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Abstract
The successful isolation and culture of female germline stem cells \(FGSCs) that exist in postnatal and
adult mammals will allow us to study their biological characteristics and their applications in
biotechnology and medicine. In this study, we describe systematic procedures for the culture and
transplantation of FGSCs. To establish mouse FGSC lines, the FGSCs were isolated from the ovaries of
postnatal mice by enzymatic digestion and immunomagnetic puri�cation. After culture, FGSCs were
transplanted into the ovaries of recipient females that were sterilized by chemotherapy to analyze
physiological function. Establishment of FGSC lines allows new possibilities for the use of FGSCs in
biotechnology and medicine.

Introduction
A long-held concept has been that germline stem cells only exist in postnatal and adult mammals in the
testes, not the ovaries. However, our previous study showed otherwise by the successful isolation by MVH
\(mouse vasa homolog, a germline marker) \[1] - targeted magnetic bead sorting and culture of FGSCs \
[2]. Furthermore, e�ciency of FGSC puri�cation was improved using Fragilis \(speci�cally expressing in
germ cells) \[3, 4] -based magnetic bead sorting \[5], and transgenic mice were generated by random
recombination of targeted genes in FGSCs \[6]. Isolated FGSCs are similar to freshly isolated
spermatogonial stem cells \(SSCs) in terms of morphology, high nuclear/cytoplasmic ratio, size and
nuclear diameter. Recently, FGSCs \(or oogonial stem cells) were isolated, puri�ed and cultured from
ovary tissue of reproductive-age women \[7] following the protocol of our previous reports \[2, 5, 6].
Although FGSCs can be isolated from postnatal ovarian tissues and cultured as cell lines without losing
oogenic function, the FGSCs are extremely rare after isolation from postnatal ovaries. Moreover,
sophisticated procedures and medium composition for culture impede the research of FGSCs. Therefore,
the successful isolation and culture of FGSCs from postnatal ovaries will allow further study of their
biological characteristics and potential applications. Here, we provide highly detailed procedures that are
based on our previous studies. We include protocols for FGSC isolation, enrichment, culture and
transplantation. In general, establishing FGSC lines will take about 13 weeks starting at isolation from
ovarian tissues.

Reagents
• Experimental animals: 3-6 days old CD-1 and 18-22 days old C57BL female mice were used for this
study. \! Caution All experiments with live rodents must comply with national and institutional
regulations. • α-Minimal essential medium \(MEM) \(Invitrogen, cat. no. 22561-021) • Dulbecco’s \
(D)MEM \(4.5 g liter-1 glucose; Invitrogen, cat. no. 861491) • Collagenase IV \(Invitrogen., cat. no. 17104-
019) • Collagenase solution \(see REAGENT SETUP) • Trypsin: trypsin powder \(Richu, cat. no. 0458) •
EDTA solution \(0.5 M, Decent Biotech, cat. no. E1006) • Trypsin/EDTA solution \(see REAGENT SETUP) •
Fetal bovine serum \(FBS; Life Technologies, cat. no.16000044) • Gelatin \(Sigma, cat. no. G1890)
solution \(see REAGENT SETUP) • Pyruvic acid sodium \(Amresco, cat. No. BR2281) • Nonessential
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amino acids \(NEAA), 100× solution \(Invitrogen cat. no. 11140-050) • L-glutamine, 200 mM \(Amresco,
cat. no. 0374) • β-Mercaptoethanol \(β-ME, Biotech, cat. no. MB0338). \! CAUTION β-ME is toxic; avoid
inhalation, ingestion as well as contact with skin and mucous membranes. • Penicillin G sodium salt \
(Amresco, cat. no. E480) solution \(see REAGENT SETUP) • Recombinant mouse leukemia inhibitory
factor \(LIF; Santa Cruz Biotechnology, cat. no. sc-4378) • Recombinant murine glial cell line-derived
neurotrophic factor \(GDNF) \(Peprotech, cat. no. 450-44) \(see REAGENT SETUP) • Human recombinant
basic �broblast growth factor \(bFGF; Peprotech, cat. no. 100-18B) \(see REAGENT SETUP) •
Recombinant murine epidermal growth factor \(EGF; Peprotech, cat. no. 315-09) \(see REAGENT SETUP)
• Mitomycin C solution \(Sigma, cat. no. M0503) \(see REAGENT SETUP) \! CAUTION Mitomycin C is
toxic and carcinogenic; avoid inhalation and ingestion as well as contact with skin and mucous
membranes. • STO cell medium \(see REAGENT SETUP) • FGSC medium \(see REAGENT SETUP) • Cell
freezing medium \(see REAGENT SETUP) • Alkaline phosphatase \(ALP) kit \(Sigma, cat. no. 86C-1KT) •
RNA isolation kit \(Invitrogen, cat. no. 15596-026) • 4% \(wt/vol) paraformaldehyde \(PFA) solution \
(Sigma, cat. no. 158127) \(see REAGENT SETUP) • 4 , 6-Diamidino-2-phenylindole \(DAPI) solution \
(Sigma, cat. no. D9542) \(see REAGENT SETUP) • Dimethylsulfoxide \(DMSO; Sigma, cat. no. D2650) •
Goat anti-rabbit IgG microbeads \(Miltenyi Biotech, cat. no. 130-048-602) • Rabbit polyclonal MVH
antibody \(Abcam, cat. no. ab13840) • Rabbit polyclonal Fragilis antibody \(Abcam, cat. no. ab15592)

Equipment
• Cell culture disposables: glass dishes, 24 and 48 well plates, 2 ml centrifuge tubes, pipettes, pipette tips,
cryovials and a �lter unit • Centrifuge • Stereomicroscope • 37 °C water bath • Electrophoresis equipment •
CO2 incubator with humidity and temperature monitoring by external equipment • Inverted �uorescence
microscope with phase contrast and differential Interference contrast \(DIC) objectives \(phase ×4, ×10,
×20, ×40 and DIC ×20, ×40)

Procedure
Isolation of FGSCs 1| Sixteen to twenty ovaries from 8-10 postnatal mice and 12 ovaries from six
prepubertal mice should be obtained for FGSC isolation as described below. The modi�ed enzymatic
procedure is based on previously published methods \[8-12]. Sacri�ce mice and remove the ovaries and
place in a 60 mm glass dish containing D-Hank’s on ice. 2| Wash ovaries in 10 ml PBS and remove
adherent tissue \(such as oviduct and adipose) using �ne forceps. Transfer cleaned ovaries to another
glass dish containing 50 µl D-Hank’s on ice. ▲ CRITICAL STEP Ensure the ovaries are as clean as
possible. 3| Cut ovaries into small pieces with surgical scissors and transfer to a 15 ml tube containing 5
ml digestion solution I, and incubate in a 37 °C water bath with gentle agitation \(40-45 times of back and
forth per minute) until tissue separation \(~ 20 min). ▲ CRITICAL STEP Ovaries should be cut in pieces
as small as possible. To fully digest the ovarian tissue, gently agitation of the 15 ml tube in the water
bath is recommended. Moreover, digestion time should be optimized; over or inadequate dissociation will
affect the e�ciency of FGSC isolation. 4| Centrifuge at 300 g for 5 minutes at RT and wash the cells with
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5 ml of D-Hank’s twice. 5| Discard the supernatant, resuspend the pellet by repeated pipetting of 5 ml
digestion solution II, then place in a 37 °C water bath for 15 minutes and gently agitate to achieve a single
cell suspension. Terminate the trypsin activity by adding 500 l FBS. ▲ CRITICAL STEP Full dissociation
is important for FGSC isolation. Alternatively, add fresh digestion solution II to the ovarian tissue and
repeat Step 5 if further digestion is required. Over dissociation will damage the FGSC membranes,
therefore, the time of trypsin digestion should be strictly controlled. 6| Centrifuge the cell suspension at
300 g for 5 minutes at RT and discard the supernatant. 7| Resuspend the cell pellet in STO cell medium
and remove cell clumps by passing the suspension through a 70 μm nylon cell strainer. 8| Centrifuge the
cell suspension at 300 g for 5 min at RT and discard the supernatant. 9| Resuspend the cell pellet by
repeated pipetting with FGSC culture medium. Enrichment of FGSCs 10| To enrich FGSCs and remove
somatic cells using selective adhesion, follow option \(A) \(see below). To purify FGSCs with speci�c
marker, follow option \(B) \(see below). \(A) FGSCs enriched by selective adhesion \(i) Two wells of 24-
well plate were pre-coated by 0.1% gelatin for 30 minutes. \(ii) Transfer the cells from Step 9 into one well
of a gelatin-coated 24-well plate for 30 minutes \(somatic cells will quickly attach). \(iii) Place
unattached cells in another gelatin-coated culture well for 30 minutes. \(iv) Gently collect unattached
cells. \(B) FGSCs puri�ed with MACS \(i) Incubate the goat anti-rabbit IgG microbeads \(2 µl) and rabbit
polyclonal MVH or Fragilis antibody \(1 µl) in 200 µl PBS at 37 °C for 30 minutes with gentle agitation.
The mixture is separated by a magnetic bead separator to collect MVH or Fragilis microbeads, followed
by discarding the supernatant and resuspending the microbeads in 200 µl PBS. \(ii) Rremove the FGSC
medium by centrifugation \(300 g for 5 min) for cell puri�cation. Wash the cells twice with PBS and then
resuspend the cells in 100µl PBS. Label cells by adding 100 µl MVH or Fragilis microbeads in a 2 ml
microtube. \(iii) Mixture was incubated for 30 minutes at RT with gentle agitation. \(iv) Place the
microtube containing the mixture in a magnetic bead separator for 5 minutes. \(v) Discard the
supernatant, wash cells by adding 0.5–1 ml PBS twice. MVH+ or Fragilis+ cells are separated by the
magnetic bead separator. \(vi) Resuspend by repeatedly pipetting the cell pellet with 300 µl FGSC
medium. ▲ CRITICAL STEP Puri�cation is an important step for FGSC enrichment and culture. However,
in our previous study, we obtained only a small number of FGSCs from freshly isolated and puri�ed germ
cells \(538 42 germ cells / 20 ovaries) by MVH-targeted immunomagnetic bead sorting \[5], which
affected FGSC line establishment. Therefore, we adjusted our previous protocol as below: collect
unattached cells from A-\(iv) of Step 10 and transfer onto a mitotically inactivated STO cell monolayer
seeded on 0.1% gelatin-coated culture wells for 1 week and then puri�ed the FGSCs by MVH-targeted
MACS. However, Fragilis-targeted immunomagnetic bead sorting could be performed directly and do not
need to culture for 1 week following the step of selective adhesion under the well-dissociation condition.
Moreover, it also need to culture for 1 week before MACS even if using Fragilis as a target when a small
number of FGSCs yield after dissociation by newcomers. Last but not the least important, culture and cell
line establishment will be easier when the enough number of FGSCs yield from isolation. FGSC culture for
the �rst week 11| Transfer the MVH+ or Fragilis+ cells and FGCS medium from step 10 B-\(vi) onto a
mitotically inactivated STO cell monolayer attached to 0.1% gelatin-coated culture wells \(800–1200
MVH+ or Fragilis+ cells per well), and culture the cells at 37 °C in 5% CO2. 12| On day 2, slowly add 300 µl
fresh FGSC medium to each well. ▲ CRITICAL STEP To avoid losing unattached FGSCs, do not remove
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the medium in the wells before adding fresh FGSC medium. 13| On day 4, slowly remove half of the
medium from each well and slowly add 300 µl fresh FGSC medium to well. 14| On day 6, slowly remove
the medium from the wells and slowly add 300 µl fresh FGSC medium to each well. ?
TROUBLESHOOTING Subculture 15| Aspirate the supernatant from the wells and slowly add 200 µl PBS
to each well to wash the cells once. 16| Add 50 µl 0.05% \(wt/vol) trypsin/EDTA to the wells for detaching
the cells and incubate at RT for 1 minute. Add 200 µl STO cell medium and dissociate the MVH+ or
Fragilis+ cells by repeated pipetting to achieve a single cell suspension. Then, centrifuge at 300 g for 5
minutes at RT. 17| Discard the supernatant, resuspend the MVH+ or Fragilis+ cells in 300 µl FGSC
medium, seed in one well of a 24-well plate containing a STO cell monolayer and incubate at 37 °C in 5%
CO2. ▲CRITICAL STEP Because the number of FGSCs in the well is low during the initial derivation step,
it is critical not to lose any FGSCs. To avoid cell loss, collect all the cells from the entire well after
detachment, even if feeder cells are among the detached cells. Feeder cells do not affect further FGSC
expansion. Long-term culture of FGSCs 18| Check the culture plates the next morning after subculture
and exchange the medium if �oating cell fragments are observed under a microscope, otherwise, replace
only half of the medium. 19| Change the medium daily and passage the cells as described in steps 15–
18 onto freshly prepared plates containing a STO cell monolayer. 20| After 4 passages at a 1:2 split ratio
for FGSC expansion, 5 × 105 cells can be obtained. ▲ CRITICAL STEP FGSCs grow as clusters that
adhere to the STO cell monolayer, but can be easily detached by gentle pipetting. Therefore, gently pipette
to detach FGSCs. For FGSC expansion, seed FGSCs \(0.5 × 106) in one well of a 6-well plate containing a
STO cell monolayer and passage the cells every 3–5 days depending on the quality of the STO cell
monolayer and the number of FGSCs seeded at 1:2–1:3 split ratios. ? TROUBLESHOOTING 21| As soon
as FGSCs are grown to 3 con�uent wells of a 24-well plate, the cells should be frozen to preserve the cell
line for future use. Freezing and thawing cells 22| Rinse the 24 or 6 well plate containing the FGSCs with
PBS twice. 23| Add trypsin/EDTA to the cells and digest for 1–2 minutes. 24| Add STO cell medium to
stop the digestion, and then collect the cells. 25| Pellet cells by centrifugation at 300 g for 5 minutes at RT,
and then remove the medium. 26| Slowly add freshly prepared cell-freezing medium to the pellet and
carefully resuspend the cells \(1 ml per vial and 3 con�uent wells of a 24-well plate per vial). 27| Place the
vials in a freezing vessel \(vials wrapped in cotton and placed in a foam box), and cool to 4 °C for 1 hour,
–20 °C for 2 hours, and then –80 °C for 6 hours or overnight. 28| Transfer the vials to liquid nitrogen the
next day for long-term storage. 29| For FGSC thawing, prepare a 15 ml tube with 10 ml STO cell medium
prewarmed to 37 °C. 30| Take the vial directly from liquid nitrogen and immerse in a 37 °C water bath until
the cells are completely thawed. 31| Sterilize the vial with 70% ethanol and transfer to a clean bench. 32|
Carefully transfer the cells to the prepared tube with STO cell medium, centrifuge at 300 g for 5 minutes
at RT and then remove the supernatant. 33| Gently resuspend the cells in FGSC medium by repeated
pipetting and then transfer to prepared plates \(mitotically inactivated STO cell monolayers attached to
0.1% gelatin-coated culture wells). 34| Change the medium the next morning. Characterization of FGSC
lines 35| Characterize the FGSCs via morphology, marker gene expression, karyotyping and functionality
in vivo after FGSC transplantation as FGSC lines are established. \(A) Karyotyping \(i) Passage FGSCs
into two wells of a 6 well plate and culture for 48 hours. \(ii) Aspirate the supernatant, then add 1 ml fresh
FGSC medium and colcemid at a 0.1 μg ml−1 �nal concentration and incubate for at least 3 hours. \(iii)
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Remove the medium, digest with trypsin to achieve a single cell suspension, and then transfer the cells
into a 15 ml tube and centrifuge at 450 g for 5 minutes at RT. \(iv) Aspirate the supernatant, hypotonically
treat the cells with prewarmed 75 mM KCl for 15 minutes, �x the cells in methanol:acetic acid \(3:1) for
30 minutes, air-dry and stain the cells with DAPI. FGSC lines should have a normal karyotype \(40, XX) in
metaphase spreads. \(B) ALP activity \(i) Aspirate FGSC medium and wash FGSCs cultured in a 24 well
plate twice with PBS. \(ii) Fix FGSCs with 4% PFA solution. \(iii) Detect ALP activity according to the
manufacturer’s instructions from the kit. \(C) RT-PCR to detect expression of FGSC markers \(i) Remove
the medium and wash FGSCs cultured in a 6 well plate twice with PBS. \(ii) Place the culture plate on ice
and add 400 µl Trizol reagent per well. Pipette the Trizol across the surface of the well and scrape the
surface to ensure complete lysis, and then transfer the Trizol and cell lysates to a 1.5 ml eppendorf tube. \
(iii) Isolate the total RNA according to the manufacturer’s instructions. \(iv) Quantitate and qualify the
total RNA by spectrophotometric analysis and visualization on a 1% agarose gel, respectively. \(v)
Perform reverse transcription and PCR using primers for stem and germ cell-speci�c transcription factors
such as Oct4, MVH, Fragilis, Dazl and Stella. PCR conditions and the primers are provided in Table 1.
Perform electrophoresis in a 1–2% agarose gel. Transplantation of FGSCs into ovaries 36| Inject busulfan
\(30 mg kg−1 body weight) and cyclophosphamide \(120 mg kg−1 body weight) into female recipient
mice \(6-week-old CD-1 or C57BL mice) to ablate endogenous oogenesis. ▲ CRITICAL STEP Syngeneic
transplantation, or transplanted cells may be rejected by host immune system. 37| Use recipients for
transplantation at 3–7 days after busulfan and cyclophosphamide injections. 38| Anaesthetize with a
sodium pentobarbitone injection \(45 mg kg−1 body weight, intraperitoneal) for 15–30 minutes. After
disinfection of the abdominal surface using 75% ethanol, carefully open the abdominal cavity. To �nd the
ovaries, locate the Y-shaped uterus. Follow the uterus and oviduct until posterior to the kidneys. The
ovaries are small bean-shaped bodies, which are caudal to the kidneys in the lower abdominal cavity.
Gently hold an ovary with forceps. ▲ CRITICAL STEP To expose the ovaries, the intestines must be
carefully moved away from the inside of the abdominal cavity. Be careful not to damage the underlying
structures and connective tissue, in particular the ovaries. 39| Inject an ovary at 1–2 sites using a glass
pipette with a 45 μm tip, the other end of pipette is inserted into a plastic micropipe connected a
mouthpiece holder to gently bubble and transplant a 6 µl single-cell suspension of ~ 1 × 104 FGSCs into
each recipient ovary. 40| Usually, 5 to 6 recipients per cell line will be transplanted. After transplantation
for  35 days, the recipients will mate 8-week-old male mice. Characterization of offspring produced after
FGSC transplantation \(A) PCR analysis of GFP in offspring \(i) Extract genomic DNA from the tail of 8-
day-old offspring. \(ii) Use GFP speci�c primers for PCR detection of GFP. \(B) Southern blot analysis to
evaluate GFP in offspring \(i) Digest the genomic DNA from the above step with EcoR I. \(ii) After
depurination, denaturation, neutralization, prehybridization and hybridization, use GFP speci�c primers to
detect a GFP signal in samples.

Troubleshooting
See Table 2.
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Anticipated Results
Following this protocol, we established neonatal and prepubertal mouse FGSC lines by immunomagnetic
puri�cation, it is worth mentioning that immunomagnetic puri�cation could be performed using either
MVH-based or Fragilis-targeted MACS according to the actual situation of newcomers’ lab. FGSC line
expanded in vitro over 5 months with a normal karyotype and high telomerase activity \(Fig. 2). Cultured
FGSCs lines can be frozen and thawed. To prove FGSC functionality, cultured FGSCs \(labeled with GFP)
were transplanted into the ovaries of sterile recipient females that were pre-treated with
cyclophosphamide and busulphan to eliminate existing germ cell pools. After 2 months post-FGSC
transplantation, ovaries were collected and the presence of oocytes was determined \(Fig. 3). Our data
showed that a number of oocytes at all stages of development were GFP-positive oocytes. This result
suggests that oocytes are regenerated in sterile recipient females after FGSC transplantation. Moreover,
GFP-transgenic offspring were produced. The offspring showed no abnormalities and were fertile. These
�ndings may contribute toward basic research into oogenesis and stem cells in regenerative medicine.
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Figure 1

Schematic diagram of the major steps for FGSC line establishment from neonatal and prepubertal mice
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Figure 2

Characterization of established FGSC lines from neonatal and prepubertal mice (a, b) Phase-contrast
images of FGSCs from neonatal (a) and prepubertal (b) mice after 2 days culture. (c, d) Representative
morphology of neonatal (c) and prepubertal (d) FGSC lines. (e) Representative image of MVH
immuno�uorescence in the prepubertal FGSCs. (f) Merger for MVH (red) and BrdU (green)
immuno�uorescence. (g) Cytogenetic analysis by DAPI staining shows FGSC lines with a normal
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karyotype (40, XX). (h) RT-PCR analysis of FGSC-speci�c gene expression in established FGSC lines from
neonatal and prepubertal mice. M, 100 bp DNA marker; lane 1, STO (negative control); lane 2, prepubertal
FGSC line; lane 3, neonatal FGSC line. The sizes of resolved DNA fragments are (in bp): MVH, 213; Dazl,
328; Oct4, 313; Stella, 354; Blimp-1, 483; Fragilis, 151; Gapdh, 458. Scale bar, 25 mm (a, b, e, f), 50 µm (c,
d).

Figure 3
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Characterization of regenerated oogenesis and resultant offspring after FGSC transplantation (a–d)
Regeneration of oogenesis. Representative morphology as visualized by hematoxylin staining of the
ovaries from recipients without FGSC transplantation (a) and recipients with FGSC transplantation (b).
Oocytes from controls (c) and FGSC transplantations (d) analyzed by immuno�uorescence (GFP
expression, green; DAPI, blue). Arrows indicate oocytes. (e–g) Characterization of offspring produced
after FGSC transplantation. Offspring from recipient mice transplanted with GFP-labeled FGSCs (e).
Transgenic offspring were detected by PCR analysis (f) using the following GFP-speci�c primers (5’-CGA
CGC ACT ACA GAC G-3’ and 5’-ACG AAC TCC AGC AGG ACC ATG-3’) and Taq polymerase (Promega). A
366 bp PCR-ampli�ed fragment was detected. M, 100 bp DNA ladder; lane 1, positive control (DNA from
MSCV-PGK-GFP plasmid); lane 2, 3, transgenic mouse; lane 4, wild-type mouse. Transgenic offspring as
detected by Southern blotting (g). M, 100 bp DNA ladder; line 1, 2, transgenic mouse; line 3, wild-type
mouse. Scale bars, 25 mm (a), 50 mm (b–d).
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