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Long-term propagation of tree shrew spermatogonial stem 
cells in culture and successful generation of transgenic 
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Tree shrews have a close relationship to primates and have many advantages over rodents in biomedical research. 
However, the lack of gene manipulation methods has hindered the wider use of this animal. Spermatogonial stem cells 
(SSCs) have been successfully expanded in culture to permit sophisticated gene editing in the mouse and rat. Here, 
we describe a culture system for the long-term expansion of tree shrew SSCs without the loss of stem cell properties. 
In our study, thymus cell antigen 1 was used to enrich tree shrew SSCs. RNA-sequencing analysis revealed that the 
Wnt/β-catenin signaling pathway was active in undifferentiated SSCs, but was downregulated upon the initiation of 
SSC differentiation. Exposure of tree shrew primary SSCs to recombinant Wnt3a protein during the initial passag-
es of culture enhanced the survival of SSCs. Use of tree shrew Sertoli cells, but not mouse embryonic fibroblasts, as 
feeder was found to be necessary for tree shrew SSC proliferation, leading to a robust cell expansion and long-term 
culture. The expanded tree shrew SSCs were transfected with enhanced green fluorescent protein (EGFP)-expressing 
lentiviral vectors. After transplantation into sterilized adult male tree shrew’s testes, the EGFP-tagged SSCs were 
able to restore spermatogenesis and successfully generate transgenic offspring. Moreover, these SSCs were suitable 
for the CRISPR/Cas9-mediated gene modification. The development of a culture system to expand tree shrew SSCs 
in combination with a gene editing approach paves the way for precise genome manipulation using the tree shrew.
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Introduction

The tree shrew (Tupaia belangeri) is widely dis-
tributed in South Asia, Southeast Asia, and Southwest 
China. It belongs to the order Scandentia and shares a 

high degree of similarity to primates in many of its mo-
lecular and physiological aspects [1-3]. Moreover, it has 
a small adult body size, a high brain-to-body mass ratio, 
a short reproductive cycle and life span, and a low cost 
of maintenance. Because of these advantageous features, 
the tree shrew has long been considered as a promising 
experimental animal in biomedical research and drug 
safety testing [3, 4]. In particular, the tree shrew shows 
numerous advantages over rodents in studying hepatitis 
C virus [5-7] and hepatitis B virus infections [8, 9], cox-
sackievirus A16 infection [10], Mycobacterium tubercu-
losis infection [11], visual system [12-14], myopia [15, 
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16], stress response [17], social stress and depression [18, 
19], drug addiction [20, 21], learning behaviors [22, 23], 
and aging [24]. The tree shrew is also used to study can-
cers [3, 25] and metabolic diseases [26, 27]. Importantly, 
recent release of a high-quality tree shrew genome has 
underscored its close relationship to primates [1] and the 
potential as a useful alternative to high-order non-human 
primates such as old-world monkeys.

Despite the tree shrew having been used in bio-
medical research for several decades, it is not used as 
widely as once expected. One reason lies in the lack of 
practical gene manipulation techniques. In mammals, 
germline gene manipulation can be achieved by edit-
ing the genome in embryonic stem cells with germline 
transmission competence, in one-cell embryos or in sper-
matogonial stem cells (SSCs). To date, little information 
is available on the reproductive biology and assisted re-
productive technologies in the tree shrew [28]; and gene 
editing methods using one-cell embryos or embryonic 
stem cells have hitherto been unsuccessful. 

SSCs maintain spermatogenesis throughout the repro-
ductive lifespan of males via life-long self-renewal and 
differentiation in vivo [29]. Under suitable conditions, 
SSCs can be stably expanded for many generations while 
maintaining stem cell properties of self-renewal and dif-
ferentiation into sperm following transplantation into re-
cipients [29]. This in vitro propagation of SSCs has been 
achieved in the mouse [30], the rat [31], and the human 
[32]. SSCs have also been used for sophisticated gene 
editing in the mouse and the rat [33-36]. Here, we report 
for the first time the development of a culture conditions 
for the propagation of tree shrew SSCs in vitro and the 
generation of transgenic tree shrew using these SSCs. 
The establishment of a SSC-based tree shrew transgen-
ic platform will boost the wider application of the tree 
shrew in biomedical research and thus increase our un-
derstanding of human diseases by utilizing transgenic 
tree shrew as an animal model.

Results

Thymus cell antigen 1 cell surface marker can be used to 
enrich tree shrew SSCs

Previous studies have reported the expression of sev-
eral cell surface markers in undifferentiated spermatogo-
nia is conserved between rodents and human [37, 38]. 
We therefore looked to see if one of them, thymus cell 
antigen 1 (Thy1) (also known as Cd90), is expressed in 
tree shrew SSCs and could be used to enrich SSCs. We 
designed PCR primers to amplify a fragment of Thy1 
transcript according to the genome sequence of tree 
shrew [1] and found that expression of Thy1 transcript 

could be detected in mRNA sample of tree shrew testis 
(Figure 1A). We then obtained a commercial antibody, 
which recognizes Thy1 in both rodents and primates. 
With this antibody, a small proportion of Thy1+ cells 
was reproducibly (five repeats) isolated from single-cell 
suspensions prepared from either pre-pubertal (about 
3-month old) or adult (about 1-year old) tree shrew 
testicular tissues by fluorescence-activated cell sorting 
(FACS) (Figure 1B). These Thy1+ cells have a diameter 
of about 10 µm, similar to mouse SSCs (Figure 1B). RT-
PCR analysis of gene expression in Thy1+ and Thy1− cell 
populations revealed that Egr3, Zbtb16, and Itgb1, sev-
eral SSC markers [38], were prominently expressed in 
Thy1+ cells, whereas the germ cell differentiation marker 
Ddx4 was predominantly expressed in Thy1− cells (Figure 
1C). Also, immunostaining of the frozen testicular tissue 
sections showed that Thy1+ cells were localized at the 
basement membrane of the seminiferous tubules (Figure 
1D), where the SSCs reside. Collectively, these results 
suggest that a tree shrew Thy1+ population contains SSCs 
and Thy1 can be used to prepare an enriched SSC popu-
lation. 

RNA-sequencing analysis reveals Wnt/β-catenin signal-
ing potentially regulates tree shrew SSC self-renewal

To culture SSC-enriched Thy1+ cells, we initially ad-
opted a mouse SSC in vitro propagation system [30, 39] 
and made slight modifications (see the details in Materi-
als and Methods). However, the initial culture conditions 
were unable to support tree shrew SSC self-renewal and 
survival. Thy1+ cells could only be sustained in culture 
for a short period and without obvious proliferation (about 
2-3 passages, 1 week for each passage). In order to opti-
mize the culture conditions, we attempted to understand 
by high-throughput RNA sequencing the molecular prop-
erties of tree shrew SSCs. We set up two experiments to 
compare the gene expression profiles between SSCs and 
differentiated germ cells (Supplementary information, 
Figure S1). In the first experiment, gene expression pro-
files were compared between SSC-enriched Thy1+ cells 
and differentiating germ cell-enriched Thy1− cells freshly 
isolated from the testis. In the second experiment, the 
comparisons were made among the successive passages 
of SSC-enriched cells cultured under inefficient condi-
tions. 

Single-cell suspensions of tree shrew testis were sort-
ed into Thy1+ and Thy1− populations, in which SSCs and 
differentiating germ cells were enriched, respectively. 
Using the Illumina sequencing platform, we generated 
48.66 million reads with high quality and an average 
of 12.17 million reads per sample. Genes (number of 
alignments over 10) were subject to differential gene 
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Figure 1 Cell surface marker Thy1 can be used to enrich tree shrew spermatogonial stem cells (SSCs). (A) RT-PCR detect-
ed Thy1 mRNA expression in tree shrew testis, brain, lung, and spleen. No amplification was detected in the heart, small 
intestine, kidney, liver, and negative control (negative Ctrl) in which template cDNA was omitted. (B) Thy1+ cell population 
was reproducibly obtained by FACS of a testicular tissue single-cell suspension from prepubertal (3 month, ~16%, n = 5) and 
adult (1 year, ~3%, n = 5) tree shrews (upper panel). Lower panel show the morphology of sorted Thy1+ and Thy1− cells in flu-
orescent and bright fields (scale bar, 100 µm). (C) mRNA of several SSC markers (Itgb1, Egr3, and Zbtb16) was prominently 
expressed in Thy1+ cells, whereas Ddx4 was highly expressed in Thy1− cells. Negative Ctrl was included in which template 
cDNA was omitted. Experiments were repeated three times with independent biological samples. (D) Immunostaining with 
Thy1 antibody detected the presence of Thy1+ cells at the basement membrane of the seminiferous tubules. DNA was coun-
terstained with DAPI. Immunostaining by omitting Thy1 antibody was used as negative Ctrl (scale bar, 10 µm). Experiments 
were repeated three times with independent biological samples.

expression analysis (|log2 (fold change)| ≥ 1 and FDR ≤ 
0.05). A total of 2 024 and 3 870 differentially expressed 
genes (DEGs) were upregulated and downregulated in 
Thy1+ cells compared with Thy1− cells, respectively 
(Supplementary information, Table S1). Consistent with 
the stem cell identity, Thy1+ cells expressed higher levels 
of several well-known SSC markers (e.g., Thy1, Itgb1, 
Egr3, Uchl1, Gpr125, Cd9, and Pou5f1), transcription 
factors essential for SSC self-renewal (Zbtb16, Taf4b) 
[29, 38] (Figure 2A), and the key components of several 
signaling pathways (e.g., GDNF, FGF, Wnt, and Jak-
Stat pathways) that were required for SSC proliferation 
and self-renewal [29, 30] (Figure 2B). Conversely, the 
differentiating germ cell-expressed gene Ddx4 [40] was 
upregulated in Thy1− cells (Figure 2A). However, the 
undifferentiated spermatogonia markers reported in other 
species (e.g., Utf1, Nanos2, Nanos3, Epcam, and Itga6) 
[29, 37, 38] were unable to mark the tree shrew SSCs 
(Figure 2A). Kyoto Encyclopedia of Genes and Genomes 
(KEGG) enrichment analysis of DEGs uncovered eight 
signaling pathways that were significantly (P-value 0.01) 
enriched for genes highly expressed in Thy1+ cells (Figure 

2C). The top pathways were the neurotrophin signaling 
pathway (GDNF signaling pathway) followed by the ca-
nonical Wnt (Wnt/β-catenin) pathway. GDNF signaling 
is well recognized as a highly conserved pathway nec-
essary for SSC self-renewal in rodents and primates [29, 
41]. Consistently, key components of these pathways 
were predominantly expressed in Thy1+ cells (Figure 
2B).

We next investigated the gene expression changes 
along with the loss of SSC identity in culture. We collect-
ed P0 (1-week culture, passage 0), P1 (2-week culture, 
passage 1), and P2 (3-week culture, passage 2) cells and 
performed whole-genome RNA sequencing as described 
above. DEGs among the four cell types (fresh Thy1+ 
cells without culture (P), P0, P1, and P2) (Supplementary 
information, Table S2) were subject to principle compo-
nent analysis (PCA) and unsupervised clustering. Both 
analyses revealed that P0-P2 samples clustered togeth-
er, whereas P sample was separated far from the P0-P2 
(Figure 2D and 2E). This pattern showed that the stem 
cell identity of tree shrew SSCs was lost shortly upon the 
initial culture of Thy1+ cells (P0 stage). The transcrip-
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Figure 2 RNA sequencing analyses reveal the potential signaling pathways activated in tree shrew undifferentiated SSCs. 
(A) Relative expression of some SSC marker genes and transcription factors in Thy1+ and Thy1− cells isolated by FACS. (B) 
Relative expression of some key components of signaling pathways including GDNF, Wnt/β-catenin, FGF2, and Jak-STAT 
in Thy1+ and Thy1− cells sorted by FACS. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis revealed the 
signaling pathway enrichments for genes that were upregulated and downregulated in Thy1+ cells. (D) Principle component 
analysis (PCA) revealed that primary Thy1+ cells (P) were separated far from Thy1+ cells cultured for different passages (P0-
P2), whereas P0-P2 cells were clustered together. (E) Unbiased clustering analysis of primary (P) and cultured Thy1+ cells at 
differential passages (P0-P2). (F) Relative expression of several marker genes and transcription factors in primary Thy1+ cells 
(P) and Thy1+ cells cultured for different passages (P0-P2). (G) Gene Ontology (GO) terms and KEGG analyses revealed the 
terms and signaling pathways enriched for genes downregulated or upregulated during culture of Thy1+ cells (P and P0-P2). 
(H) Quantitative RT-PCR revealed the relative mRNA expression levels of Axin2 in primary Thy1+ (P) and Thy1− cells, and in 
Thy1+ cells cultured for different passages (P0, P1, and P2). Experiments were repeated three times with independent biolog-
ical samples.

tion factors required for SSC self-renewal (e.g., Zbtb16, 
Taf4b, and Bcl6b) and some tree shrew SSC markers 
(e.g., Itgb1, Egr3, and Pou5f1) were sharply downreg-
ulated from P to P0 (Figure 2F). Gene Ontology (GO) 
and KEGG term analyses revealed that many downregu-

lated genes during culture were significantly enriched in 
the regulation of cell proliferation, Wnt/β-catenin, Jak-
STAT, Notch, and MAPK signaling pathways, whereas 
upregulated genes were enriched in the apoptosis signal-
ing pathway (Figure 2G). Collectively, these analyses 
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suggested that several important signaling pathways 
including the Wnt/β-catenin were active in undifferen-
tiated spermatogonia cells. Of note, real-time PCR vali-
dated that Axin2, which is a Wnt target gene and serves 
as a reporter of ongoing Wnt/β-catenin signaling [42, 
43], was expressed at a higher level in primary Thy1+ 
cells (P) than in Thy1− cells or Thy1+ cells cultured in 
sub-optimal conditions (P0-P2) (Figure 2H). Because 
the Wnt/β-catenin signaling is able to activate the STAT 
and Notch signaling pathways [44, 45], we proposed that 
the Wnt/β-catenin pathway might have a primary role 
in maintaining tree shrew SSC identity. Consistently, in 
vivo self-renewal of mouse SSCs requires Wnt/β-catenin 
signaling and the presence of niche Sertoli cells, which 
can secrete Wnt6 to activate this pathway [46]. 

Long-term propagation of tree shrew SSCs in culture
On the basis of above analyses, we tested the possible 

roles of the Wnt/β-catenin signaling pathway on tree 
shrew SSC self-renewal in culture. To reduce the harm 
caused to cells by FACS, we used immunomagnetic iso-
lation, which is gentler and can efficiently harvest Thy1+ 
cells. Because some somatic cells exist in the Thy1+ pop-
ulation, we plated Thy1+ cells in high density (105 cells/
cm2) without feeder in a 24-well plate. Cells were treated 
with vehicle or 10 ng/mL recombinant Wnt3a, a ligand 
for the canonical Wnt signaling, and passaged once a 
week. At P0 and P1, no obvious cell proliferation or cell 
clumping was observed with or without Wnt3a exposure. 
At P2, we started to plate round germ cells (5 × 104 cells/
cm2) on feeder cells. Different types of feeder cells are 
employed in culture of mammalian SSCs. For instance, 
mouse embryonic fibroblasts (MEFs) can support mouse 
SSC growth and propagation [39], whereas the expan-
sion of rat SSCs in culture is better supported by Sertoli 
cells [31], the only neighboring cells of SSCs and able to 
function as a niche [47]. We then examined which feeder 
cell type is suitable for tree shrew SSC expansion in cul-
ture. Tree shrew Sertoli cells were prepared according to 
a previous report [48] and the cell identity was verified 
by the expression of several marker genes including Vim 
and Sgp1 [47, 49] (Supplementary information, Figure 

S2). Beginning at P2, SSCs were plated on either mitot-
ically inactivated MEFs or tree shrew Sertoli cells for 
continuous culture in the presence or absence of 10 ng/
mL Wnt3a (Table 1). At P3, some cell clumps containing 
5-9 cells with typical morphology of undifferentiated 
spermatogonia cells (round with ~10 µm in diameter) ap-
peared in the culture supplied with 10 ng/mL Wnt3a and 
Sertoli cells (Figure 3A and Supplementary information, 
Figure S3). Meanwhile, most germ cells enlarged, float-
ed, and degenerated at the end of P3. After passage, these 
stem cell-like cells continued to proliferate and could 
be expanded and passaged for more than 50 generations 
(Figure 3A). Their propagation dynamics is shown in 
Figure 3B. In sharp contrast, the other culture conditions 
failed to efficiently support the propagation of SSCs in 
vitro, although success was occasionally obtained in the 
six trials in culture supplied with Sertoli cells but without 
Wnt3a (Table 1 and Supplementary information, Figure 
S3). Of note, we found that Wnt3a was unnecessary to 
the culture once the SSCs had shown robust proliferation 
from P4, and later. Collectively, these data demonstrate 
that Wnt3a is necessary at the initial stage of culture to 
facilitate the survival of SSCs, and tree shrew Sertoli 
cells are critical for the support of SSC expansion.

We next examined whether higher dose of Wnt3a can 
boost SSCs to initiate proliferation earlier or to form 
more colonies. We compared the effects of 10 and 20 ng/
mL Wnt3a on the initial culture of SSCs (P0-P5). Sur-
prisingly, 20 ng/mL Wnt3a did not show any beneficial 
effect on SSC survival or initiation of colony formation. 
Cells cultured in 20 ng/mL Wnt3a degenerated at P3-P4 
and no obvious SSC proliferation was observed (Table 1).

In summary, we developed culture conditions for tree 
shrew SSC expansion in vitro (Figure 3C) and estab-
lished three tree shrew SSC lines, which have been pas-
saged for more than 50 generations and retain the expres-
sion of several typical germ cell markers and SSC mark-
ers (Figure 3D). Tree shrew cells have 62 chromosomes 
(2n = 62) [50] and G-band karyotyping analysis showed 
that cultured SSCs maintain normal karyotype after >30 
passages of propagation (Figure 3E). Moreover, these 
SSCs can proliferate normally after cryopreservation and 

Table 1. Influence of different culture conditions on tree shrew SSC proliferation 
	                                                                  Success rate1		
Feeder cells	 Vehicle	 Wnt3a (10 ng/mL)	 Wnt3a (20 ng/mL)
MEFs	 0/12	 0/3	 N.A.2

Sertoli cells	 2/6	 8/8	 0/3
1Definition of success rate: numbers of success/numbers of total test. Observation of obvious SSC colony formation by passage 5 is considered as 
success. 
2N.A. = Not applicable. 
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Figure 3 Establishment of tree shrew spermatogonial stem cell lines. (A) Thy1+ cells were cultured in the presence of 10 ng/
mL Wnt3a and Sertoli cell feeder. Images show the appearance of germ cell clumps at passage 3 (P3, upper panel, arrow 
head), and stem cell colonies at P40 (lower panel) (scale bar, 100 µm). (B) Propagation dynamics of three lines of tree shrew 
SSCs in culture. Data are represented as mean ± SEM. (C) Schematic illustration of the culture system for tree shrew SSC 
expansion. (D) RT-PCR and immunostaining revealed the expression of several germ cell markers and SSC markers in long-
term expanded tree shrew SSCs (scale bar, 20 µm). (E) Long-term expanded SSCs contain normal chromosome number (2n 
= 62). 

thawing.

Long-term expanded tree shrew SSCs retain full sper-
matogenesis potential

To test whether these propagated SSCs retain their 
stem cell characteristics, i.e., self-renewal and sper-
matogenesis potentials, we infected SSCs at P15 with 
EGFP-expressing lentivirus [51]. Following viral infec-
tion and 1-week culture, EGFP+ SSCs were purified by 
FACS and propagated to obtain cells stably expressing 
EGFP in culture (Figure 4A). These EGFP-SSCs were 
transplanted into seminiferous tubules of recipient adult 
males [52] (Figure 4B), which had been sterilized by 
pre-treatment with busulfan (40 mg/kg body weight) to 
destroy pre-existing germ cells (Supplementary informa-
tion, Figure S4). Recipient testes were collected and ex-
amined immediately after transplantation (day 0, D0), or 
at 40 days (D40), 100 days (D100), and 250 days (D250) 
post transplantation. At D0, no EGFP expression was 
observed in the entire testis under fluorescent dissection 
microscope. Examination of testicular tissue sections 
by immunostaining with GFP antibody showed that rare 
EGFP+ cells were suspended in the lumen of seminifer-

ous tubules, but no EGFP+ cell was detected within the 
tubules. At D40, green seminiferous tubules were clearly 
visible. The colonization of EGFP-SSCs at the basement 
membrane of the seminiferous tubules and the presence 
of EGFP-tagged differentiating germ cells within the tu-
bules were confirmed by confocal microscopy. At D100, 
more green seminiferous tubules were detected and all 
stages of green spermatogenic cells were observed. The 
spermatogenesis from EGFP-SSCs persisted at D250. In 
contrast, no green germ cell was detected in ligated con-
trol testis (Figure 4C and 4D). To verify that the trans-
planted EGFP-SSCs can generate transgenic sperm, we 
collected sperm from epididymis at D250 and examined 
the insertion of EGFP transgene in the sperm genome by 
PCR. Indeed, EGFP fragment was successfully amplified 
from DNA samples prepared from the sperm, and the 
sequence was confirmed by sequencing PCR products 
(Figure 4E). Collectively, these results demonstrate that 
the long-term expanded tree shrew SSCs retain self-re-
newal and spermatogenesis abilities after transplantation. 

Generation of EGFP-integrated transgenic tree shrews 
via in vitro expanded SSCs
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Figure 4 Expanded tree shrew SSCs are capable of normal spermatogenesis and suitable for CRISPR-/Cas9-mediated gene 
editing. (A) Tree shrew SSCs transfected with lentiviral vectors stably expressed EGFP (scale bar, 20 µm). (B) Schematic il-
lustration of SSC transplantation. (C) Recipient testes examined by fluorescent dissection microscopy at 0 day (D0), 40 days 
(D40), 100 days (D100), and 250 days (D250) post transplantation of EGFP-SSCs. Note that green seminiferous tubules 
were clearly visible at D40, D100, and D250. Testis ligated for 100 days was set as negative control (NC). (D) Recipient tes-
ticular tissue sections were examined by immunostaining for the expression of EGFP. At D0, no EGFP+ cells were detected 
within the seminiferous tubules and rare EGFP+ cells were found suspended in the lumen of seminiferous tubules (arrow 
head). At D40 through D250, EGFP+ germ cells at differential developmental stages were clearly detected within seminiferous 
tubules (scale bar, 20 µm). (E) Genomic DNA was prepared from sperm collected from epididymis of recipient tree shrew at 
D250 post transplantation. Nest-PCR analysis showed the insertion of EGFP transgene in sperm genome (~200 sperm per 
sample), which was confirmed by sequencing PCR products. PCR reaction with genomic DNA from wide-type SSCs as tem-
plates was used as NC, whereas PCR reaction with genomic DNA from EGFP-SSCs as templates was set as positive control 
(PC). (F) Genomic DNA was prepared from offspring generated by recipient males. PCR amplification of integrated transgene 
was conducted with two different primer pairs and PCR products were sequenced to confirm the integration of transgene. Ge-
nomic DNA from wild-type (WT) tree shrew was used as NC. Genomic DNA from EGFP-SSCs was used as positive control 1 
(PC1) and EGFP-lentiviral expressing plasmids were used as positive control 2 (PC2). (G) Immunoblotting analysis confirmed 
the expression of EGFP proteins in several tissues collected from one transgenic pup. Protein from WT SSCs was used as 
NC. Proteins from EGFP-SSCs were used as PC. (H) Fluorescent image showing the EGFP expression in the transgenic 
tree shrew (left) versus the control tree shrew (right). (I) CRISPR-/Cas9-mediated targeting of the App gene in tree shrew 
SSCs. DNA sequencing of PCR products confirmed the targeted mutations in the App gene. Mutation type 1 has an insertion 
of “A” at the target site, and mutation type 2 contains a 25-bp deletion at the target site.
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To verify the normal fertilization function of the trans-
genic sperm and to evaluate the feasibility of generating 
transgenic tree shrew offspring using SSCs, 12 recipient 
males were mated with wild-type female tree shrews 
and their offspring were examined for the integration 
of EGFP transgene in their genome. Two different tis-
sues (tail-tip and ear-tip) were collected from each pup 
at different times to prepare genome DNA samples. 
Insertion of virus-EGFP fragment in the genome was 
detected by PCR analysis with two different primer pairs 
and confirmed by sequencing PCR products. As shown 
in Supplementary information, Table S3, 7 out of 123 
pups (5.7%) contained virus-EGFP transgene in their 
genome (Figure 4F). We also validated EGFP protein 
expression in different tissues of one transgenic pup by 
immunoblotting with GFP antibody (Figure 4G). In addi-
tion, a healthy transgenic pup emitted intense green flu-
orescence under the UV light (Figure 4H). Collectively, 
these results indicate that transgenic sperm has normal 
fertilization ability and SSC-based gene manipulation ap-
proach is workable to obtain gene-modified tree shrews 
for biomedical research. 

Tree shrew SSCs are suitable for CRISPR/Cas9-mediated 
gene editing

CRISPR/Cas9 technology has been widely utilized in 
various cell types to generate sophisticated gene editing. 
We tested whether CRISPR/Cas9 can work in tree shrew 
SSCs. We designed an sgRNA targeting sequence to dis-
rupt the gene encoding amyloid β precursor protein (App) 
(Figure 4I). The targeting plasmids expressing sgRNA 
and Cas9 proteins were delivered into SSCs by electro-
poration and at about 20-24 h post transfection, individu-
al transfected SSCs expressing mcherry (Supplementary 
information, Figure S5) were manually collected by 
mouth pipette and DNA was examined for the generation 
of mutations at the target site. Among the 70 single cells 
successfully sequenced for the App gene fragment, 17 
were found to contain indel mutations and the example 
sequencing results were shown in Figure 4I. Thus, CRIS-
PR-/Cas9-mediated gene editing can work in tree shrew 
SSCs.

Discussion

Due to its close phylogenetic relation to primates 
and the many advantages it possesses over high-order 
nonhuman primates for experiments, the tree shrew has 
received wide attention in biomedical research [1, 3, 4]. 
However, the lack of gene editing methods applicable to 
the species has limited the acceptance of the tree shrew 
as an important laboratory animal for genetic studies. 

Here, we report for the first time the development of cul-
ture conditions for the long-term expansion of tree shrew 
SSCs and its application in generating transgenic tree 
shrews. On average, 5.7% of offspring generated from 
recipient males carried the transgene. Moreover, CRIS-
PR/Cas9-mediated gene editing can work in tree shrew 
SSCs. Thus, SSC-based approach is both feasible and 
practical for sophisticated gene editing in tree shrew. The 
key to using SSCs in making transgenic animals is to ex-
pand the SSCs in vitro without losing their stem cell abil-
ities. In our research we found two critical factors, the 
addition of exogenous Wnt3a, and the use of Sertoli cells 
as feeder, are both required to successfully expand tree 
shrew SSCs in vitro. Wnt/β-catenin signaling is implicat-
ed as a stem cell self-renewal mechanism in pluripotent 
stem cells [53] as well as in several tissue stem cells of 
the skin, intestine, mammary gland, and stomach [54]. 
The functions of Wnt/β-catenin signaling on SSCs have 
also been reported in the mouse [46, 55]. Interestingly, 
the beneficial role of exogenous Wnt3a on tree shrew 
undifferentiated spermatogonia cells is restricted to the 
initial culture stage and is dispensable once SSCs start to 
proliferate. In our study, SSCs at P2 and thereafter were 
cultured on the feeder of tree shrew Sertoli cells, which 
have been shown to express Wnt ligands in the mouse 
[46]. Therefore, it is possible that Sertoli cells secret Wnt 
ligands and the paracrine Wnt ligands from Sertoli cells 
are sufficient to support SSC survival and proliferation. 
Surprisingly, higher concentration of Wnt3a (20 ng/mL) 
did not show a beneficial effect and the underlying mech-
anism warrants further investigation. Previous studies 
reported the involvement of non-canonical Wnt signal-
ing in mouse SSC self-renewal [56], and the inhibitory 
relations between the canonical and non-canonical Wnt 
pathways [56, 57]. For instance, overexpression of Wn-
t5a, a non-canonical Wnt pathway ligand, could inhibit 
canonical Wnt signaling [57]. In addition, one ligand 
is able to engage multiple receptors to affect different 
signaling outcomes [57]. Thus, it is possible that higher 
concentration of Wnt3a compromised the non-canonical 
Wnt signaling in tree shrew SSCs, or engaged different 
receptors to elicit distinct signaling outcomes.

SSC activities are regulated by the surrounding micro-
environment (niche) composed of Sertoli cells, extracel-
lular matrix, and the vascular network [58, 59]. Sertoli 
cells express glial cell line-derived neurotrophic factor 
(GDNF) and fibroblast growth factor 2 (FGF2), both of 
which are critical regulators of SSC self-renewal [29, 
41, 60]. Sertoli cells also secret other factors including 
Wnt ligands [46]. Therefore, as in the rat [31], tree shrew 
Sertoli cells were better than MEFs in supporting SSC 
survival and expansion in vitro.
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In short, for the first time, we characterized the signal-
ing pathways necessary for tree shrew SSCs self-renewal. 
By using tree shrew Sertoli cells and exogenous Wnt3a, 
we successfully achieved long-term expansion of tree 
shrew SSCs and generated transgenic tree shrews follow-
ing SSC transplantation. Furthermore, we demonstrate 
that the widely utilized gene editing tool CRISPR/Cas9 
is workable in tree shrew SSCs. Thus, in the future, tree 
shrews with precise gene modification can be obtained by 
applying CRISPR/Cas9 on SSCs. Our current study paves 
the way for the generation of various human disease mod-
els using the tree shrew and facilitates the wider applica-
tion of this animal in biomedical research.

Materials and Methods

Animal use and care
Wild-type tree shrews were obtained from the Kunming Pri-

mate Research Center in Kunming Institute of Zoology, Chinese 
Academy of Sciences. All experimental procedures and animal 
care were performed according to the protocols approved by the 
Institutional Animal Care and Use Committee of the Kunming 
Institute of Zoology, Chinese Academy of Sciences. In total, 13 
3-month-old tree shrews and about 60 1-year-old tree shrews were 
used in this study.

Preparation of testicular tissue single-cell suspensions
A pair of tree shrew testes was used in each experiment. Sin-

gle-cell suspensions were prepared using a two-step enzymatic 
digestion. Briefly, the testes were washed in PBS solution and cut 
into pieces after stripping off the albuginea. The tissue pieces were 
then incubated in 5% collagenase type IV (Lifetech Gibco) at 37 
°C for 20 min with gentle agitation every 5 min. After washing in 
PBS twice, they were incubated in 0.25% trypsin (Lifetech Gibco) 
at 37 °C for < 10 min until most of the cells were dispersed. Di-
gestion was terminated by adding 10% fetal bovine serum (FBS, 
Hyclone) and the cell suspensions were centrifuged at 400 g for 5 
min to remove the supernatant. The cell pellets were re-suspended 
in 1% BSA and the clumps were removed through a 100 µm nylon 
cell strainer (B&D). 

Enrichment of Thy1+ cell population
A single-cell suspension of tree shrew testicular tissue was 

subject to FACS sorting or immunomagnetic isolation to obtain 
a Thy1+ cell population according to the manufacturer’s instruc-
tions. For FACS sorting, cell samples were incubated with Thy1 
antibody (BioLegend, 328110, 1:50 dilution) for 30 min before 
sorting with Influx flow cytometer (Becton Dickinson). For immu-
nomagnetic isolation, cell suspensions were incubated with Thy1 
antibody (BioLegend, 328110, 1:50 dilution) for 30 min and the 
Thy1+ cells were isolated by microbeads (Miltenyi Biotech).  

RNA-seq library preparation, sequencing and data analyses
For RNA sequencing, Thy1+ cells and Thy1− cells were sorted 

by Influx flow cytometer (Becton Dickinson). Two independent 
biological sample repeats were prepared. Total RNA was extracted 
using TRIZOL (Invitrogen) and a RNA-Seq library was construct-

ed following the instructions of the TruSeq RNA Sample Prepara-
tion kit (Illumina). The libraries were sequenced using an Illumina 
HiSeq 2000 platform. Clean reads were mapped to the tree shrew 
genome using Tophat2 software (Version 2.0.8). The genome and 
annotation files for the tree shrew were downloaded from the tree 
shrew database (http://www.treeshewdb.org). FPKM (fragments 
per kilobase million) values of the transcripts were calculated us-
ing Cufflinks (Version 2.1.1) [61]. Differential expression genes 
were determined by Cuffdiff (Version 2.1.1) with default parame-
ters. The heat maps were generated by the “gplots” R package with 
the default hierarchical clustering method. PCA was performed 
using the “prcomp” function of R package. The enrichment of 
the GO and KEGG pathways was analyzed using DAVID (http://
david.abcc.ncifcrf.gov/) [62-64]. The P-value was adjusted using 
a hypergeometric test with the default parameters. The RNA-Seq 
data can be retrieved at www.treeshrewdb.org.

Feeder cells preparation
MEFs were prepared according to the standard protocol. Tree 

shrew Sertoli cells were prepared according to the previous report 
[48]. In brief, testicular tissue single-cell suspensions were plat-
ed on a dish coated by 0.1% (w/v) gelatin (AMRESCO). After 
overnight incubation, the medium and floating germ cells were re-
moved and the adherent cells were collected. A Sertoli cell prepa-
ration was considered as enriched and not pure as a small number 
of other somatic cells remain in the culture. The preparation was 
then cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
(Life Technologies) with 10% FBS (HyClone) for propagation. 
The Sertoli cell identity was verified by RT-PCR examination of 
several marker gene expressions. To prepare feeder cells, MEFs 
(~50 000 cells/cm2) or Sertoli cells (~50 000 cells/cm2) were treat-
ed with 10 µg/mL Mitomycin C (Sigma) for 3 h to inactive the 
mitotic activity. 

Tree shrew SSCs culture
The basic SSCs culture medium is composed of StemPro-34 

SFM (Invitrogen) supplemented with StemPro supplement (Invi-
trogen), 10% fetal calf serum (FBS, HyClone), 1 mM penicillin 
(Lifetech Gibco), 2 mM L-Glutamine (Sigma), 0.1 mM β-mer-
captoethanol (Sigma), 1 mM sodium pyruvate (Lifetech Gibco), 
1 mM NEAA (nonessential amino acid, Lifetech Gibco), 60 µM 
putrescine, 40 ng/mL human GDNF (recombinant human glial cell 
line-derived neurotrophic factor, R&D), 10 ng/mL human EGF 
(epidermal growth factor, Invitrogen), 1 000 U mouse LIF (leu-
kemia inhibitory factor, Millipore), 2 ng/mL human bFGF (basic 
fibroblast growth factor, Millipore). Recombinant Wnt3a (R&D) 
was dissolved in 1% BSA. For the initial culture of SSC-enriched 
cells (passages 0-4), 500 µL SSC culture medium were used per 
well and the medium was changed every other day. SSCs were 
manually collected and passaged every 7 days at a 1 : 3-5 dilution. 
Culture was maintained in a 37 °C and 5% CO2 atmosphere.

Preparation of EGFP-expressing lentivirus and infection of 
tree shrew SSCs

Simian immunodeficiency virus (SIV)-based vector GAE-
CAG-eGFP/WPRE [65] was utilized to transfer the EGFP gene 
into the genome of tree shrew SSCs. To produce virus, 293T cells 
were transfected with DNA mixtures, which contains the SIV len-
tiviral expression vector GAE-CAG-EGFP/WPRE and packaging 
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vectors (SIV : SIV3+ : G-REV = 1.3 : 1 : 1) by lipo2000 transfec-
tion method (Invitrogen 11668-019). Supernatant of the transfected 
293T cells was collected and filtered by 0.45 µm filter (Millipore), 
followed by ultra-centrifugation at 25 000 rpm for 2.5 h. The SSCs 
were suspended and infected at a density of ~100 viruses per cell 
for 24 h. The infected cells were purified by FACS sorting.

Preparation of sterilized recipient tree shrews
Busulfan (Sigma) was dissolved in corn oil. Adult male tree 

shrews were weighed and certain amount of busulfan (40 mg/kg 
body weight) was administrated by intraperitoneal injection. At 
4-5 weeks following busulfan treatment, the elimination of pre-ex-
isting germ cells was confirmed by hematoxylin and eosin stain of 
testicular sections and recipients were prepared for cell transplan-
tation.

SSC transplantation into recipient tree shrew testis
Tree shrew SSC transplantation into testis was performed 

according to the methods described in the mouse [52]. Briefly, a 
glass pipette with an inner diameter of ~50-80 µm at the tip was 
used. About 0.04% Trypan blue dye was added into the cell sus-
pension (3-5 × 104 cells/L) to monitor the injection. Recipient tree 
shrews were anesthetized with ketamine (0.2 mg/g body weight, 
intramuscular injection). The testicle skin wall was then lifted by 
using small forceps to make a ~0.3 cm small incision. Carefully 
cut the bursa to open the peritoneal cavity and use one pair of for-
ceps to hold the skin wall and the other pair to search the fat pads 
attached to the testis in the cavity. Gently pull the fat out until the 
testis is exteriorized. Identify the efferent ducts that connect the 
testis to the epididymis. Cells were transplanted into the seminifer-
ous tubules of the testis through the efferent ducts. In general, total 
0.5-0.7 million SSCs were injected into each recipient testis. The 
injection was stopped when almost all the surface tubules had been 
filled as indicated by the Trypan blue dye.

Construction of the CRISPR/Cas9 plasmids and electropo-
ration of tree shrew SSCs

The sgRNA targeting sequence for the App gene was designed 
by using the CRISPR Design Tool (http://tools.genome-engi-
neering.org) [66]. The sgRNA targeting sequence pair sgR-
NA-App-Forward (5′-CACCGGTTTCTTCTTCAGCATCAC-
CA-3′) and sgRNA-App-Reverse (5′-AAACTGGTGATGCT-
GAAGAAGAAACC-3′) were cloned into the pX330-T7 vector 
expressing mcherry [66].

About 105 SSCs were used for electroporation. SSCs were de-
tached from feeder cells through gentle pipetting. After collection 
and wash in PBS for three times, cells were then suspended in 100 
µL OPTI-MEM (Gibco, 31985-062) with 1 µg targeting plasmids. 
Electroporation was conducted with Super Electroporator NEPA21 
(NEPA GENE), using the parameters of 125 V voltage and 5 ms 
pulse length. Cells were transferred to culture medium for further 
culture following electroporation. After 20-24 h of culture, cells 
were examined for the electroporation efficiency under the fluo-
rescence microscope and the individual SSCs, which had normal 
morphology and expressed mcherry, were manually picked with 
mouth pipette for downstream examination of gene targeting. 
Genomic DNA preparation and DNA sequencing of target 
loci

Genomic DNA was extracted from single cell by alkaline lysis 

method [67]. Lysis buffer is composed of 25 mM NaOH and 0.2 
mM EDTA. Individual SSC was transferred into 5 µL of lysis 
buffer and heated at 95 °C for 10 min. After heating, cell lysis was 
cooled down on ice for 1 min and neutralized by 5 µL neutraliza-
tion buffer (40 mM Tris HCl). All lysis solution was then used for 
PCR amplification. The gene region spanning the sgRNA targeting 
site was PCR amplified by primer pair (App forward: 5′-GC-
CCGAGTACCATGGAGGAA-3′; App reverse: 5′-TTCAAGGT-
GTTCTTTGCGGA-3′). The PCR products were first sequenced 
using the PCR primer to screen which sample contains potential 
mutation. Subsequently, the PCR products containing potential 
mutation were cloned into T-Vector pMD19 (TAKARA BIO Inc.) 
for transformation. About 10 clones were randomly picked and 
sequenced for each transformation. The sequence was analyzed by 
using DNASTAR Lasergene 7.1 (DNAS Inc., Madison, WI, USA).

Other materials and methods including chromosome metaphase 
spread preparation and G-band staining, tree shrew SSCs cryo-
preservation and thawing, preparation of frozen tissue sections 
and immunofluorescence staining, genotyping of transgenic tree 
shrews and sperm, reverse transcription, regular RT-PCR, quanti-
tative RT-PCR, antibodies and primers information were provided 
in Supplementary information, Data S1.
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