhibited BABC transporters, such as P-gP/MDR1 (endothelial and myoid
ATP depletion; and (2) the SP phenotype is specificallgells), and MRP1 (Sertoli and Leydig cells) (Wijnholds et al.,
sensitive to inhibitors of ABC pumps. The SP population1998; Bart et al., 2002). Therefore, we cannot exclude that
includes spermatogonial cells as confirmed by the RNAomatic cells might be present in the SP fraction, especially for
expression of differentiation markers, in particukit and  myoid cells expressing P-gP. In the germinal lineage, P-
Dazl. Their expression is known to initiate in the A gP/MDR1 expression has been recently detected in postmeiotic
spermatogonia th&it gene (Manova et al., 1990) and in cells (late spermatids) (Melaine et al., 2002). As demonstrated
the more differentiated B spermatogonia tB&zl gene here,Bcrpl RNA is also present in spermatids, but Hoechst
(Niederberger et al., 1997), which is consistent with our RTefflux was not observed for spermatids, suggesting an RNA
PCR data. storage process (Kleene, 2001). Concerning spermatogonial
The screening of two markers of germinal stem celland male germinal stem cells, BRCP1 is the first ABC
strongly suggests that the SP population also includes thensporter detected in these cells with an active efflux
spermatogonial stem cells. Tlog-integrin-positive cells are phenotype. Such a patternRdrpltranscription regulation has
enriched in stem cells and their Ho profile demonstrates thaékeen described in the hematopoietic differentiation process.
the majority of ae-integrin-positive cells exhibit a SP The Bcrpl gene is expressed in hematopoietic stem cells,
phenotype. In additiorStra8 gene expression is restricted to downregulated during differentiation commitment and finally
the SP population, confirming the presence of spermatogoniainduced in specific lineages (Scharenberg et al., 2002).
and stem cells. We have also observed that the experimenBXCRP1 has been reported to confer on hematopoietic stem
cryptorchid mouse model, highly enriched in spermatogoniatells a resistance to mitoxantrone, a chemotherapeutic drug
stem cells, is also highly enriched in SP population. (Miyake et al., 1999; Allen et al., 1999), suggesting that its
To confirm that the stem cell population is present in the@hysiological role is to protect stem cells from cytotoxic
testis SP, its functional activity was studied by an in vivosubstrates. In this context, it is not surprising that germinal
assay, namely the establishment of a spermatogenesis afséem cells express such ABC transporters as these cells are
transplantation in sterile testis (Brinster and Zimmermanninvolved in the integrity and in the good transmission of genetic
1994). Donor EGFP germ cells from adult males were used fonaterial to progeny. This self-protection mechanism may
transplantation into seminiferous tubules of busulfan-treatedonstitute the last barrier against genotoxic stress. If stem cells
recipient mice. In order to improve SP cell sorting, testis cellsvere hit by mutagenesis, hereditary risk would become
were first enriched fooe-integrin-positive cells, before flow continuous during the lifespan of the individual. In this way it
sorting of the testis SP and transplantation into recipient testis important to note that mitoxantrone — a specific substrate of
Results showed that this testis SP fraction colonizedBCG2 — is a potentially mutagenic DNA intercalating drug.
seminiferous tubules of recipient testis as observed 10 weeksWhether Berpl is a common marker of stem cells in various
after transplantation. Testis SP cells can proliferate antissues raises the question about the significance of ABC
differentiate. In addition, the testis SP was 15-fold enriched itransporters in stem cell biology and their presumed role in
stem cell activity compared with total cells, demonstrating thathe regulation of stem cell self-renewal and differentiation
the testis SP in adult mouse contain male germinal stem cellsrocesses. Steady-state hematopoiesis is functionally normal in
A recent study reported that, although the SP phenotypBcprl-null mice, despite the absence of SP phenotype, and
was detected in testis, the SP fraction did not displa@crpl does not appear to play a major role in the hematopoietic
spermatogonial stem cell activity by transplantation assaglifferentiation process. The same observations were also made
(Kubota et al., 2003). Those data, which are in contradictiom Mdrla/Mdrlbnull mice (Zhou et al., 2002). In the same
with our results, were obtained using the cryptorchid mousway, Berpl-null mice are fertile and spermatogenesis appears
model as a SP donor — a model in which spermatogenesisriermal (Zhou et al., 2002; Jonker et al., 2002). These results
early blocked by heat shock. By contrast, our experimentsuggest that ABCG2 is not essential for spermatogenesis,
involve normal transgenic testicular cells as a SP donor. Thespecially for spermatogonial and stem cell differentiation in
apparent discrepancy might result from the use of those twestis. Those observations confirm the idea of the protective
different models. Heat shock could modify the regulation ofole against genotoxicity. However, redundancy between
ABC transporter gene expression. Consequently the cellulaifferent ABC transporter pathways in stem cell biology cannot
composition of the testis SP could be modified between bothe ruled out, which could explain the lack of impairment in
models, although SP is observed. Additional works need to Heematopoiesis and spermatogenesiBdml-null mice.
carried out to investigate this discrepancy. The testis SP in male adult mice was confirmed to be highly
At least in hematopoietic lineages, Ho exclusion is directlyenriched in male germ stem cells by specific germ stem cell
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marker analysis and by in vivo repopulation assay afteGiuil, G., Tomljenovic, A., Labrecque, N., Oulad-Abdelghani, M.,
transplantation. Hence, the SP phenotype should be a commoiRassoulzadegan, M. and Cuzin, F2002). Murine spermatogonial stem
marker of germinal and somatic stem cells although Som(,mccells: targeted transgene expression and purification in an active state.
. ; IR EMBO Rep3, 753-759.
and g_ermlnal lineages are separated with distinct fates VeRodell M. A.. Brose, K., Paradis, G., Conner, A. S. and Mulligan, R. C.
early in the development of the mouse embryo (from 6-7 days (1996). Isolation and functional properties of murine hematopoietic stem
post-coitum onwards) (Zhao and Garbers, 2002). SP sortingcells that are replicating in vivd. Exp. Med183 1797-1806.
constitutes an alternative strategy to isolate a highly enrichéegpodell. M. A., Rosenzweig, M., Kim, H., Marks, D. F., DeMaria, M.,

. . . . . Paradis, G., Grupp, S. A., Sieff, C. A., Mulligan, R. C. and Johnson, R.
germinal stem cell population. It might be possible to enrich P. (1997). Dye efflux studies suggest that hematopoietic stem cells

SP cells using a specific antibody-based procedure — Bcrplexpressing low or undetectable levels of CD34 antigen exist in multiple
being a cell surface marker. The SP phenotype has beerspeciesNat. Med.3, 1337-1345.
described in hematopoietic stem cells of various speciggottesman, :Vl '\fAATFSjg' T agd E:étltes, S. ?;;02%. Mugidruegi reégsgnce in

H cancer: role o -aepenaent transpor . Rev. Cancet, -J0.
(mouse.’ monkey’ h.uman) (GO.OdeI.l etal, 1997)’ SlJggesun&ussoni, E., Soneoka, Y.Fj Strickland, CFZ) D., Buzney, E. A., Khan, M. K.,
that this phenotypic marker is highly conserved between gjint A F, Kunkel, L. M. and Mulligan, R. C. (1999). Dystrophin
species in stem cell from somatic lineages. In the same way,expression in thendxmouse restored by stem cell transplantatidature
we suggest that the SP germinal male stem cell phenotypet01, 390-394.

could be conserved between different species. It woulfulspas, R. and Quesenberry, P. J2000). Characterization of neurosphere
cell phenotypes by flow cytometr@ytometry40, 245-250.

ConSt_'tUte an interesting s_trategy_ to 'SOIat_e highly en”Ch'_s ckson, K. A., Mi, T. and Goodell, M. A.(1999). Hematopoietic potential
germinal stem cell populations without having to know their of stem cells isolated from murine skeletal musBiec. Natl. Acad. Sci.
stem cell-specific surface markers. USA96, 14482-14486.
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