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LETTER TO THE EDITOR
RNA Guided Genome Editing in Mouse Germ-Line Stem Cells
Spermatogonial stem cells (SSCs) reside on the basement
membrane of the seminiferous tubules in mammalian testes
(Nagano et al., 1998). After isolation and purification of SSCs
from mouse testis, SSCs can be cultured in vitro to derive
germ-line stem cells (GSCs) which have the ability of prolif-
eration over 2 years (Kanatsu-Shinohara et al., 2003; Kanatsu-
Shinohara and Shinohara, 2007). GSCs can be localized in the
seminiferous tubules to re-establish the spermatogenesis when
transplanted into the recipient testis. Gametes can be isolated
from the testes, and can fertilize the MII oocytes to generate
zygotes, finally generate pups which inherit the genomic in-
formation from the original SSCs (Kanatsu-Shinohara et al.,
2006). These features make the GSCs to be a useful
resource for the generation of transgenic animal. Genetic
modified mice and rat were successfully generated through
transgenesis in GSCs, including viral infection, transposon
transfection and homologous recombination. However, the
efficiency of homologous recombination in GSCs is lower
than that in embryonic stem cells (Kanatsu-Shinohara and
Shinohara, 2007; Takehashi et al., 2007, 2010). Recently, the
CRISPR/Cas system has emerged as a powerful tool for effi-
cient genome editing in many species (Jinek et al., 2012;
Wang et al., 2013; Wei et al., 2013). Whether the efficient
genome editing with CRISPR/Cas system in GSCs can be
achieved is unclear yet.

To test the feasibility of efficient gene targeting in GSCs via
CRISPR/Cas system, we firstly derived mouse GSCs. The
testes of B6D2F1 (C57BL/6 � DBA/2, carrying the Actin-
EGFP cassette) mouse were enzymatically digested and
cultured in the gelatin coated 12-well plates with the mouse
GSCs culture medium (Materials and Methods in
Supplementary Data). After overnight incubation, the majority
of somatic cells attached to the gelatin coated plate, while the
majority of germ cells still suspended in the culture medium.
With gentle pipetting of the remained germ cells which
attached to the plate, the supernatant included the floated germ
cells were transferred to the secondary plates pre-coated with
the mitomycin C-inactivated mouse embryonic fibroblasts
(MEFs). Four to seven days later, the primary colonies
appeared and gradually enlarged, which were digested by
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trypsin and then replated to a new feeder cell pre-coated plate.
After 2e3 passages, the residual somatic cells from the testes
gradually disappeared and the typical EGFP positive GSC
colonies could be observed (Fig. 1A).

The GSCs expressed key SSCs markers, including Oct4,
Vasa, PLZF, Gfra1, Dazl, Lin28A, Tbx13 and did not express
Kit and Stella (Fig. 1B and Fig. S1), which was consistent with
previous reports (Kanatsu-Shinohara et al., 2003). To verify
the spermatogenic function of cultured cells, we transplanted
the EGFP positive GSCs to the testes of busulfan-treated mice.
Two months after transplantation, the EGFP positive tubules
of the recipient testis could be observed under the UV light
(Fig. 1C). The EGFP positive seminiferous tubules were
separated and digested into single cell suspension, and the
small and round cells were selected and injected into the MII
oocytes through intracytoplasmic sperm injection (ICSI). At
last, 58 zygotes were obtained, which were cultured in vitro
and further developed to blastocyst stage with the EGFP
fluorescence (Fig. 1D). Then 21 EGFP positive embryos were
transplanted into pseudo-pregnant mice, and 5 (23.8%) full-
term development pups were obtained (Fig. 1D). Taken
together, these results indicated that the GSC lines were
authentic germ-line stem cells which had the capability of
producing functional gametes in vivo.

We then performed genome editing in GSC cells. We firstly
cloned Cas9 gene and sgRNA (short guide RNA) to construct
expression vectors separately (Fig. 1D). Cas9 gene and two
nuclear localization signals (NLSs) element were driven by an
elongation factor 1 a (EF1a) promoter, then fused with a 3�
Flag tag. sgRNAwith a termination signal element was driven
by a U6 promoter (Cong et al., 2013). After transfected the
Cas9 expression vector into the GSCs, the Cas9 protein could
be detected by anti-Flag through Western blot (Fig. 1E). As
mentioned above, the derived GSCs were EGFP transgenic
cells, which was convenient for further detection, so we chose
the EGFP coding sequence as the target locus (Fig. 1F). After
co-transfection of the Cas9 vector and sgRNA, the successful
targeted EGFP negative GSCs could be observed. 32%e34%
EGFP negative cells were found in two independent experi-
ments by fluorescence-activated cell sorting (FACS) analysis
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Fig. 1. Efficient gene targeting in GSCs via CRISPR/Cas gene editing system.

A: EGFP positive colonies of mouse germ-line stem cells. Scale bar, 50 mm. B: Immunostaining of the Oct4, Vasa, PLZF, Gfra1, Dazl, Lin28A, Tbx13, Stella and

Kit in GSCs. Scale bar, 50 mm. C: Microscopic observation of recipient testes with EGFP GSCs transplanted. Scale bar, 1 mm (i, ii). Fluorescence detection of the

E3.5 blastocysts generated by ICSI. Scale bar, 100 mm (iii), and offspring (one week old) derived from EGFP GSCs (EGFP positive, far left and middle) or gametes

of recipient testes (EGFP negative, far right) (iv). D: Cas9 protein fused with two NLSs was driven by elongation factor 1a (EF1a) promoter and sgRNA was

driven by U6 promoter. E: Western blot detection of Flag tag expression in Cas9 vector transfected GSCs. Actin is used as a loading control. F: Schematic of the

Cas9/sgRNA-targeting site at the EGFP coding sequence. G: FACS analysis of the percentage of EGFP negative cells among total cells. H: Surveyor assays for

Cas9-mediaed mutations. I: Representative sequencing results of mutated sequences (m1, m2 and m3).
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(Fig. 1G). EGFP negative cells were collected by FACS pu-
rification for further confirmation. The surveyor analysis
confirmed that the DNA cleavage was detected in the harvest
EGFP negative cells (Fig. 1H). DNA sequencing results
showed that various mutations occurred in EGFP negative
cells (Fig. 1I). All these data indicate that the CRISPR/Cas
system can induce efficient gene knockout in GSCs.

In this study, we demonstrate the feasibility of efficient
genetic modification in mouse GSCs via CRISPR/Cas system.
The Cas9 protein and the site specific guided RNAs worked
together to induce non-homologous end joining (NHEJ) in the
genome of GSCs with high efficiency. The NHEJ rates in
different cell lines were variable from 2% to 40% (Ding et al.,
2013), which was higher than any traditional techniques
(Hockemeyer et al., 2011; Ding et al., 2013). In our study, the
EGFP locus specific gene targeting rates was about 33%, and
the same vectors could induce a comparable DNA cleavage
rate (35%e37%) in mouse embryonic stem cells (unpublished
data). To our knowledge, it was firstly reported the successful
genome editing in germ-line stem cells by CRISPR/Cas sys-
tem. The high efficiency of transgenic system in GSCs pro-
vides a promising future in generation of transgenic cell lines
and animal models. In addition, GSCs can be used for gene
correction via CRISPR/Cas system to eliminate the genetic
mutation and produce healthy sperms from patients containing
genetic mutations. Further efforts in the optimization of gene
modification techniques for GSCs will facilitate the medical
application.
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Supplementary data related to this article can be found at
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Xuepeng Wanga,c,1, Yan Yuanb,1, Quan Zhoub, Haifeng Wana,
Mei Wanga, Qi Zhoua, Xiao-Yang Zhaoa,*, Jiahao Shab,*

aState Key Laboratory of Reproductive Biology, Institute of Zoology,

Chinese Academy of Sciences, Beijing 100101, China
bState Key Laboratory of Reproductive Medicine, Institute of Toxicology,

Nanjing Medical University, Nanjing 210029, China

cUniversity of Chinese Academy of Sciences, Beijing 100049, China

*Corresponding authors. Tel/fax: þ86 10 6480 7175 (X.-Y. Zhao); Tel/fax:

þ86 25 8686 2908 (J. Sha).

E-mail addresses: xyzhao@ioz.ac.cn (X.-Y. Zhao); shajiahao@126.com

(J. Sha)
1These authors contributed equally to this work.

Received 12 March 2014

Revised 7 June 2014

Accepted 8 June 2014

Available online 18 June 2014
REFERENCES

Cong, L., Ran, F.A., Cox, D., Lin, S., Barretto, R., Habib, N., Hsu, P.D.,

Wu, X., Jiang, W., Marraffini, L.A., Zhang, F., 2013. Multiplex genome

engineering using CRISPR/Cas systems. Science 339, 819e823.

Ding, Q., Regan, S.N., Xia, Y., Oostrom, L.A., Cowan, C.A., Musunuru, K.,

2013. Enhanced efficiency of human pluripotent stem cell genome editing

through replacing TALENs with CRISPRs. Cell Stem Cell 12, 393e394.

Hockemeyer, D., Wang, H., Kiani, S., Lai, C.S., Gao, Q., Cassady, J.P.,

Cost, G.J., Zhang, L., Santiago, Y., Miller, J.C., Zeitler, B., Cherone, J.M.,

Meng, X., Hinkley, S.J., Rebar, E.J., Gregory, P.D., Urnov, F.D.,

Jaenisch, R., 2011. Genetic engineering of human pluripotent cells using

TALE nucleases. Nat. Biotechnol. 29, 731e734.

Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J.A., Charpentier, E.,

2012. A programmable dual-RNA-guided DNA endonuclease in adaptive

bacterial immunity. Science 337, 816e821.

Kanatsu-Shinohara, M., Inoue, K., Miki, H., Ogonuki, N., Takehashi, M.,

Morimoto, T., Ogura, A., Shinohara, T., 2006. Clonal origin of germ cell

colonies after spermatogonial transplantation in mice. Biol. Reprod. 75,

68e74.

Kanatsu-Shinohara, M., Ogonuki, N., Inoue, K., Miki, H., Ogura, A.,

Toyokuni, S., Shinohara, T., 2003. Long-term proliferation in culture and

germline transmission of mouse male germline stem cells. Biol. Reprod.

69, 612e616.

Kanatsu-Shinohara, M., Shinohara, T., 2007. Culture and genetic modification

of mouse germline stem cells. Ann. Ny. Acad. Sci. 1120, 59e71.

Nagano, M., Avarbock, M.R., Leonida, E.B., Brinster, C.J., Brinster, R.L.,

1998. Culture of mouse spermatogonial stem cells. Tissue. Cell. 30,

389e397.
Takehashi, M., Kanatsu-Shinohara, M., Miki, H., Lee, J., Kazuki, Y.,

Inoue, K., Ogonuki, N., Toyokuni, S., Oshimura, M., Ogura, A.,

Shinohara, T., 2007. Production of knockout mice by gene targeting in

multipotent germline stem cells. Dev. Biol. 312, 344e352.

Takehashi, M., Kanatsu-Shinohara, M., Shinohara, T., 2010. Generation of

genetically modified animals using spermatogonial stem cells. Dev.

Growth Differ. 52, 303e310.
Wang, H., Yang, H., Shivalila, C.S., Dawlaty, M.M., Cheng, A.W., Zhang, F.,

Jaenisch, R., 2013. One-step generation of mice carrying mutations in

multiple genes by CRISPR/Cas-mediated genome engineering. Cell 153,

910e918.
Wei, C., Liu, J., Yu, Z., Zhang, B., Gao, G., Jiao, R., 2013. TALEN or Cas9-

rapid, efficient and specific choices for genome modifications. J. Genet.

Genomics 40, 281e289.

http://dx.doi.org/10.1016/j.jgg.2014.06.001
mailto:xyzhao@ioz.ac.cn
mailto:shajiahao@126.com<?show [?tjl=20mm]&tjlpc;[?tjl]?>
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref1
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref1
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref1
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref1
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref2
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref2
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref2
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref2
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref3
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref3
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref3
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref3
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref3
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref3
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref4
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref4
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref4
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref4
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref5
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref5
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref5
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref5
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref5
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref6
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref6
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref6
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref6
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref6
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref7
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref7
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref7
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref8
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref8
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref8
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref8
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref9
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref9
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref9
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref9
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref9
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref10
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref10
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref10
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref10
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref11
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref11
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref11
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref11
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref11
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref12
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref12
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref12
http://refhub.elsevier.com/S1673-8527(14)00101-5/sref12

	RNA Guided Genome Editing in Mouse Germ-Line Stem Cells
	AcknowledgEments
	Supplementary data
	References


