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CRISPR/Cas9-mediated DNA endonuclease technology has been extensively
utilized to introduce targeted genomic mutations for investigating biological
processes across various cell types and organisms. In spermatogonial stem cells
(SSCs), CRISPR/Cas9 has proven to be an effective tool for elucidating the genetic
mechanisms underlying spermatogenesis and infertility. Additionally, it holds
potential applications in disease prevention, transgenic animal production, and
genetic improvement of livestock. This study aimed to optimize the lipid-based
transfection of a lentiviral plasmid vector into SSCs by targeting the Tex15 gene,
which is associated with infertility in humans, using CRISPR/Cas9. The efficiency
of genome editing was assessed by detecting frameshift indel mutations starting
from c.959C in exon 1 of the Tex15 gene using mutation site enzyme cut analysis,
sanger sequencing, and in silico analyses. The highest transfection efficiency was
achieved with a 1:3.5 DNA:DNAfectin ratio, which was identified as the optimal
condition for SSC transfection. CRISPR-Cas9 editing in a monoclonal cell line
derived from a single cell yielded high efficiency (model fit R = 0.97). Sequence
analysis revealed two possible indel variants, indicating possible heterozygous
biallelic editing within the same genome. Our findings demonstrate the potential
of SSC-mediated genome editing for generating transgenic animals, enhancing
productivity in livestock, and advancing novel therapeutic strategies for genetic
disorders in animals and human male infertility.

KEYWORDS

CRISPR/Cas9, genome editing, spermatogonial stem cells, Tex15 gene, transfection
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1 Introduction

Spermatogonial stem cells (SSCs) constitute the adult stem cell population within the
testis, possessing the ability for self-renewal, and differentiation into precursor cells of
spermatozoa, thereby forming the basis of spermatogenesis (1, 2). The regulation of SSC
renewal and differentiation is regulated intrinsically by gene expression and extrinsically
by signals from the surrounding niche (3, 4).

In rodents, SSCs reside along the basal membrane of seminiferous tubules as
isolated A single (As) spermatogonia, which undergo mitotic divisions to either
self-renew and maintain the stem cell pool or differentiate into A paired (Apr)
spermatogonia. Apr spermatogonia further divide and clonally expand into aligned (Aal)
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spermatogonia through cytoplasmic bridges. These Aal cells
eventually differentiate into Al spermatogonia, followed by
sequential divisions into A2, A3, A4, Intermediate, and B
spermatogonia, the latter giving rise to primary spermatocytes
through a final mitotic division (5-7).

Manipulation of SSCs offers promising opportunities
for understanding germline regulatory mechanisms, developing
germline modifications, and advancing new therapeutic techniques.
However, due to the low abundance and challenges in precise
characterization of SSCs, research on their biology and role in male
germline regulation has been a long-standing challenge (8). One
of the potential clinical applications of SSCs lies in germline gene
therapy, which holds promise for correcting spermatogenic failure
and preventing congenital genetic disorders that result in life-
threatening conditions. To develop these therapeutic approaches,
establishing in vitro SSC culture systems is a prerequisite (4, 7, 9).

Murine SSC cultures serve as a model system for optimizing
conditions applicable to human and other mammalian SSCs (10,
11). Spermatogenesis is regulated by ~1,500-2,000 genes (12), and
mutations in these genes are a major cause of male reproductive
disorders (13). Razavi et al. (12) analyzed gene expression variations
in human and murine infertility cases, identifying multiple genes
associated with male infertility. Among these, Tex15 mutations
have been reported to cause testicular atrophy and meiotic arrest
at the early spermatogenic stage in mice (14). Tex15 is located
on mouse chromosome 8, spans 15 kb, and consists of four exons
encoding a 2,785-amino acid protein expressed exclusively in the
testis and ovary (15). Tex15 expression is dynamic throughout
spermatogenesis, with abundant transcripts in spermatogonia,
early spermatocytes, and post-meiotic germ cells (16). In Tex15
knockout mice, early meiotic arrest and loss of post-meiotic germ
cells have been observed, with no effect on female fertility (15, 17,
18). Additionally, a mutation in exon 1 of the Tex15 gene has been
associated with infertility in a Turkish family, leading to progressive
sperm count reduction over time (19).

CRISPR/Cas9 technology has emerged as an efficient and
widely used tool for targeted genetic modifications (20), surpassing
earlier gene-editing strategies such as ZFN and TALEN (21-
23). Unlike these protein-based approaches, CRISPR/Cas9 enables
flexible targeting by simply altering the guide RNA sequence,
allowing precise genetic modifications (24). The delivery systems
for CRISPR components, particularly the Cas9 protein and guide
RNA, are critical in determining the efficiency and specificity
of gene editing. Various delivery methods have been explored
based on the target cell type—each exhibiting its own advantages
and limitations (25, 26). In the context of spermatogonial stem
cells, specific studies highlighted the efficiency of CRISPR/Cas9-
mediated genome editing using this precise delivery system.
For instance, Chapman et al. (27) reported successful targeted
gene modifications in rat germline stem cells, involving HDR
(homology-directed repair) techniques while another notable
delivery method is the use of plasmid DNA (28, 29).

In this study, we applied CRISPR/Cas9-mediated gene editing
in a type B SSC line to determine whether the Tex15 gene
could be effectively targeted. Following CRISPR-Cas9 application,
we assessed cell viability and editing efficiency using mutation
site enzyme digestion, DNA sequencing, and in-silico analyses to
confirm the modifications leading to knockout mutations.
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This study aims to optimize the lipid-based transfection of
a lentiviral plasmid vector for SSCs and evaluate CRISPR/Cas9-
mediated Tex15 gene silencing. We hypothesize that an
optimized transfection protocol will enhance gene-editing
efficiency, providing a robust platform for SSC-mediated genome
modification, transgenic animal production, and reproductive

biotechnology advancements.

2 Materials and methods

2.1 Spermatogonial stem cell culturing

A commercial mouse spermatogonial stem cell (SSC) line
(ATCC CRL: 2053) was used in this study. The cells were
stored at —80°C until use and maintained in fresh culture
passages in liquid nitrogen. All cell culture experiments were
conducted in the Genetics Department’s Cell Culture Laboratory.
Dulbecco’s Modified Eagle Medium (DMEM) was used as the basal
medium, supplemented with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin. The vial containing SSCs was thawed
at 37°C in a water bath and centrifuged at 125xg for 5min. The
supernatant was discarded, and the cell pellet was resuspended in
3 mL of fresh growth medium and transferred into a 25 cm? culture
flask. Cells were incubated at 37°C in a 5% CO, environment and
subcultured upon reaching 90% confluence using trypsinization.
The morphology and proliferation of SSCs were monitored using
an inverted phase-contrast microscope (Leica DM IRB Inverted
Microscope, Japan).

2.2 Subculture and cryopreservation

Cells were washed with phosphate-buffered saline (PBS)
(Ambresco, Cat. No: E404) before adding 3.0 mL of 0.25% trypsin-
0.53 mM EDTA solution. The culture was incubated at 37°C for
5-15 min until cells detached, followed by centrifugation at 2,500
rpm for 3 min. The resulting cell pellet was resuspended in 1 mL of
growth medium. Ten microliter cell suspension was counted using
a Makler chamber and seeded into 25 cm® and 75 cm?” flasks based
on their density. Data from a single 25 cm? culture flask were used
to calculate the doubling time of cultured spermatogonial stem cells
according to Equation 1, where DT represents the doubling time
and CTS refers to the cell culture duration.

Doubling time calculation:

log(2)

DT = CTS x
log (final cell count) — log (starting cell count)

To prevent differentiation due to repeated passages, SSC
cultures were frozen in liquid nitrogen after each passage. The
initial SSCs were expanded for the first five passages, and only
these early-passage cells were used in genetic experiments. Cells
were also cryopreserved for future studies by freezing them
in liquid nitrogen. In order to confirm that no morphological
differentiation occurred in passaged cells, they were attached to
slides via cytocentrifugation, fixed with methanol, and stained with
toluidine blue for 30 min.

frontiersin.org


https://doi.org/10.3389/fvets.2025.1599598
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Yesilbostan et al.

TABLE 1 The positions of the target sites within exon 1 of the Tex15 gene.

10.3389/fvets.2025.1599598

sgRNA ID Strand Genpmic start position = sgRNA sequence (5'-3) PAM PAM start position
Target 1 Sense c.939 ACTTGTAGCAACGACTCTCA GGG c.959
Target 2 Sense c.1,328 TGAACTATATCGTGCAGCAT TGG c.1348
Target 3 Sense ¢.1,700 TCGTGTTAAAGATGGTGTGC AGG c.1720

Strand, indicates the orientation of the sgRNA with respect to the coding (sense) strand of the Tex15 gene; Genomic Start Position, the position of the first nucleotide of the sgRNA target site

within the exon 1 sequence. PAM, protospacer Adjacent Motif sequence required for SpCas9 recognition; PAM Start Position, the genomic position of the first nucleotide of the PAM sequence

immediately downstream of the sgRNA site.

Following cell counting, cells were supplemented with dimethyl
sulfoxide (DMSO) at a final concentration of 10% and initially
stored at —80°C for 24 h. Finally, the cells were transferred to liquid
nitrogen (—196°C) for long-term storage.

2.3 Antibiotic dose optimization

To determine the optimal concentration of puromycin for
selecting successfully transfected cells, a cytotoxicity assay was
performed. SSCs were plated in a 96-well plate at a density of
8x10° cells/10 mL per well and treated with different puromycin
concentrations (ranging from 5.0 pg/mL to 0.01 ug/mL) over 48 h.
The selection of puromycin concentration was based on the
minimum dose required to eliminate 95% of non-transfected cells.
A control group without puromycin was included.

Cell viability was assessed using an MTT assay, where 10 pL
of MTT reagent (5 mg/mL) was added to each well, followed by
incubation at 37°C for 4 h to allow for the formation of formazan
crystals. The reaction was terminated by adding 100 WL of DMSO,
and absorbance was measured at 570 nm using a Spectra Max i3
spectrophotometer. Each concentration was tested in triplicate and
applied on two separate days following the same procedure.

Additionally, morphological changes in the cells were examined
under an inverted phase-contrast microscope (Leica DM IRB,
Japan). The LC50 value (the lethal concentration required to kill
50% of the cells) was determined based on a dose-response curve.

2.4 Plasmid transformation and purification

In this study, a non-viral plasmid-mediated liposome
transformation method was applied.

The sgRNA target sequences were pre-cloned into the pLenti-
U6-sgRNA-SFFV-Cas9-2A-Puro vector, which was obtained as part
of the Tex15 sgRNA CRISPR-Cas9 All-in-One vector set and used
in its supercoiled circular form for transfection (ABM, Cat. No:
K3130705). A sham control group was designed using scrambled
lentivector plasmids (ABM, Cat. No: K010), which did not contain
a specific target region.

The Tex15 specific sgRNA sequences, PAM sequences and their
nucleotide positions are provided in Table 1. The positions of the
target sites within exon 1 of the gene were verified using the
Ensembl genome database (GRCm38.p6 version, Transcript ID:
ENSMUST00000009772.8) (30).

Competent E. coli DH5a cells were used for transformation.
The bacterial suspension was thawed on ice for 15 min, and 1 pL of
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plasmid DNA (10 ng/pL) was added and gently mixed. The mixture
was incubated on ice for 30 min, followed by heat shock at 42°C
for 2 min, then immediately transferred back to ice for 2 min. After
adding 150 WL of LB broth, the culture was incubated at 37°C with
shaking at 220 rpm for 1h. The transformed bacteria were then
spread onto ampicillin-containing LB agar plates and incubated
overnight at 37°C.

2.5 Plasmid purification

Colonies selected from transformation plates were cultured
overnight in 5mL LB medium containing ampicillin (100 jrg/mL)
at 37°C, 220 rpm. Plasmids were purified using the GeneJet
Plasmid Miniprep Kit (Thermo Scientific, Cat. No: K0502).
The purification steps involved alkaline lysis, neutralization, and
ethanol precipitation, followed by elution in 50 pL of pre-warmed
elution buffer (70°C). DNA concentrations and purity ratios
(260/280 and 260/230) were measured using a Thermo Fisher
ND-2,000 NanoDrop spectrophotometer.

To confirm successful plasmid transformation, the isolated
plasmids were digested using the Kpnl restriction enzyme (ABM,
Cat. No: E054), which recognizes the sequence GGTACAC. Each
reaction contained 5 WL of DNA (300 ng), 2 uL of 10x enzyme
buffer, 0.25 pL of KpnI enzyme, and 17.75 wL of ddH,O, making a
total reaction volume of 25 L. Samples were incubated at 37°C
for 30 min and analyzed using 1% agarose gel electrophoresis at
100V for 20 min. The expected band sizes for pLenti-U6-sgRNA-
SFFV-Cas9-2A-Puro were 5.5kb and 6.3kb, confirming correct
plasmid digestion.

2.6 Transfection optimization

To achieve maximum transfection efficiency with minimal
cytotoxicity, transfection conditions were optimized by varying
the DNA and DNAfectinTM2100 (ABM, Cat. No: G2100)
concentrations along with cell density (Table 2). Cells were seeded
ata density of 1-2.5 x 10° cells per well in a 6-well plate with 2.0 mL
of appropriate growth medium. Cells were incubated at 37°C in 5%
CO; until they reached 70%—90% confluency.

DNA-DNAfectin
temperature for 20min. The transfection complex was then

complexes were incubated at room
added to 800 pL of serum- and antibiotic-free growth medium.
The cells were washed with PBS, and the medium was replaced
with I mL of transfection mixture per well. Cells were incubated

at 37°C in 5% CO, for 6-8h, after which the transfection
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TABLE 2 Optimization of DNA concentration and DNAfectin amounts for transfection along with cell density.

Transfection conditions

DNA (pg): DNAfectin (nL) 1:1 1:2.5

1:3.5 1:5 1:7.5 1:10

Cell : DNA-DNAfectin mix 2:2 2:5

2:7 2:10 2:15 2:20

medium was replaced with 2mL of complete growth medium,
and the cells were incubated overnight. After 24h, cells were
trypsinized and counted using a hemocytometer. A 1:10 dilution
was prepared, and cells were monitored for 1-2 days. To select
successfully transfected cells, puromycin (2 ug/mL) was added
48 h post-transfection. Non-transfected cells, which were sensitive
to puromycin, were eliminated. Only puromycin-resistant cells
carrying the plasmid were expected to survive, confirming
successful transfection.

Transfection experiments were performed using three
target sgRNA sequences for Texl5 gene silencing, along with
control groups:

1. CRISPR-Cas9 groups: three groups transfected with sgRNAs
targeting different sites on Tex15 (Target 1, Target 2,
Target 3).

2. Sham (Scrambled) group: cells transfected with a scrambled
sgRNA vector that does not target a specific gene, used as a
negative control.

3. Control group: cells cultured without any transfection.

4. DNAfectin-only group: cells treated with DNAfectin alone to
observe any potential cytotoxic effects.

2.7 Validation of CRISPR-mediated
transfection experiments

2.7.1 DNA isolation from cells

Genomic DNA was isolated wusing the Genomic
Cleavage Detection Kit (ABM, Cat. No: G932) following
the manufacturer’s instructions. Cells were detached using
trypsin and counted, ensuring a final pellet of 5x10* cells
was prepared. The required volume of DNA was extracted
for PCR while the
stored at —20°C. The concentration and purity of isolated
DNA were ND-2,000
NanoDrop spectrophotometer.

amplification, remaining DNA was

assessed using a Thermo Fisher

2.7.2 PCR amplification and mutation enzyme
digestion analysis

The oligonucleotide sequences used for PCR amplification of
the Tex15 target regions are presented in Table 3. The PCR cycling
began with an initial denaturation phase at 95°C for 10min,
followed by 40 cycles consisting of denaturation at 95°C for 30s,
annealing at a gradient temperature range between 54°C and 66°C
for 30s, and extension at 72°C for 1 min. A final extension step
at 72°C for 5min ensured the completion of all amplified DNA
fragments. PCR amplification products were analyzed by loading
5 uL of PCR product onto a 1% agarose gel. Electrophoresis was
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TABLE 3 Target-specific primer sequences.

Target region  Primer Primer sequence (5'—3')
direction

Target 1 Forward GAGATGGGTCCTTTCAGCTC
Reverse GGCTCTCATCATTCCCGTAT

Target 2 Forward AGTGATGTTTTGCCATTGGA
Reverse CTGGAAGGCATCAGACAAAA

Target 3 Forward CAGCTGCCATTGACATCTCT
Reverse CCCAATCAATCCGAGACTTT

performed at 120 V for 30 min, and bands were visualized using a
UV transilluminator. To confirm gene editing, mutation enzyme
digestion was performed according to the Genomic Cleavage
Detection Kits (ABM, Cat. No: G932) protocol. Electrophoresis
was performed at 110 V for 30 min, and DNA bands were visualized
under UV light. The presence of cleaved bands indicated successful
CRISPR editing.

2.7.3 Sanger sequencing

To verify the intended genome editing via Sanger sequencing,
internal primers were designed using Primer Web Version 4.1.0.
Target 1 and 2 shared the same forward primer SeqF: 5'-
CCATCAGCACAGAAGACAGC-3’ and SeqR for Target 3: 5'-
TGGTGCATGCCTTTGTTCTA-3'. Before loading onto the ABI
sequencing system, PCR products were purified using the ZYMO
DNA Sequencing Clean-Up Kit (Cat. No: D4050) according
to the manufacturer’s recommendations. Sanger sequencing was
performed using the Big Dye Terminator v3.1 Cycle Sequencing
Kit (Thermo Fisher), and sequencing was carried out using an ABI
Prism 310 Genetic Analyzer. Prior to sequencing, PCR products
were purified using the QIAquick Purification Kit (Qiagen, Cat.
No: 28106) according to the manufacturer’s recommendations to
remove contaminants.

2.7 .4 Establishment of monoclonal cell lines

In cases of heterogeneous cell populations following
transfection, single cells were isolated using limiting dilution
cloning to establish monoclonal cell lines. For the isolation of
monoclonal cell lines, 4,000 cells were seeded in the Al well of
a 96-well plate. The cell count was determined using a Beckman
Coulter CytoFlex flow cytometry system, and appropriate dilutions
were made to distribute single cells across wells. Serial 1:2 dilutions
were performed until a single cell was isolated in the H12 well. The

cells were cultured for 15 days, monitored for proliferation, and
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FIGURE 1
Passage (0), spermatogonial stem cells adhered to the bottom of the
flask. Cell line on day 7; Scale bar: 200 pm.

expanded colonies were subjected to PCR and sequencing analysis
to confirm successful editing.

2.7.5 Determination of knockout efficiency

The proportion of knockout (KO) alleles in the cell population
was determined using the ICE (Inference of CRISPR Edits) web-
based analysis tool (31). The ICE algorithm functions by uploading
a control abl file, an experimental abl file, and the guide RNA
sequence. The algorithm evaluates data quality and identifies
potential editing events. It then applies a regression fitting model
to determine the presence of edited sequences and calculates the
editing efficiency (32). The ICE algorithm compared the sequence
reads from the transfected population to the wild-type control and
estimated the indel formation rate. Sequencing results of Target 1
were analyzed to determine the percentage of knockout alleles in
the cell population.

3 Results

3.1 Spermatogonial stem cell culture

The initial passage (P0) of Type B spermatogonial stem cells
was monitored at days 1 and 7, revealing an increase in oval and
fusiform-shaped cells. Cytological assessment using toluidine blue
staining confirmed the presence of undifferentiated spermatogonial
cells, with no fibroblast differentiation observed. The doubling time
of the spermatogonial stem cell population was calculated to be 84 h
based on Equation 1. The morphology and growth of cells over
time were visualized using phase-contrast microscopy (Figure 1).
The Figure 2 illustrates progression of cell growth and confluency
at different passages.

The MTT cytotoxicity assay was performed to determine the
optimal concentration of puromycin for selection. A range of
concentrations (1 pLg/mL-5j1g/mL) was tested over 24 and 48h.
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Cell viability significantly decreased at 2 pg/mL, making it the
optimal dose for selective pressure against non-transfected cells.
The cytotoxicity data indicated that cell survival dropped below
10% at 3 wg/mL, while at 1.5 ug/mL-2 pg/mL, ~50% of the cells
remained viable.

3.2 Transformation and plasmid purification

Bacterial transformation was carried out using heat-shock
protocols to introduce the pLenti-U6-sgRNA-SFFV-Cas9-2A-
Puro vector into DH5a competent cells. The most efficient
transformation was achieved with a 2 min heat shock, as confirmed
by ampicillin-resistant colony growth. To confirm the presence of
the pLenti-U6-sgRNA-SFFV-Cas9-2A-Puro vector (11.8 Kb), Kpnl
restriction enzyme digestion was performed on the plasmid DNA.
The digestion results are illustrated in Figure 3, where the banding
pattern (5.5 and 6.3Kb) confirms the expected fragment sizes
post-restriction digestion.

3.3 Puromycin selection

Cells transfected with 1:3.5 DNAfectin were treated with
2 pg/mL puromycin for 48 h, leading to the selection of puromycin-
resistant colonies. These cells continued to proliferate over time,
and by day 12, significant colony expansion was observed,
indicating stable transfection and survival under puromycin
selection (Figure 4). The increasing number of puromycin-resistant
cells suggests that the applied selection pressure was effective
in eliminating non-transfected cells while allowing successfully
transfected clones to expand.

3.4 Transfection and knockout efficiency

3.4.1 Genomic cleavage assay

Following transfection, DNA samples were subjected to PCR
amplification and genomic cleavage analysis. The expected cleavage
patterns were either faint or absent in all transfection groups,
except for the positive control provided by the manufacturer.
Due to the unreliable detection of transfection success using the
genomic cleavage assay, all DNA samples from each group were
further analyzed through DNA sequencing to confirm the presence
of mutations.

3.4.2 Sanger sequencing

Transfection experiments were conducted using DNAfectin
at ratios ranging from 1:1 to 1:10. Successful transfection was
observed only at DNAfectin ratios of 1:3.5 and 1:5 DNAfectin
ratios for Target 1, as confirmed by DNA sequencing analysis,
indicating a heterogeneous transfection profile. Due to this
outcome, monoclonal cell line experiments were performed only
on Target 1 groups.
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FIGURE 2

Cell growth progression from Passage 0 (PO) to Passage 2 (P2). The blue solid line indicates the confluency (%) of the cells over time, displayed on the
left y-axis. The red dashed line represents the logarithmic cell count (cells/mL), displayed on the right y-axis. Passage points (PO, P1, P2) are
annotated along the confluency curve. The graph illustrates consistent cell proliferation after each passage.

3.4.3 Monoclonal cell line establishment and
knockout efficiency

Monoclonal cell lines were generated from successfully
transfected cells through limiting dilution. After puromycin
selection, single-cell isolation was performed using serial dilution
in 96-well plates, ensuring that each well contained a single
viable cell. These monoclonal cultures were maintained for 15
days, during which cell proliferation and stability were monitored.
The monoclonal cell lines were subjected to PCR amplification
and sanger sequencing, confirming the presence of the intended
genetic modifications. Following to sanger sequencing, further
analysis using the ICE algorithm (Synthego) provided quantitative
data on the possible mutations in monoclonal population
(Figure 5) and confirmed heterozygosity, suggesting a biallelic edit.
CRISPR-Cas9 genome editing was performed in a monoclonal
cell line derived from a single cell. The sgRNA sequence
ACTTGTAGCAACGACTCTCA targeted the locus with high
specificity, as indicated by a model fit value of R = 0.97.
Indel analysis revealed a dominant sequence variant contributing
50% of the editing signal, followed by a secondary variant
at 20%, and several minor variants each contributing <20%.
Given the monoclonal origin from a single cell, these results
represent biallelic editing events within the same genome. The
presence of two major sequence variants suggests that each allele
underwent a distinct indel formation, reflecting heterozygous
biallelic editing. The minor variants are likely sequencing or repair-
associated byproducts with limited biological relevance in this
monoclonal context.

4 Discussion

Genome editing tools are utilized to modify specific genes,
characterize gene functions, perform gene therapy, correct
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genetic mutations, investigate disease-specific mechanisms, and
create transgenic animal models. CRISPR-Cas technology has
revolutionized genome engineering by enabling scientists to edit
virtually any DNA sequence in living cells and model organisms.
However, the efficiency of CRISPR varies significantly across
different loci and cell types.

Stem cell models are particularly powerful in establishing the
mechanistic connection between genotype and phenotype. One of
the most notable CRISPR applications in stem cell research was the
correction of CFTR mutations in cultured intestinal stem cells from
cystic fibrosis patients (33). In contrast, genetic manipulation of
spermatogonial stem cells (SSCs) remains limited due to the low
efficiency and complexity of existing editing techniques (34).

SSC manipulation and subsequent transplantation offer a
unique opportunity to introduce desired genetic modifications.
SSCs can self-renew and generate numerous spermatozoa capable
of transmitting edited genes to the next generation, making
them a promising candidate for producing genetically modified
animals and treating heritable diseases (9). However, compared to
embryonic stem cells (ESCs), SSCs exhibit slower cell cycles, lower
transfection efficiency, and more challenging clonal expansion
(35). These difficulties have been linked to SSC-specific genome
protection mechanisms (36).

Although studies reporting CRISPR-Cas9 gene editing in SSCs
and mutant rat production are limited (27, 34), they demonstrate
feasibility. SSCs are typically isolated via primary culture from
donor testes before transplantation into recipient mice (37). Testes
contain a heterogeneous cell population that secretes various
growth factors essential for spermatogenesis, including Sertoli
cells, Leydig cells, and other somatic testicular cells. For SSC line
establishment, these somatic cells must be removed. SSCs are rare,
comprising approximately one in 3,000 cells in adult mouse testes
(38), and under in vitro conditions, their numbers often decline
while Sertoli-like and fibroblast-like cells proliferate (39).
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FIGURE 3

Genomic cleavage analysis following 2 min heat shock
transformation. Lane 1: target 1 digestion; Lane 2: target 2
digestion; Lane 3: target 3 digestion; Lane 4: scrambled; Lane 5: 1 kb
DNA ladder (Thermo Scientific, GeneRuler 1 kb DNA ladder, Cat. No:
SMO0311). The presence of expected fragment sizes (5.5 and 6.3 Kb)
confirms the successful transformation and vector integrity.

To replicate the seminiferous tubule microenvironment for
in vitro spermatogenesis, a mimetic environment is necessary,
as meiosis and spermiogenesis naturally occur in the blood-
testis barrier. Due to the complexity, cost, and time required for
primary SSC culture and isolation, we utilized the commercially
available ATCC GC-1 spg (CRL-2053) cell line (40) which
is commonly used to investigate early spermatogenesis (41—
43). The use of the commercially available GC-1 spg cell
line, while advantageous for experimental reproducibility and
ease of transfection, poses inherent limitations when modeling
undifferentiated primary spermatogonial stem cells (SSCs). GC-
1 spg cells are immortalized type B spermatogonia that have
undergone SV40 large T antigen-induced transformation, and as
such, may not faithfully recapitulate the gene expression profile,
epigenetic status, or stemness characteristics of primary SSCs
isolated from testicular tissue (40, 44). Furthermore, GC-1 cells
lack the functional capacity for full spermatogenic progression or
colonization upon transplantation, a key feature of bona fide SSCs
(45, 46). Therefore, while our results demonstrate the feasibility
of CRISPR/Cas9-mediated editing in a germline-relevant context,
future studies incorporating primary SSCs or transplantation assays
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will be essential to validate germline transmission potential and
physiological relevance.

SSCs exhibit a relatively slow in vitro doubling time. For mouse
SSCs, it ranges between 3 to 4 days (46, 47). In various culture
conditions, such as on laminin or feeder layers, reported doubling
times range from 2.7 to 5.6 days. In our study, the doubling time
was found to be 3.5 days, consistent with reports for SV40 large T-
antigen-transformed lines, which prolong proliferation and sustain
germline potential (44).

In transfection experiments, selectable markers such as
antibiotic resistance or fluorescence facilitate tracking transfected
cells. In this study, the Pac gene provided puromycin resistance, and
an MTT assay determined 2 pg/mL for 48 h as optimal for selection.
This is consistent with CRISPR studies in ESCs (48).

In the bacterial transformation stage, we used CaCl,-treated
DH5a competent cells. Contrary to Froger and Hall (49), who
reported success with 45 s heat shock, a 2-min heat shock yielded
better transformation in our hands—likely due to strain-specific
membrane composition (50, 51).

For SSC transfection, both viral and non-viral methods have
been explored. Due to the immune risks of viral vectors, lipid-based
chemical delivery methods are increasingly preferred (28, 52).
While SSC genome editing via non-viral vectors is rare, lipofection-
based approaches have shown high efficiency in ESCs (53). Our
study is the first to use DNAfectin™ in SSCs, demonstrating
effective CRISPR-Cas9-mediated editing.

We targeted exon 1 of the Tex15 gene with three sgRNAs.
Although three different sgRNAs were designed to target exon 1 of
the Tex15 gene, only Target 1 successfully induced detectable indel
mutations confirmed by ICE analysis and yielding a 99% predicted
KO score. The inability of Target 2 and Target 3 to generate
edits may be attributed to several factors including low sgRNA
efficiency, the presence of genomic polymorphisms or mismatches
at the target loci, suboptimal PAM sequences, or steric hindrance
due to local chromatin architecture. It has been previously shown
that even single nucleotide mismatches within the seed region or
near the PAM site can dramatically reduce CRISPR/Cas9 activity
(54, 55). Moreover, chromatin accessibility plays a critical role
in editing efficiency, as inaccessible loci can prevent Cas9 from
binding and cleaving the target DNA (56-58). Thus, our findings
highlight the importance of empirically testing multiple sgRNAs
when targeting new genomic loci and suggest that pre-screening for
chromatin openness and potential polymorphisms may enhance
success rates.

Transfection efficiency is influenced by DNA: lipid ratio. Our
results showed optimal editing at 1:3.5 and 1:5 DNA: DNAfectin
ratios, with higher lipid ratios (1:7.5 and 1:10) reducing efficiency
due to endosomal retention (59). At 1:3.5, indels were detected
in all cells. Variation in editing rates was observed between
subgroups due to differences in cell density, suggesting the need for
further research.

Post-transfection, CRISPR editing may result in wild-type,
heterozygous, biallelic mosaic, or homozygous mutations. For
complete gene disruption, biallelic edits are required. We enriched
for monoclonal SSCs to eliminate allele variability. From 20
single cells, one monoclonal line was established. ICE analysis
confirmed the absence of wild-type alleles in the monoclonal
line derived from a single cell, providing direct evidence of
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FIGURE 4
Proliferation of puromycin-resistant cells observed on day 12 after 1:3.5 DNAfectin transfection and 2 g/mL puromycin treatment. Scale bar:
200 pm.
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FIGURE 5

ICE-based evaluation of Target-1 region on Tex15 gene, exon 1 in the monoclonal cell line transfected with a 1:3.5 DNA: DNAfectin. (A) The lower
trace represents the wild-type sequence (A), while the upper trace shows the edited monoclonal line. The sgRNA target site is underlined; red
underlines indicate the PAM sequence in the control sample, and vertical dashed lines mark the predicted Cas9 cleavage site. (B) Potential indels
from Sanger sequencing results of the monoclonal lines.

biallelic CRISPR-Cas9-mediated editing. The identification of  the single-cell clonal origin, this experiment emphasizes the
two major indel variants—one at 50% and the other at 20%  necessity of allelic-level resolution in the interpretation of CRISPR
frequency—strongly suggests that both alleles of the target locus  outcomes, particularly in therapeutic settings where monoallelic vs.
were independently edited, resulting in a heteroallelic genotype.  biallelic modifications can have significantly different phenotypic
This scenario is supported by the clonal nature of the cell consequences. However, more clones would be necessary to
population, which rules out intercellular variability and highlights ~ confirm homozygosity.

intra-genomic diversity arising from double-strand break repair. Tex15 mutations are known to impair double-strand DNA
The relatively high contribution of a single indel (50%) could repair and cause infertility (15). However, no previous CRISPR-
indicate that this variant was more efficiently produced during  based studies had targeted Tex15 directly. This study is the first to
non-homologous end joining (NHEJ), while the presence of a  generate a Tex15 knockout monoclonal SSC line using DNAfectin-
second variant at a lower frequency (20%) may reflect allelic ~ mediated CRISPR-Cas9 genome editing.

bias in repair pathway engagement or repair fidelity. These data This study demonstrates that lipid-based, non-viral
align with prior observations that even in single cells, the Cas9  transfection using DNAfectin™ is a viable and effective method for
complex can induce distinct mutations on each allele, depending ~ CRISPR-Cas9-mediated genome editing in mouse spermatogonial
on microenvironmental factors and chromatin accessibility. Given  stem cell lines. Optimization of transfection conditions, including

Frontiers in Veterinary Science 08 frontiersin.org


https://doi.org/10.3389/fvets.2025.1599598
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Yesilbostan et al.

DNA:lipid ratios and antibiotic selection, enabled efficient gene
disruption of the Texl5 gene. The successful establishment
of monoclonal edited cell lines further confirms the method’s
reliability. These findings pave the way for SSC-based transgenic
research and therapeutic applications targeting male infertility and
genetic diseases.

Author’s note

This article presents the results of the doctoral dissertation of
Sitheyla Yesilbostan, conducted at the Department of Veterinary
Genetics, Graduate School of Health Sciences, Ankara University,
under the supervision of Bengi Cinar.

Data availability statement

The datasets generated and/or analyzed during the current
study are not publicly available due to their ongoing use in a related
research project, but they are available from the corresponding
author upon reasonable request.

Ethics statement

Ethical approval was not required for the studies on
animals in accordance with the local legislation and institutional
requirements because only commercially available established cell
lines were used.

Author contributions

SY: Data curation, Writing - review & editing, Methodology,
Investigation, Writing — original draft, Conceptualization. MA:
Writing - original draft, Methodology, Data curation. SO:
Methodology, Writing - review & editing, Supervision. OK:

References

1. Chen Z, Li Z, He Z. Plasticity of male germline stem cells and their
applications in reproductive and regenerative medicine. Asian J Androl. (2015) 17:367-
72. doi: 10.4103/1008-682X.143739

2. Dym M, Kokkinaki M, He Z.
and human comparisons. Birth Defects Res
87:27-34. doi: 10.1002/bdrc.20141

Spermatogonial stem  cells:
C Embryo Today.

mouse
(2009)

3. Dadoune JP. New insights into male gametogenesis: what about the
spermatogonial stem cell niche? Folia Histochem Cytobiol. (2007) 45:141-7.

4. de Rooij DG. The nature and dynamics of spermatogonial stem cells.
Development. (2017) 144:3022-30. doi: 10.1242/dev.146571

5. Ahmed EA, de Rooij DG. Staging of mouse seminiferous tubule cross-sections.
Methods Mol Biol. (2009) 558:263-77. doi: 10.1007/978-1-60761-103-5_16

6. Jan SZ, Hamer G, Repping S, de Rooij DG, van Pelt AM, Vormer TL.
Molecular control of rodent spermatogenesis. Biochim Biophys Acta. (2012) 1822:1838-
50. doi: 10.1016/j.bbadis.2012.02.008

7. Takashima S, Shinohara T. Culture and transplantation of spermatogonial stem
cells. Stem Cell Res. (2018) 29:46-55. doi: 10.1016/j.scr.2018.03.006

8. Kubota H, Brinster RL. Spermatogonial stem cells. Biol Reprod. (2018) 99:52—
74. doi: 10.1093/biolre/ioy077

Frontiersin Veterinary Science

10.3389/fvets.2025.1599598

Conceptualization, Supervision, Writing - review & editing, Data
curation. BC: Writing - original draft, Methodology, Supervision,
Data curation, Validation,

Conceptualization, Investigation,

Writing - review & editing.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This work has been
supported by the research fund of Scientific Research Projects Unit
of Ankara University under the research projects no: 18L.0239014.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that Gen AI was used in the creation of
this manuscript. The author(s) used ChatGPT (GPT-4, OpenAl,
https://chat.openai.com), a generative AI language model, to
support the writing and editing process of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

9. Kubota H, Brinster RL. Technology insight: in vitro culture of spermatogonial
stem cells and their potential therapeutic uses. Nat Clin Pract Endocrinol Metab. (2006)
2:99-108. doi: 10.1038/ncpendmet0098

10. Helsel AR, Oatley MJ, Oatley JM. Glycolysis-optimized conditions enhance
maintenance of regenerative integrity in mouse spermatogonial stem cells during
long-term culture. Stem Cell Rep. (2017) 8:1430-41. doi: 10.1016/j.stemcr.2017.03.004

11. Kubota H, Brinster RL. Culture of rodent spermatogonial stem cells, male
germline stem cells of the postnatal animal. Methods Cell Biol. (2008) 86:59-
84. doi: 10.1016/S0091-679X(08)00004-6

12. Razavi SM, Sabbaghian M, Jalili M, Divsalar A, Wolkenhauer O, Salehzadeh-
Yazdi A. Comprehensive functional enrichment analysis of male infertility. Sci Rep.
(2017) 7:15778. doi: 10.1038/s41598-017-16005-0

13. Lin YN, Matzuk MM. Genetics of male fertility. Methods Mol Biol. (2014)
1154:25-37. doi: 10.1007/978-1-4939-0659-8_2

14. Wang X, Jin HR, Cui YQ, Chen J, Sha YW, Gao ZL. Case study of a patient

with cryptozoospermia associated with a recessive TEX15 nonsense mutation. Asian |
Androl. (2018) 20:101-2. doi: 10.4103/1008-682X.194998

15. Yang E, Eckardt S, Leu NA, McLaughlin KJ, Wang PJ. Mouse TEX15 is essential
for DNA double-strand break repair and chromosomal synapsis during male meiosis.
J Cell Biol. (2008) 180:673-9. doi: 10.1083/jcb.200709057

frontiersin.org


https://doi.org/10.3389/fvets.2025.1599598
https://chat.openai.com
https://doi.org/10.4103/1008-682X.143739
https://doi.org/10.1002/bdrc.20141
https://doi.org/10.1242/dev.146571
https://doi.org/10.1007/978-1-60761-103-5_16
https://doi.org/10.1016/j.bbadis.2012.02.008
https://doi.org/10.1016/j.scr.2018.03.006
https://doi.org/10.1093/biolre/ioy077
https://doi.org/10.1038/ncpendmet0098
https://doi.org/10.1016/j.stemcr.2017.03.004
https://doi.org/10.1016/S0091-679X(08)00004-6
https://doi.org/10.1038/s41598-017-16005-0
https://doi.org/10.1007/978-1-4939-0659-8_2
https://doi.org/10.4103/1008-682X.194998
https://doi.org/10.1083/jcb.200709057
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Yesilbostan et al.

16. Wang PJ, Page DC, McCarrey JR. Differential expression of sex-linked and
autosomal germ-cell-specific genes during spermatogenesis in the mouse. Hum Mol
Genet. (2005) 14:2911-8. doi: 10.1093/hmg/ddi322

17. Plaseski T, Noveski P, Popeska Z, Efremov GD, Plaseska-Karanfilska D.
Association  study of single—nucleotide polymorphisms in FASLG, JMJDIA,
LOC203413, TEX15, BRDT, OR2W3, INSR, and TAS2R38 genes with male infertility.
J Androl. (2012) 33:675-83. doi: 10.2164/jandrol.111.013995

18. Ruan J, He XJ, Du WD, Chen G, Zhou Y, Xu S, et al. Genetic variants in TEX15
gene conferred susceptibility to spermatogenic failure in the Chinese Han population.
Reprod Sci. (2012) 19:1190-6. doi: 10.1177/1933719112446076

19. Okutman O, Muller J, Baert Y, Serdarogullari M, Gultomruk M, Piton
A, et al. Exome sequencing reveals a nonsense mutation in TEX15 causing
spermatogenic failure in a Turkish family. Hum Mol Genet. (2015) 24:5581-
8. doi: 10.1093/hmg/ddv290

20. Bolotin A, Quinquis B, Sorokin A, Ehrlich SD. Clustered regularly interspaced
short palindrome repeats (CRISPRs) have spacers of extrachromosomal origin.
Microbiol. (2005) 151:2551-61. doi: 10.1099/mic.0.28048-0

21. Carbery ID Ji D, Harrington A, Brown V, Weinstein EJ, Liaw L, et al. Targeted
genome modification in mice using zinc-finger nucleases. Genetics. (2010) 186:451-
9. doi: 10.1534/genetics.110.117002

22. Fernandez A, Josa S, Montoliu L, A. history of genome editing in mammals.
Mamm Genome. (2017) 28:237-46. doi: 10.1007/s00335-017-9699-2

23. Boch J. TALEs of genome targeting. Nat Biotechnol. (2011) 29:135-
6. doi: 10.1038/nbt.1767

24. Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E, et al.
programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity.
Science. (2012) 337:816-21. doi: 10.1126/science.1225829

25. Yin H, Kauffman KJ, Anderson DG. Delivery technologies for genome editing.
Nat Rev Drug Discov. (2017) 16:387-99. doi: 10.1038/nrd.2016.280

26. Lino CA, Harper JC, Carney JP, Timlin JA. Delivering CRISPR: a
review of the challenges and approaches. Drug Deliv. (2018) 25:1234-
57. doi: 10.1080/10717544.2018.1474964

27. Chapman KM, Medrano GA, Jaichander P, Chaudhary J, Waits AE, Nobrega MA,
et al. Targeted germline modifications in rats using CRISPR/Cas9 and spermatogonial
stem cells. Cell Rep. (2015) 10:1828-35. doi: 10.1016/j.celrep.2015.02.040

28. Nakami WN, Nguhiu-Mwangi J, Kipyegon AN, Ogugo M, Muteti C, Kemp S.
Comparative efficiency for in vitro transfection of goat undifferentiated spermatogonia
using lipofectamine reagents and electroporation. Stem Cells Cloning. (2022) 15:11-
20. doi: 10.2147/SCCAA.S356588

29. Wang Y, Hu S, Han C, A. Simple and efficient procedure for developing mouse
germline stem cell lines with gene knock-in via CRISPR/Cas9 technology. Curr Protoc.
(2024) 4:70002. doi: 10.1002/cpz1.70002

30. Harrison PW, Amode MR, Austine-Orimoloye O, Azov AG, Barba M, Barnes I,
et al. Ensembl 2024. Nucleic Acids Res. (2024) 52:D891-D9. doi: 10.1093/nar/gkad1049

31. Synthego Performance Analysis, ICE Analysis. v3.0. Synthego (2019). Available
online at: https://ice.synthego.com/# (accessed October 23, 2024).

32. Hsiau T, Conant D, Rossi N, Maures T, Waite K, YangJ, et al. Inference of CRISPR
edits from sanger trace data. bioRxiv. (2019) 2019:251082. doi: 10.1101/251082

33. Schwank G, Koo BK, Sasselli V, Dekkers JF, Heo I, Demircan T, et al. Functional
repair of CFTR by CRISPR/Cas9 in intestinal stem cell organoids of cystic fibrosis
patients. Cell Stem Cell. (2013) 13:653-8. doi: 10.1016/j.stem.2013.11.002

34. Wu'Y, Zhou H, Fan X, Zhang Y, Zhang M, Wang Y, et al. Correction of a genetic
disease by CRISPR-Cas9-mediated gene editing in mouse spermatogonial stem cells.
Cell Res. (2015) 25:67-79. doi: 10.1038/cr.2014.160

35. Kanatsu-Shinohara M, Toyokuni S, Shinohara T. Genetic selection of mouse
male germline stem cells in vitro: offspring from single stem cells. Biol Reprod. (2005)
72:236-40. doi: 10.1095/biolreprod.104.035659

36. Fanslow DA, Wirt SE, Barker JC, Connelly JP, Porteus MH, Dann CT. Genome
editing in mouse spermatogonial stem/progenitor cells using engineered nucleases.
PL0oS ONE. (2014) 9:e112652. doi: 10.1371/journal.pone.0112652

37.Wang Y, Ding Y, Li J. CRISPR-Cas9-mediated gene
mouse spermatogonial stem cells. Methods Mol Biol. (2017)
305. doi: 10.1007/978-1-4939-7108-4_20

editing in
1622:293-

38. Oatley JM, Brinster RL. The germline stem cell niche unit in mammalian testes.
Physiol Rev. (2012) 92:577-95. doi: 10.1152/physrev.00025.2011

Frontiersin

10

10.3389/fvets.2025.1599598

39. Prasetyaningtyas WE, Karja NWK, Agungpriyono S, Fahrudin M.
Characteristics of testicular cell development of 5-day-old mice in culture in
vitro. Anim Sci J. (2020) 91:e13332. doi: 10.1111/asj.13332

40. Hofmann MC, Narisawa S, Hess RA, Millan JL. Immortalization of germ cells
and somatic testicular cells using the SV40 large T antigen. Exp Cell Res. (1992)
201:417-35. doi: 10.1016/0014-4827(92)90291-F

41. Li C, Zhu X, Chen S, Chen L, Zhao Y, Jiang Y, et al. Melatonin
promotes the proliferation of GC-1 spg cells by inducing metallothionein-2
expression through ERK1/2 signaling pathway activation. Oncotarget. (2017) 8:65627-
41. doi: 10.18632/oncotarget.20019

42. Lin Y, Liu Z, Liu X, Zhang Y, Rong Z, Li D. Microarray-based analysis
of the gene expression profile in GC-1 spg cells transfected with spermatogenesis
associated gene 12. Int ] Mol Med. (2013) 31:459-66. doi: 10.3892/ijmm.
2012.1225

43. Zhang L, Tang J, Haines CJ, Feng H, Lai L, Teng X, et al. c-kit expression profile
and regulatory factors during spermatogonial stem cell differentiation. BMC Dev Biol.
(2013) 13:38. doi: 10.1186/1471-213X-13-38

44. Kanatsu-Shinohara M, Ogonuki N, Inoue K, Miki H, Ogura A, Toyokuni
S, et al. Long-term proliferation in culture and germline transmission of mouse
male germline stem cells. Biol Reprod. (2003) 69:612-6. doi: 10.1095/biolreprod.103.
017012

45. Kubota H, Avarbock MR, Brinster RL. Growth factors essential for self-renewal
and expansion of mouse spermatogonial stem cells. Proc Natl Acad Sci U.S.A. (2004)
101:16489-94. doi: 10.1073/pnas.0407063101

46. Hamra FK, Chapman KM, Nguyen DM, Williams-Stephens AA,
Hammer RE, Garbers DL. Self renewal, expansion, and transfection of rat
spermatogonial stem cells in culture. Proc Natl Acad Sci U.S.A. (2005)
102:17430-5. doi: 10.1073/pnas.0508780102

47. Goodyear S, Brinster R. Culture and expansion of primary
undifferentiated spermatogonial stem cells. Cold Spring Harb Protoc. (2017)
2017:pdb.prot094193. doi: 10.1101/pdb.prot094193

48. Hwang WY, Fu Y, Reyon D, Maeder ML, Tsai SQ, Sander JD, et al. Efficient
genome editing in zebrafish using a CRISPR-Cas system. Nat Biotechnol. (2013)
31:227-9. doi: 10.1038/nbt.2501

49. Froger A, Hall JE. Transformation of plasmid DNA into E. coli using the heat
shock method. J. Vis. Exp. (2007) 2007:253. doi: 10.3791/253

50. Panja S, Saha S, Jana B, Basu T. Role of membrane potential on artificial
transformation of E. coli with plasmid DNA. J Biotechnol. (2006) 127:14-
20. doi: 10.1016/j.jbiotec.2006.06.008

51. Panja S, Aich P, Jana B, Basu T. Plasmid DNA binds to the core oligosaccharide
domain of LPS molecules of E. coli cell surface in the CaCl2-mediated transformation
process. Biomacromolecules. (2008) 9:2501-9. doi: 10.1021/bm8005215

52. Chen CK, Huang PK, Law WC, Chu CH, Chen NT, Lo LW.
Biodegradable polymers for gene-delivery applications. Int | Nanomed. (2020)
15:2131-50. doi: 10.2147/IJN.S222419

53. Mehravar M, Shirazi A, Mehrazar MM, Nazari M, Banan M, Salimi M.
Efficient production of biallelic RAG1 knockout mouse embryonic stem cell using
CRISPR/Cas9. Iran ] Biotechnol. (2019) 17:¢2205. doi: 10.21859/ijb.2205

54. Fu Y, Foden JA, Khayter C, Maeder ML, Reyon D, Joung JK, et al. High-
frequency off-target mutagenesis induced by CRISPR-Cas nucleases in human cells.
Nat Biotechnol. (2013) 31:822-6. doi: 10.1038/nbt.2623

55. Hsu PD, Scott DA, Weinstein JA, Ran FA, Konermann S, Agarwala V, et al.
DNA targeting specificity of RNA-guided Cas9 nucleases. Nat Biotechnol. (2013)
31:827-32. doi: 10.1038/nbt.2647

56. Shui B, Hernandez Matias L, Guo Y, Peng Y. The rise of CRISPR/Cas for
genome editing in stem cells. Stem Cells Int. (2016) 2016:8140168. doi: 10.1155/2016/
8140168

57. Chen X, Rinsma M, Janssen JM, Liu J, Maggio I, Goncalves MA. Probing the
impact of chromatin conformation on genome editing tools. Nucleic Acids Res. (2016)
44:6482-92. doi: 10.1093/nar/gkw524

58. Isaac RS, Jiang F Doudna JA, Lim WA, Narlikar GJ, Almeida R. Nucleosome
breathing and remodeling constrain CRISPR-Cas9 function. Elife. (2016)
5:e13450. doi: 10.7554/eLife.13450

59. Kedika B, Patri SV. Benzothiazole head group based cationic lipids:
synthesis and application for gene delivery. Eur | Med Chem. (2014) 74:703-
16. doi: 10.1016/j.ejmech.2013.08.034


https://doi.org/10.3389/fvets.2025.1599598
https://doi.org/10.1093/hmg/ddi322
https://doi.org/10.2164/jandrol.111.013995
https://doi.org/10.1177/1933719112446076
https://doi.org/10.1093/hmg/ddv290
https://doi.org/10.1099/mic.0.28048-0
https://doi.org/10.1534/genetics.110.117002
https://doi.org/10.1007/s00335-017-9699-2
https://doi.org/10.1038/nbt.1767
https://doi.org/10.1126/science.1225829
https://doi.org/10.1038/nrd.2016.280
https://doi.org/10.1080/10717544.2018.1474964
https://doi.org/10.1016/j.celrep.2015.02.040
https://doi.org/10.2147/SCCAA.S356588
https://doi.org/10.1002/cpz1.70002
https://doi.org/10.1093/nar/gkad1049
https://ice.synthego.com/#
https://doi.org/10.1101/251082
https://doi.org/10.1016/j.stem.2013.11.002
https://doi.org/10.1038/cr.2014.160
https://doi.org/10.1095/biolreprod.104.035659
https://doi.org/10.1371/journal.pone.0112652
https://doi.org/10.1007/978-1-4939-7108-4_20
https://doi.org/10.1152/physrev.00025.2011
https://doi.org/10.1111/asj.13332
https://doi.org/10.1016/0014-4827(92)90291-F
https://doi.org/10.18632/oncotarget.20019
https://doi.org/10.3892/ijmm.2012.1225
https://doi.org/10.1186/1471-213X-13-38
https://doi.org/10.1095/biolreprod.103.017012
https://doi.org/10.1073/pnas.0407063101
https://doi.org/10.1073/pnas.0508780102
https://doi.org/10.1101/pdb.prot094193
https://doi.org/10.1038/nbt.2501
https://doi.org/10.3791/253
https://doi.org/10.1016/j.jbiotec.2006.06.008
https://doi.org/10.1021/bm8005215
https://doi.org/10.2147/IJN.S222419
https://doi.org/10.21859/ijb.2205
https://doi.org/10.1038/nbt.2623
https://doi.org/10.1038/nbt.2647
https://doi.org/10.1155/2016/8140168
https://doi.org/10.1093/nar/gkw524
https://doi.org/10.7554/eLife.13450
https://doi.org/10.1016/j.ejmech.2013.08.034
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

	Genome editing in mouse spermatogonial stem cell lines targeting the Tex15 gene using CRISPR/Cas9
	1 Introduction
	2 Materials and methods
	2.1 Spermatogonial stem cell culturing
	2.2 Subculture and cryopreservation
	2.3 Antibiotic dose optimization
	2.4 Plasmid transformation and purification
	2.5 Plasmid purification
	2.6 Transfection optimization
	2.7 Validation of CRISPR-mediated transfection experiments
	2.7.1 DNA isolation from cells
	2.7.2 PCR amplification and mutation enzyme digestion analysis
	2.7.3 Sanger sequencing
	2.7.4 Establishment of monoclonal cell lines
	2.7.5 Determination of knockout efficiency


	3 Results
	3.1 Spermatogonial stem cell culture
	3.2 Transformation and plasmid purification
	3.3 Puromycin selection
	3.4 Transfection and knockout efficiency
	3.4.1 Genomic cleavage assay
	3.4.2 Sanger sequencing
	3.4.3 Monoclonal cell line establishment and knockout efficiency


	4 Discussion
	Author's note
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


