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Abstract

Spermatogonia represent a diploid germ cell population that includes spermatogonial stem cells. In
this report, we describe new methods for isolation of highly enriched porcine spermatogonia based
on light scatter properties, and for targeted mutagenesis in porcine spermatogonia using
nucleofection and TALENSs. We optimized a nucleofection protocol to deliver TALENs
specifically targeting the DMD locus in porcine spermatogonia. We also validated specific sorting
of porcine spermatogonia based on light scatter properties. \We were able to obtain a highly
enriched germ cell population with over 90% of cells being UCH-L1 positive undifferentiated
spermatogonia. After gene targeting in porcine spermatogonia, indel (insertion or deletion)
mutations as a result of non-homologous end joining (NHEJ) were detected in up to 18% of
transfected cells. Our report demonstrates for the first time an approach to obtain a live cell
population highly enriched in undifferentiated spermatogonia from immature porcine testes, and
that gene targeting can be achieved in porcine spermatogonia which will enable germ line
modification.
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1| INTRODUCTION

Spermatogonia represent a diploid germ cell population in the seminiferous tubules which
undergo mitotic division during spermatogenesis to give rise to primary spermatocytes.

Correspondence. Ina Dobrinski, Department of Comparative Biology and Experimental Medicine, Faculty of Veterinary Medicine,
University of Calgary, 3330 Hospital Drive NW, Calgary ABT2N 1N4, Canada. idobrins@ucalgary.ca.

These authors contributed equally to this work.
Tcurrent address: Department of Anatomy, Arizona College of Osteopathic Medicine, Midwestern University, Glendale 85308,
Arizona.
ORCID

Ina Dobrinski > http://orcid.org/0000-0002-0695-2606

CONFLICTS OF INTEREST
Drs. Carlson, Webster, and Fahrenkrug are employees of Recombinetics, Inc. Dr. Dobrinski is a member of the Scientific Advisory
Board of Recombinetics, Inc.

SUPPORTING INFORMATION
Additional Supporting Information may be found online in the supporting information tab for this article.


http://orcid.org/0000-0002-0695-2606

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tang et al.

Page 2

Spermatogonial stem cells (SSCs) are a subset of undifferentiated type A spermatogonia
which have the capacity to self-renew to maintain the SSC pool as well as to differentiate to
ultimately form sperm. SSCs represent a rare cell population, constituting ~0.03% of all
germ cells in the adult mouse testis (Tegelenbosch & de Rooij, 1993). The lack of definite
phenotypical, morphological, or biochemical markers that can unequivocally identify SSCs
makes it impossible to isolate SSCs for in vitro studies. However, SSCs can be relatively
enriched from a testicular cell suspension by various in vivo and/or in vitro approaches.

For in vivo enrichment, neonatal, and prepubertal testes serve as the preferred source for
harvesting germ cells as gonocytes/spermatogonia are the only type of germ cells present in
the seminiferous tubules during those developmental stages (Bellve et al., 1977). Surgical
induction of cryptorchidism, Vitamin A deficiency and hyperthermic treatment in adult
mouse testis resulted in enrichment of SSCs in a testicular cell preparation by eliminating
differentiating germ cells (McLean, Russell, & Griswold, 2002; Shinohara, Avarbock, &
Brinster, 2000). For in vitro enrichment of spermatogonia, several approaches that take
advantage of differences in density and size of various cell populations (such as Percoll
gradient centrifugation) or that rely on different adhesion of somatic cells and germ cells to a
substratum in culture (such as differential plating) have been implemented (Bellve et al.,
1977; Luo, Megee, Rathi, & Dobrinski, 2006; Morena, Boitani, Pesce, De Felici, &
Stefanini, 1996; van Dissel-Emiliani, de Rooij,&Meistrich, 1989). With the identification of
surface markers present on a subset(s) of spermatogonia such as Thyl, GFR-a1, c-kit, CD9,
Integrin-a.6, and Integrin-p1, magnetic-activated cell sorting (MACS), and fluorescence-
activated cell sorting (FACS) have been used to isolate a cell population enriched with SSCs
in rodents (Ebata, Zhang, & Nagano, 2005; Kanatsu-Shinohara, Toyokuni, & Shinohara,
2004; Kubota, Avarbock, & Brinster, 2004; Shinohara, Orwig, Avarbock, & Brinster, 2000).

For domestic animals, it is challenging to identify a surface marker that can be reliably and
consistently used for enriching spermatogonia containing SSCs. So far, among all the
surface markers reported for rodents, only Thy1 has been described for enriching
undifferentiated spermatogonia in prepubertal goats, pigs and cattle (Abbasi et al., 2013;
Reding, Stepnoski, Cloninger, & Oatley, 2010; Zheng et al., 2014). Currently, the prevailing
methods for enriching SSCs from large animals are differential plating and Percoll density
gradient centrifugation, which do not rely on the presence of specific surface protein(s) on
spermatogonia. The combination of those methods has enabled a high enrichment of
gonocytes/spermatogonia (up to >70%) from neonatal/prepubertal donors in pigs and cattle
(Aponte et al., 2008; Fujihara, Kim, Minami, Yamada, & Imai, 2011; Goel, Sugimoto,
Minami, Yamada, Kume, & Imai, 2007). Here, we show that a highly pure population of live
spermatogonia can be reliably obtained by sorting based only on light scatter properties of
spermatogonia.

One unique characteristic of SSCs is that when transplanted into the seminiferous tubules of
a recipient animal, SSCs are able to colonize the stem cell niche at the basement membrane
and establish long-term donor-derived spermatogenesis in recipients (Brinster &
Zimmermann, 1994). This feature allows transmission of the donor haplotype to the
offspring by recipient animals, which makes SSCs an attractive vehicle for germline genetic
modifications (Brinster & Avarbock, 1994). Rodent SSCs that carried randomly integrated
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transgenes in their genome have resulted in transgenic mouse and rat offspring upon germ
cell transplantation (Hamra et al., 2002; Nagano et al., 2001; Nagano, Shinohara, Avarbock,
& Brinster, 2000; Ryu et al., 2007; Takehashi et al., 2007). With the establishment of a long-
term culture system for rodent SSCs which allows in vitro selection, expansion, and
screening of SSCs, gene targeting in SSCs became possible (Iwamori, lwamori, & Matzuk,
2012; Izsvak et al., 2010; Kanatsu-Shinohara et al., 2006; Kanatsu-Shinohara, Toyokuni, &
Shinohara, 2005). Mouse SSCs that carried targeted mutations and withstood extensive in
vitro manipulation were able to colonize the recipient testis, produce mutant sperm, and
result in mutant offspring (Kanatsu-Shinohara et al., 2006). In addition, homologous
recombination-mediated gene correction was feasible in mouse SSCs, which revealed their
potential in gene therapy (lwamori, lwamori, & Matzuk, 2012). Genome-wide mutagenesis
has also been achieved in rat SSCs by using Sleeping Beauty transposon-based gene trap
vectors (Izsvak et al., 2010). Transplantation of a polyclonal library of targeted SSCs or
individually picked monoclonal targeted SSC lines into the recipient rat testis resulted in
germline transmission of the mutations and generation of KO rat offspring (I1zsvak et al.,
2010).

For domestic animals where germline-competent embryonic stem cells (ESCs) are not
readily available, generation of KO animals mainly relies on gene targeting in somatic cells
followed by somatic cell nuclear transfer (SCNT) (Laible & Alonso-Gonzalez, 2009). The
approach is challenging due to low efficiency of gene targeting in somatic cells,
developmental problems associated with SCNT, and the high cost in large animal husbandry
(Bacci, 2007; Niemann, Kues, & Carnwath, 2005). Although transgenesis through SSCs has
been demonstrated in domestic animal species such as pigs and goats (Honaramooz et al.,
2008; Zeng et al., 2012, 2013), random integration of transgenes into the genome did not
allow specific and targeted genetic engineering. The recent advent of engineered nucleases
such as Zinc-finger nucleases (ZFNs), Transcription Activator-like Effector Nucleases
(TALENS), and Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-
associated-9 (CRISPR/Cas-9), has greatly advanced the gene-specific genome editing in
domestic animals (Cong et al., 2013; Joung & Sander, 2013; Porteus & Carroll, 2005).
Guided either by fused DNA recognition domains (ZFNs and TALENS) or by interacting
short RNAs (CRISPRs/Cas-9), the engineered nucleases are targeted to a specific genome
locus to create double strand (ds) breaks. The induced ds breaks can be repaired either via
non-homologous end joining (NHEJ) or via homologous recombination (HR). Compared to
conventional gene targeting that relies on spontaneous events of HR, the efficiency of
nucleases-facilitated mutagenesis is much higher with NHEJ-mediated mutations being
detected in up to 50% of transfected cells (Urnov, Rebar, Holmes, Zhang, & Gregory, 2010).
In several cell lines, targeting efficiency by nuclease-stimulated HR was >1,000 fold higher
than that by spontaneous HR in conventional gene targeting (Hauschild-Quintern, Petersen,
Cost, & Nieman, 2013).

So far, ZFNs, TALENS, and CRISPR/Cas-9 have been used to generate mono-allelic and bi-
allelic knock-out pigs, cattle, and goats through the combination of gene targeting in somatic
cells and SCNT (Bao et al., 2014; Carlson et al., 2012; Hauschild et al., 2011; Luo et al.,
2014; Ni et al., 2014; Yang et al., 2011; Yu et al., 2011; Zhou et al., 2015). A locus-specific
transgene knock-in pig model has also been generated by using CRISPR/Cas-9 and SCNT
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(Ruan et al., 2015). As a result of their high efficiency in mutagenesis, microinjection of
TALENS, ZFNs, and CRISPRs/Cas-9 into pig zygotes resulted in production of live piglets
with engineered mutations (Hai, Teng, Guo, Li, & Zhou, 2014; Lillico et al., 2013; Park et
al., 2017; Wang et al., 2015). However, CRISPR/Cas9 mediated gene editing in zygotes can
result in target allele mosaicism in animals due to independent multiple gene editing events
at early embryonic cleavage stages (Niu et al., 2014; Yen et al., 2014). As a result, targeted
alleles can differ between somatic tissues and the germline, requiring extensive outcrossing
of mutants in order to generate non-mosaic germline of animals isogenic for specific
targeted allele in all cells of their body.

To avoid generation of mosaic mutant progeny, direct germline editing using engineered
nucleases has recently been implemented for targeting in rodent SSCs (Chapman et al.,
2015; Sato et al., 2015; Wu et al., 2015). Both gene knockout and gene correction have been
achieved in SSCs and sperm derived from those genome-edited SSCs were used by in vitro
fertilization or natural breeding to produce offspring with desired genetic modifications.
Similar to what has been observed in other cell types, nucleases-facilitated gene targeting in
SSCs showed higher targeting efficiency compared to conventional gene targeting in SSCs
(Fanslow et al., 2014; Kanatsu-Shinohara et al., 2006; Sato et al., 2015).

Improved techniques to enrich germ cell populations greatly facilitate other processes such
as transfection or gene editing of germ cells, in vitro culture of germ cells, or germ cell
transplantation. In the current study, we used a novel approach to sort germ cells by using
light scatter to enrich the spermatogonia population which enabled us to optimize conditions
for nucleofection of spermatogonia and then to demonstrate that gene targeting by TALENSs
can be achieved in porcine spermatogonia.

2 | RESULTS

2.1 | Enrichment of spermatogonia by flow cytometry using light scatter properties

We previously developed a differential plating protocol for enriching spermatogonia from
prepubertal porcine testis (Luo et al., 2006). Here, we refined the protocol with additional
rounds of plating and were able to obtain an enriched germ cell population with 40-60%
cells being spermatogonia (UCH-L1+) without the intermediate STA-PUT velocity
sedimentation process. This represented a ~8-12 fold of enrichment from the initial
testicular cell suspension obtained from testis digestion. As a highly enriched population of
spermatogonia is a prerequisite for establishing a culture system for porcine SSCs and for
efficient genetic modification, we explored options for further enrichment of spermatogonia
including Magnetic- and Flow-Activated Cell Sorting (MACS and FACS, respectively).

When relatively enriched spermatogonia obtained from differential plating were subjected to
flow cytometry, a distinctive population of cells was evident on the light (forward and side)
scatter dot plot (Figure 1a). We gated this population of cells and sorted cells within this
gate. Cells within the gates of this distinctive population represented 21.68 + 8.17% of the
input cells, were relatively homogenous in morphology (Figure 1b) and had viability of over
95%. Immunocytochemical analysis of these cells for the spermatogonia marker UCH-L1
and the somatic cell marker Vimentin revealed that 92.27% + 6.10% of the cells were UCH-
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L1-positive (UCH-L1%)/Vimentin negative (Vimentin~) spermatogonia (Figure 1c) (7= 7).
We defined this gate as the germ cell gate. The proportion of Vimentin* cells varied from
0.11% to 4.17% in the germ cell gate between different experiments (n7= 7). Cells outside
the germ cell gate (defined as the non-germ cell gate, Figure 1a) were mostly Vimentin*
somatic cells (50-75%), UCH-L17/Vimentin~ cells and cell fragments (Figures 1a and 1c).

Gene expression analysis by gRT-PCR revealed significantly higher expression levels of
germ cell specific genes such as UCH-L1, VASA, PLZF, BCL6B, GFRal, and RET. A
significantly lower expression level of the somatic cell marker vimentin was observed in
sorted cells compared to cells collected prior to sorting (Figure 1d). This finding confirmed
that the sorted population was highly enriched for spermatogonia.

While the experiments reported above used cells from 10 weeks old donors (7= 12), the
approach was applicable to sorting spermatogonia from 1, 4, and 14 week old donors (1= 6)
with similar recovery of input cells (23.92 + 2.52 %) and percentage of UCH-L1 +
spermatogonia (90.57 £ 1.74) in the sorted cell population.

2.2 | Transfection of spermatogonia by nucleofection

Spermatogonia proliferate very slowly and are refractory to lipid-based transfection. We
previously used viral vectors (AAV and Lentivirus) to deliver transgenes into goat and pig
spermatogonia (Honaramooz et al., 2008; Zeng et al., 2013). Due to the safety concerns and
limitations of viral vectors, we adopted nucleofection, an electroporation-based transfection
method, and showed that it can be used to transfect goat spermatogonia (Zeng et al., 2012).
Initially, we explored the application of different electroporation approaches such as Neon™
(Invitrogen, ThermoFisher Scientific, Burlington, ON, Canada), Gene Pulser MXcell™
(Biorad, Bio-Rad Laboratories, Mississauga, ON, Canada) and Nucleofector™ (Lonza,
Lonz, Walkersville, MD) for transfection of pig spermatogonia and found that nucleofection
gave the best balance between transfection efficiency and cell viability. We then tested a
variety of combinations of nucleofection solutions and programs using a GFP reporter
plasmid (pmaxGFP™, Lonza) and performed quantitative assessment on three solution/
program combinations that yielded promising results (solution-V/ programX-005, solution-
L/programX-001 and solution-B/programU-030). Out of three combinations evaluated,
transfection with solution V/program X-005 resulted in the highest recovery of transfected
spermatogonia with 49.7 + 5.72% of cells being recovered after nucleofection and 46.5

+ 2.25% of the recovered germ cells being GFP + spermatogonia (GFP + UCH-L1 +; Table
1).

Therefore, we used solution-V/programX-005 for subsequent transfection experiments based
on the number of cells recovered, the number of transfected spermatogonia recovered and
transfection efficiency of germ cells.

We used flow cytometry to isolate spermatogonia prior to nucleofection; however, the

viability and recovery rate of sorted cells subsequently transfected by nucelofection were
low (total recovery of input cells was 16.2 + 6.36% with 1.2 + 0.22% of input cells GFP*
UCH-L1*; n=5) resulting in insufficient yield of live cells for applications that require a
large number of cells such as germ cell transplantation. Therefore, we did not pursue this
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approach further, and rather than sorting germ cells prior to nucleofection, we investigated
whether we could sort spermatogonia using light scatter properties after nucleofection.
Cellular damage due to nucleofection was apparent as fewer cells could be gated in the germ
cell gate after nucleofection compared to non-transfected cells (Figure 2a vs. 1b). Despite
this, sorting of cells using light scatter properties after nucleofection substantially enriched
the proportion of spermatogonia (88.67% + 7.55% spermatogonia compared to 45.22%

+ 6.86% spermatogonia prior to sorting; 7= 3). By sorting of GFP* cells within the germ
cell gate we obtained over 80% UCH-L1* GFP* spermatogonia (Figures 2a, and 2b). The
cell population outside of the germ cell gate (non-germ cell gate) contained only 2-15%
spermatogonia (UCH-L1*) and had an overall transfection efficiency of approximately 30%
(GFP*). While sorting based on light scatter properties was useful for enrichment of
transfected spermatogonia, the percentage of cells recovered from the initial input cells after
nucleofection and sorting was lower than after sorting of non-transfected cells (16.31 + 7.37;
n=8vs.21.68 +8.17 %; n=18).

2.3 | Gene targeting in spermatogonia with TALENs

Targeted mutagenesis has not yet been achieved in germ cells of domestic animals. Having
confirmed that pig spermatogonia could be effectively transfected by nucleofection and that
spermatogonia could be isolated based on light scatter properties, we aimed to conduct gene
targeting in pig spermatogonia. We used a pair of TALENs (DMD?7.1) that specifically target
the porcine Duchenne's muscular dystrophy (DMD) locus (Carlson et al., 2012). Previous
targeting of the DMD gene in porcine fibroblast cells which resulted in 16-38% NHEJ in
transfected cells at day 3 post-transfection (Carlson et al., 2012).

We performed a series of transfection experiments with TALENS to explore the effect of
temperature and the amount of DNA on targeting efficiency (the percentage of NHEJ) in
transfected cells. Cells used for transfection were enriched by the modified differential
plating protocol to contain 40-60% spermatogonia. We used 5, 10, or 25 pg of DMD
TALENSs followed by incubation of cells at either 30 °C or 37 °C for 3-5 days before
analysis. For each TALENS transfection, we also co-transfected 2 pg GFP plasmid to
monitor transfection efficiency.

Although a higher amount of TALENs DNA (such as 25 pg) resulted in a higher percentage
of NHEJ, this reduced cell viability compared to lower amounts of DNA (5 or 10 ug). A
relatively high percentage of NHEJ (17.65 £ 0.92%) could be achieved with 25 ug TALENSs
but at the expense of low viability with only 17.6 + 1.27% of nucleofected cells recovered
following incubation at 30°C and a lower percentage of GFP+ spermatogonia (Table 2). In
contrast, 34.7-50% of cells could be recovered from transfection with 5 or 10 ug TALENS.
For later experiments, we chose 20 ug DNA to achieve a balance between cell recovery and
NHEJ efficiency. Similar to what was reported previously for fibroblasts, TALENS activity
was higher at a lower temperature of 30 °C, resulting in a higher percentage of NHEJ
compared to 37 °C in each dose of TALENS tested (Table 2). Although the survival of
spermatogonia was slightly lower at 30 °C, we used 30 °C for future experiments due to
higher NHEJ efficiency.
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To evaluate if NHEJ occurred in spermatogonia, we sorted transfected cells on day 4 post-
transfection using light scatter properties. Transfection with TALENSs changed the
distribution of germ cells on the dot plot. We no longer observed a very distinctive germ cell
population. Although we defined a germ cell gate with cells treated with nucleofection only
(without TALENS), we had to widen the gate to sort enough cells representing 5.08 + 2.51 %
(n=4) of the input cells for subsequent analysis (Figure 2c). We were able to obtain a germ
cell enriched fraction containing 66-89% spermatogonia (Figure 2d) with the percentage of
NHEJ ranging from 2.80% to 9% (Figure 2e) with NHEJ 0-2.2% in the non-germ cell
fraction (Table 2).

Analysis of a subset of samples after nucleofection by sequencing confirmed the percentage
of targeted modification detected by Surveyor assay (Table 3).

3 | DISCUSSION

3.1 | Enrichment of spermatogonia based on light scatter properties

Our study represents the first report on using light scatter properties to isolate spermatogonia
from the prepubertal pig testis. This flow cytometry based approach is different from other
FACS-based live germ cell sorting in that it does not require the knowledge of surface
proteins present on spermatogonia or the availability of a spermatogonia-specific transgenic
reporter.

A highly pure population of spermatogonia will be useful for transcriptome and proteome
profiling, for identifying unique surface markers for fractionating and isolating subsets of
spermatogonia, and for establishing a long term culture system for porcine SSCs. In 10 week
old pig testis, all the germ cells in the seminiferous tubules are spermatogonia. Some of
these are residing at the basement membrane and others are still in the process of migrating
toward the basement membrane. Spermatogonia at this developmental stage are relatively
uniform in their size and granularity. We found they showed distinctive forward and side
light scatter properties when subjected to flow cytometry. Taking advantage of these unique
characteristics, we established a simple approach to isolate spermatogonia using a flow
cytometer. Germ cells manifested as a distinct population on the light scatter plot, and
through gating we were able to conveniently and consistently obtain a highly enriched
spermatogonia faction (up to 98% purity). Similar results could be obtained with cells
obtained from pigs from 1 to 14 weeks of age, making the approach applicable to a broader
pre-pubertal age range. FACS sorting protocols for germ cells that rely on surface marker-
mediated sorting require highly selective and robust antibodies and the presence of antigens
on the cell surface that might be affected by protease digestion. Although germline specific
transgenic lines (such as gc-Oct4-GFP, Vasa-Venus, Vasa-GFP, 1d4-GFP) that can be used
for sorting germ cells are available in species such as mice and fish (Chan et al., 2014;
Hubner et al., 2003; Shiura et al., 2013; Sun, Xu, Zhao, & Chen, 2015; Yoshizaki, Takeuchi,
Sakatani, & Takeuchi, 2000), they are not available for domestic animals. Sorting by light
scatter properties does not require staining as described previously in studies where various
dyes such as Hoechst 33,342 nucleic acid dye, rhodamine 123 mitochondrial dye and CDy1
stem cell dye were used to enrich spermatogonia and spermatogonial stem cells from fish or
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mouse testis (Falciatori et al., 2004; Hayashi et al., 2014; Kanatsu-Shinohara et al., 2016;
Lo, Burg, Parker, & Lamb, 2005).

Isolating spermatogonia by flow cytometry using light scatter properties has been reported
previously in teleost fish where a cell population highly enriched with undifferentiated type
A spermatogonia (~93% VASA positive) could be obtained from immature rainbow trout
testis (Kise et al., 2012). In the fish study, researchers used a transgenic rainbow trout line
that carries a VVasa-GFP reporter to set a germ cell gate on the light scatter plot and sorted
type A spermatogonia from immature non-transgenic males based on light scatter properties.
They also showed that this gate can be readily used to enrich spermatogonia from various
salmonid species with reduced purity (~75-80% spermatogonia). In our study, we did not
have a germ cell-specific transgenic pig model for isolating or gating spermatogonia.
Instead, we sorted spermatogonia from the prepubertal pig testis based on forward and side
light scatter using a non-referenced gate. This gate was drawn around the dense population
of cell events manifested on the light scatter dot plot. In the rainbow trout report, no
enrichment of germ cells was required prior to sorting as the initial testicular suspension
already contained ~36% type A spermatogonia. In our case, the initial testicular suspension
only contained ~4-7% spermatogonia. We observed that a certain degree of enrichment of
germ cells before sorting is preferred for spermatogonia to manifest as a distinctive cell
population on the light scatter plot and for the sorting process to be time-efficient. Higher
spermatogonia content in the input cells tended to result in higher purity in sorted cells and
significantly reduced the sorting time required. To specifically demonstrate functionality of
the sorted germ cells would require homologous transplantation which given the numbers of
sorted cells needed was beyond the scope of the current study. However, we showed
previously that germ cells enriched by differential plating, as performed here prior to sorting,
retain their ability to colonize the pig testis and support spermatogenesis (Dores &
Dobrinski, 2014), and as flow sorted mouse and fish SSCs retain their function after
transplantation (Chan et al., 2014; Hayashi et al., 2014; Kise et al., 2012; Shinohara, Orwig,
Avarbock & Brinster, 2000) we expect flow sorted porcine germ cells to remain functional.
Use of flow sorted pig germ cells for homologous transplantation will become more feasible
with improvements of in vitro expansion of cell numbers.

The enrichment approach reported here is largely independent of the transcriptomic and
proteomic profile of spermatogonia and it was also applicable to enrichment of
spermatogonia from pigs at the age of 1-, 4-, and 14-week old. Cells sorted based on
physical properties are likely more heterogeneous in molecular signature compared to cells
obtained by isolation methods relying on molecular or functional characteristics of
spermatogonia and SSCs. Before the identification of authentic SSC marker(s), this
heterogeneity may present an advantage in investigating in vitro culture conditions as it has
been shown that murine SSCs form clusters in vitro within which cells are molecularly and
functionally heterogeneous (Yeh, Zang, & Nagano, 2007, 2012). Sorting based on physical
properties is likely also applicable to isolating spermatogonia from neonatal and prepubertal
males from other non-rodent species.
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3.2 | Targeted mutagenesis in spermatogonia

We have shown previously, that transgenes delivered to goat or pig SSCs by either viral
vectors or by nucleofection can stably integrate into the genome and be detected in recipient
sperm (Honaramooz et al., 2008; Zeng et al., 2012, 2013). Those studies established that
SSCs can be a useful genetic carrier for transgene transmission. In the current study, we
went one step further to demonstrate and confirm that gene targeting using engineered
nucleases is feasible in pig SSCs.

The lack of a robust in vitro culture system to sustain, expand and screen pig SSCs made
conventional gene targeting in those cells nearly impossible to achieve. In preliminary
experiments, we tested both TALENSs and CRISPR/Cas9 and editing was as good or better
with the TALENSs under the conditions tested. We therefore chose to use sequence-specific
TALE nucleases for gene targeting in pig SSCs due to their demonstrated high targeting
efficiency in a wide range of cell lines, model organisms as well as in porcine fibroblast cells
and embryos (Carlson et al., 2012; Joung & Sander, 2013; Lillico et al., 2013; Yao et al.,
2014). The targeting efficiency in primary germ cells achieved in the current study was
similar to that reported for rodent SSCs (Chapman et al., 2015; Fanslow et al., 2014).

Precise genetic engineering via homologous recombination (gene targeting) in mouse ES
cells and subsequent germline transmission of the mutations revolutionized the field of
functional genomics and became the gold standard for creating mouse models for
biomedical and pharmaceutical studies. Although SSC-mediated mutagenesis bypasses the
steps of chimeric embryo formation and germline transmission of mutations carried in ES
cells, the lengthy time required for isolating, and expanding targeted SSC clones precludes
SSC-based gene targeting from being a standard tool for functional genomics in mice.
However, genetic engineering through SSCs has tremendous potential in non-rodent species
such as goats, pigs, and cattle where ES cell based transgenic technology is not yet available
and currently practiced methods for producing transgenic animals are generally inefficient
and costly (Gonzalez & Daobrinski, 2015).

Several developments in the field have paved the way for SSC-mediated genetic engineering
in domestic animals. We and others showed that homologous germ cell transplantation (into
unrelated same-species animals) is feasible in pigs, goats, sheep, and cattle without any
apparent immune reaction (Honaramooz, Behboodi, Blash, Megee, & Dobrinski, 2003;
Honaramooz, Megee, & Dobrinski, 2002; lzadyar et al., 2003; Rodriguez-Sosa, Silvertown,
Foster, Medin, & Hahnel, 2009). Also, while depletion of endogenous SSCs is not
absolutely required for germ cell transplantation into immature testis of large animals such
as goats, pigs, sheep, and cattle (Herrid, Vignarajan, Davey, Dobrinski, & Hill, 2006;
Honaramooz, Behboodi, & Megee, 2003; Rodriguez-Sosa et al., 2009; Zeng et al., 2013),
genetically modified pigs that lack endogenous germ cells have recently been reported (Park
etal., 2017; Tan et al., 2013). As in vitro expansion of genetically modified porcine germ
cells is currently not possible, these animals are expected to serve as efficient recipient
models for transplantation of primary, gene-edited donor cells.

Genetic mutations created by NHEJ are unpredictable due to the nature of the repair. This
means that genetic changes (insertions or deletions) occurred in each targeted cell could be
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slightly different at the targeted locus, creating mutations that potentially result in a null
allele or a hypomorphic allele, or silent mutations. As a culture system to isolate, expand,
and screen each individual targeted clone is currently not available for porcine SSCs,
transplantation of all the targeted cells into pig recipients would use the testis as an in vivo
clonal expansion system. In a preliminary transplantation experiment using intact,
prepubertal recipients, we were not able to conclusively detect the colonization, and
spermatogenic potential of DMD-edited cells potentially due to dilution of sperm resulting
from targeted spermatogonia by wild-type sperm from endogenous SSCs and non-targeted
transplanted cells that made the detection of genetically modified sperm above background
levels extremely challenging. Therefore, future work will make use of infertile recipients
devoid of endogenous germ cells for transplantation of gene targeted SSCs.

In conclusion, we report here for the first time an approach to isolate highly enriched
populations of undifferentiated porcine spermatogonia and demonstrate TALEN-mediated
gene targeting after nucleofection. With the recent development of genetically modified
sterile pigs as potentially superior recipients for transplantation of modified SSCs, and
ongoing improvements to in vitro systems that will allow clonal expansion of gene targeted
cells prior to transplantation, the approaches reported here will serve as a resource towards
achieving germ line mediated targeted mutagenesis in a large animal model.

4 | MATERIALS AND METHODS

4.1 | Testis digestion

Single-cell suspensions were prepared from testes from 1-, 4-, 10-, and 14-week-old pigs by
a sequential enzymatic digestion protocol (Honaramooz et al., 2002). Briefly, the tunica
albuginea and visible connective tissue were dissected and removed. The exposed
seminiferous tubules were dissociated with Type 1V collagenase (2 mg/ml; Sigma,
Millipore-Sigma, Oakville, ON, Canada) in Dulbecco modified Eagle medium (DMEM,
Sigma) at 37 °C for 20-40 min with occasional agitation, followed by incubation at 37 °C
for 30 min in DMEM with Type 1V collagenase (2 mg/ml; Sigma) and hyaluronidase (1
mg/ml; Sigma). The digested tubules were rinsed three times in Dulbecco phosphate-
buffered saline (DPBS, Ca2*and Mg?* free) and further digested with 0.125% (w/v) trypsin
and 0.5 mM ethyl-enediaminetetra-acetic acid (EDTA) at 37°C for 15-20 min. DNase | (7
mg/ml in DMEM; Sigma) was added during the digestion process as needed. After trypsin
digestion, the cell suspension was filtered through 70 um and 40 um cell strainers
sequentially (BD Biosciences, Oakville, ON, Canada). The single cells were then collected
by centrifugation at 500¢ for 5 min at room temperature (RT) and the cell pellet was
resuspended in DMEM/F-12 (Sigma) with 5% fetal bovine serum (FBS) for differential
plating.

4.2 | Differential plating

Differential plating of pig testicular cells was performed as previously described (Luo et al.,
2006) with the following modifications. Immediately after tissue digestion, 2.5 x 107 cells in
8 ml DMEM/F-12 with 5% FBS were plated onto 100 mm tissue culture plates and
incubated at 37 °C in 5% CO,. Three sequential rounds of differential plating were
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performed with the first round for 1.5 hr, the second round for 1 hr and the third round
overnight. At the 2nd and 3rd round of plating, cell suspensions from two plates of the
previous round were combined and plated onto a new 100 mm culture plate. Attached cells
were discarded.

After overnight incubation, some germ cells remained suspended in the culture medium, and
some adhered loosely to the somatic cell monolayer at the bottom. To collect germ cells in
suspension, supernatant from all the plates were pooled. To collect loosely adhered germ
cells, 2-3 ml of diluted Trypsin/EDTA (1:5 or 1:20 dilution with PBS) was added to each
plate. Plates were incubated at 37 °C for 2 min and then at RT for 3 min with constant
agitation to release attached germ cells without disturbing somatic cells. The reaction was
stopped by adding an equal volume of DMEM/F12 with 10% FBS. Cell suspensions were
pooled from all plates, combined with cells collected from the supernatants, pelleted by
centrifugation at 500g for 5 min and washed twice with PBS. After washing, cells were
plated again onto 100 mm plates in DMEM/F12 with 5% FBS for 8 min at RT and cell
suspensions were gently and slowly collected from the top. This extra plating step helped to
further remove cell debris, red blood cells, and other small somatic cells.

4.3 | FACS sorting

Enriched cell fractions collected after differential plating were resuspended in PBS with 1%
BSA (Sigma) and subjected to sorting on a FACSAria Ill (Becton Dickinson). A gate was
drawn around the distinctive germ cell population on the forward and side light scatter dot
plot and cells within this gate were sorted. An arbitrary gate was drawn away from the germ
cell gate (the non-germ cell gate) and cells within this gate were sorted as the negative
fraction. Sorted cells were pelleted and washed once with PBS. The viability of sorted cells
was assessed by Trypan Blue staining. Cells were then fixed with paraformaldehyde (PFA)
and assessed by immunocytochemistry with antibodies against UCH-L1 and Vimentin. The
numbers of UCH-L1* and Vimentin* cells were scored and the percentage of UCH-L1+ and
Vimentin+ cells within a particular fraction were calculated. UCH-L1 is a spermatogonia-
specific marker that was used to assess the enrichment efficiency and to determine the
percentage of germ cells present in a given cell population (Luo et al., 2006). Vimentin was
used to label somatic cells. For each sorting experiment, 1,000-2,000 cells were evaluated
for UCH-L1 and vimentin in each fraction.

4.4 | Immunocytochemistry

Cells from various preparations and fractions (unenriched, enriched, sorted, and transfected)
were fixed in 2% PFA for 30 min at RT and washed twice with PBS. Cells were then
transferred onto slides for immunostaining by cytospin centrifugation (800g for 5 min at RT)
(Shandon Inc, ThermoFisher Scientific, Whitby, ON, Canada), permeabilized in PBS with
0.1% Triton-X and washed three times in PBS prior to 1 hr blocking with 3% BSA. Cells
were incubated with the following primary antibodies overnight at 4 °C: rabbit-anti-human
UCH-L1 (AbD Serotec) at 1:1000, mouse-anti-pig vimentin-Cy3 at 1:400 (Sigma Aldrich).
Three washes were performed after overnight primary antibody incubation and secondary
antibodies donkey-anti-rabbit 1gG Alexa Fluor 594 (1:1000) were added onto samples. After

Mol Reprod Dev. Author manuscript; available in PMC 2019 February 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tang et al.

Page 12

1 hr RT incubation, cells were washed three times, and mounted in VECTASHIELD
Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA) for imaging.

4.5 | Quantitative RT-PCR

Total RNA was isolated from 0.5-2 x 10° cells using RNeasy Mini Kit (Qiagen, Toronto,
ON, Canada). For reverse transcription 2 g of total RNA was used in a final volume of 25
ul reaction containing 0.5 pg of Oligo d(T) 12-18, RT buffer (1x), 10 mM dithiothreitol, 0.5
mM of dNTP, 5 U of RNase-inhibitor, and 10 U of SuperScript Il Reverse transcriptase
(Invitrogen). Reverse transcription was carried out at 42 °C for 1 hr. Quantitative RT-PCR
amplification was performed using SsoFast Eva Green SYBR Green Master (Bio-Rad) in
7,500 Fast Real Time PCR System (Applied Biosystems, ThermoFisher Scientific,
Burlington, ON, Canada). The HPRT1 and RPL4 genes were amplified as internal controls
for each Real-Time PCR. Primer sequences, length of amplified products, and annealing
temperatures were as outlined in Supplementary Table S1. All amplified products were
verified by High Resolution Melting Curve analysis, and relative levels of gene expression
were analyzed by delta-dCt method using 7,500 Software (Applied Biosystems).

4.6 | Germ cell nucleofection

Nucleofection was performed with the Nucleofector Il electoporator system according to the
manufacturer's protocol (Lonza Inc.). For nucleofection optimization, 10° enriched cells
were transfected with 2 ug of pmaxGFP™ (Lonza) and cells were harvested at 48 hr for
viability assessment and fixation. The Amaxa® nucleofection solution kits V, L, and B from
Lonza were used. The programs used were X-005, X-001, and U-030 for V-, L-, and B-
solution, respectively. After nucleofection, cells were transferred onto six-well plates in a
StemPro-based culture medium supplemented with 1% FBS, 0.1% BSA, 1x nonessential
amino acids, 1 mM Sodium Pyruvate, 15 mM HEPES, 2 mM L-glutamine, 10 uM beta-
mercaptoethanol, 100 U/ml Penicillin-100 ug/ml Streptomycin, and 10 ng/ml glial cell line-
derived neurotrophic factor (GDNF) for cell recovery and short-term cell culture.

For nucleofection with TALENS, enriched cells were resuspended in solution V, and
transfected with the program X-005. One million cells were used for each reaction with
20ug of DMD 7.1 TALENs DNA and 2ug of pmaxGFP™. After nucleofection, cells were
transferred onto pre-warmed six-well plates in supplemented StemPro-based culture medium
and allowed to recover overnight at 37 °C in 5% CO,. After overnight recovery, the medium
was replaced with fresh Stem-Pro-based culture medium, and cells were incubated at 30 °C
or 37 °C for 3-5 days depending on the experimental design. At the end of incubation, cells
were harvested by gentle trypsinization (1:5 dilution of 0.25% Trypsin/EDTA). The number
of cells collected was counted by hemocytometer and the viability was assessed by Trypan
Blue staining. Collected cells were either used for FACS sorting or split into fractions to be
used for immunocytochemistry and the surveyor assay. The percentage of UCH-L1 positive
cells and NHEJ in cells collected after TALENS transfection and 3-5 days of cell incubation
were scored.
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4.7 | TALENs and NHEJ analysis (surveyor assay)

We used a pair of DMD TALENs (DMD?7.1) which have previously been tested in porcine
fibroblast cells (Carlson et al., 2012). PCR flanking the targeted sites was conducted using
AccuStart™ Tagq DNA Polymerase HiFi (Quanta Biosciences, QuantaBio, Beverly, MA)
with 100 ng of template DNA according to the manufacturer's recommendations. The
frequency of mutation in a population was analyzed with the Surveyor mutation detection kit
(Transgenomic, Transgenomic, Inc., Omaha, NE) according to the manufacturer's
recommendations using 10 ul of the PCR product as described above. Surveyor reactions
were resolved on a 10% TBE polyacrylamide gels and visualized by ethidium bromide
staining. Densitometry measurements of the bands were performed using ImageJ; and
mutation rate of Surveyor reactions was calculated as described previously (Guschin et al.,
2010). The primer sequence information used for detecting NHEJ was reported in Carlson et
al. (2012).

4.8 | MiSeq targeted sequencing

Genomic DNA was extracted using the Gentra Puregene Cell Kit (QIAGEN) per the
manufacturer's instructions. Primers were designed (ssDMD Sense: 5’-
TGGGCATGTGTTGTCAGTCA-3’, ssDMD Anti-sense: 5'-
TGGTAGTCCCAAAATGCACT-3") to amplify the region of interest and a 6-nucleotide
unique barcode was added to the 5” end of the antisense primer. Polymerase chain reaction
was performed using Accustart Tag DNA Polymerase HiFi (Quanta Biosciences) following
the manufacturer's instructions. PCR products were purified using the QlAquick 96 PCR
Purification Kit (QIAGEN), and then quantified. The products were then pooled at
equimolar concentrations prior to Illumina MiSeq next generation sequencing. Paired end
reads were stitched together to form a long complete read using FastgJoin (Aronesty, 2013)
with a default 6 bp minimum overlap and 8% maximum difference. Merged FASTQ files
were then trimmed, de-multiplexed, and assigned to each sample with corresponding
barcodes. For each of the samples with a distinct barcode, count analysis was performed to
calculate the ratio between wild type and indel/SNV mutations using a custom Perl script.
All mutant sequences with the same barcode are aligned against the wild type using
BLASTN (Camacho et al., 2008).

4.9 | Statistical analysis

Data were analyzed using GraphPad Prizm 4.0 (GraphPad Software Inc., La Jolla, CA). A
Student's #test and ANOVA were performed to compare groups. Data were expressed as
means £ S.E.M and p < 0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CRISPR/Cas9 Clustered Regularly Interspaced Short Palindromic
Repeats/CRISPR-associated-9

DMD Duchenne Muscular Dystrophy

DMEM Dulbecco's Modified Eagle Medium

DPBS Dulbecco's PhoSphate Buffered Saline

EDTA ethylenediaminetetra acetic acid

ESC embryonic stem cell

FACS fluorescence activated cell sorting

GFP green fluorescent protein

HR homologous recombination

iPSC induced pluripotent stem cell

MACS magnetic activated cell sorting

NHEJ non-homologous end joining

SCNT somatic cell nuclear transfer

SSC spermatogonial stem cell

TALEN Transcription Activator-like Effector Nuclease

UCH-L1 ubiquitin carboxyterminal hydrolase L-1

ZFN zinc finger nuclease.
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FIGURE 1.
Isolation of a cell population highly enriched for undifferentiated spermatogonia by sorting

for light scatter properties. (a) Representative scatter plot. P1 indicates the germ cell gate, P3
the non-germ cell gate. (b) Phase contrast microscopic image of cells sorted from the germ
cell gate (P1) illustrating the homogenous morphology of sorted cells. Bar = 20 pm. (c)
Immunofluorescence analysis of cell populations before and after sorting. UCH-L1 labels
undifferentiated spermatogonia, vimentin is expressed in testicular somatic cells. Cells
sorted from the germ cell gate are highly enriched in undifferentiated spermatogonia while
the majority of cells in the non-germ cell gate are somatic cells. Bar = 50 pm. (d) Relative
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expression levels of genes specifically expressed in spermatogonia or somatic cells. Sorted
cells had significantly higher expression of genes previously reported to be specifically
expressed in germ cells and significantly lower expression of vimentin
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FIGURE 2.
Evaluation of porcine testicular cells transfected with GFP and TALENS by nucleofection.

(a) Representative scatter plot of GFP transfected cells. P1 indicates germ cell gate, P3 the
non-germ cell gate. (b) Immunofluorescence analysis of the germ cell population after
FACS-sorting of GFP transfected porcine testicular cells. The merged image illustrates
>80% germ cell transfection efficiency. (c) Representative scatter plots of porcine testicular
cells after sham nucleofection (top panel) and after nucleofection with TALENSs (lower
panel). Note lower recovery of cells in the germ cell gate after nucleofection with TALENS.
(d) Immunofluorescence analysis of the germ cell population after TALENSs + GFP
nucleofection and FACS-sorting. (e) Evaluation of NHEJ by Surveyor assay in TALENs
transfected FACS-sorted germ cells, confirming NHEJ occurred in germ cells
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Targeted modifications in porcine germ cells detected by surveyor assay and MiSeq targeted sequencing

TABLE 3

Samples? % NHEJ by surveyor assay  MiSeq total count MiSeq indel count % Indels by MiSeq
1 6 186,635 11,780 6.31
2 1.7 194,437 508 0.26
3 9.2 93,557 7,470 7.98
4 0 337,179 296 0.08

aSampIes 1-3 were transfected with 20 ug TALEN constructs, sample 4 is sham transfected control.
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