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TALEN-Mediated Gene Disruption on Y Chromosome
Reveals Critical Role of EIF2S3Y

in Mouse Spermatogenesis
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The Y chromosome plays a critical role in spermatogenesis. Formerly, it had been difficult to generate knockout
mice with specific Y chromosome mutations using conventional gene-targeting strategies. Recently, a tran-
scription activator-like effector nuclease (TALEN) was successfully used for editing a mouse Y chromosome-
linked gene. Here, we report the generation of a mouse model with a mutation in Eif2s3y, a Y chromosome-linked
gene, and analysis of its phenotype. The mouse carrying a targeted mutation of Eif2s3y was infertile and
had hypoplastic testes. Histological and electron microscopic analyses showed that differentiation of sper-
matogonia was arrested at the stage of spermatogonial stem cells (undifferentiated spermatogonia) and that the
progression of spermatogenesis was interrupted, resulting in azoospermia. Using TALEN, we verified that
EIF2S3Y performs a key function in differentiation of spermatogonial stem cells.

Introduction

In humans and mice, the male-specific regions of the Y
chromosome have been shown to play a critical role in

fertility through regulation of spermatogenesis [1–4]. One of
the most valuable findings to date was obtained by the studies
of XSxrbO mice, in which the short arm of the Y chromosome
is translocated to the X chromosome. In this mice, sex re-
versal occurs due to the translocated Y fragment containing
the Sry gene, the male-determining gene; however, the mice
are sterile because of a spermatogonial arrest [5–7]. Bur-
goyne and colleagues reported a successful rescue of the
failure of early spermatogenesis by introducing a BAC clone
containing Eif2s3y (eukaryotic translation initiation factor 2,
subunit 3, and structural gene Y-linked) into the XSxrbO
mice, which strongly supports the idea that EIF2S3Y per-
forms a fundamental function in spermatogenesis [8].
Nevertheless, no mouse with targeted gene knockout in the
Eif2s3y gene by conventional gene-targeting strategies has
been reported.

The transcription activator-like effector nuclease (TA-
LEN) has been successfully used for site-specific genome

editing in mice to produce knockout mice [9–12]. TALENs
are fusion proteins consisting of a DNA-binding domain and
the FokI endonuclease at the C-terminus [13]. The recog-
nition sequences of the DNA-binding domain can be de-
signed to target a specific DNA sequence. Dimerization of
two TALENs on targeted specific sequences in a genome
causes a FokI-mediated double-strand break, resulting in
stimulation of the DNA repair machinery in the cell. The
breakage is repaired through nonhomologous end joining,
which frequently results in small insertions or deletions.
Recently, a TALEN-induced Y chromosomal gene modifi-
cation in embryonic stem cells and oocytes was successfully
utilized to generate knockout mice [14,15].

In this study, we report the detailed phenotype of Eif2s3y
knockout mice generated using TALEN-mediated gene
disruption.

Materials and Methods

Microinjection

TALEN plasmids with the CMV and T7 promoter were
designed and constructed using the custom TALEN Access
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service (Cellectis). In vitro transcription reactions were
performed using the mMessage mMachine T7 Kit (Life
Technologies) according to the manufacturer’s instructions,
using as a template 1mg of the TALEN plasmid linearized
by means of digestion with the PacI endonuclease. The
RNA purification was carried out using the MEGAclear kit
(Life Technologies) according to the manufacturer’s in-
structions. We determined the RNA concentration using
absorbance at 260 nm, and the RNA was diluted with an
injection buffer (10 mM Tris–HCl pH 7.4, 0.1 mM EDTA)
at a desired concentration. The RNA mixture was micro-
injected into the cytoplasm of an embryo at the one-cell
stage using oocytes obtained from superovulated (C57BL/
6 · DBA2) F1 mice. The embryos injected with RNA were
cultured in the M16 medium for 1 day and progressed to the
two-cell stage. They were then implanted in pseudopregnant
ICR female mice. All animal experiments were approved by
the Institutional Animal Care and Use Committee at the
Tokyo Medical and Dental University.

Genotyping

Genomic DNA was extracted from tail tips of mouse
pups. Polymerase chain reaction (PCR) was performed us-
ing the following primers: Eif2s3y-F (5¢-GTC CAT GGC
AAG TAG CTG TTG AAC-3¢) and Eif2s3y-R (5¢-CCC
AAA ACT GCC AGG ACA ACC-3¢) for Eif2s3y and
Eif2s3x-F (5¢-GAA GTC CGA GCA GTC AGG TC-3¢) and
Eif2s3x-R (5¢-TCT AGG ATG GCT CCT TCA GC-3¢) for
Eif2s3x. PCR products were treated with ExoSTAR (GE
Healthcare) and used as templates for sequencing. Either
Eif2s3y-F or Eif2s3x-F was used as a sequencing primer. To
confirm mutant alleles at the nucleotide level, a PCR
product was cloned into a cloning vector containing M13
forward and reverse primer sequences and was sequenced
using either the Eif2s3y-F or Eif2s3y-R primer. To search
off-target candidate in silico, we conducted electronic PCR
available at the National Center for Biotechnology In-
formation (NCBI) (www.ncbi.nlm.nih.gov/tools/epcr/).

Confirmation of fertility

Mutant 1 was mated with single wild-type C57BL/six
females for 3 months. Mutant 2 was mated with single wild-
type C57BL/six females for the first 2 months, then mated
with other two female mice for the next month, and the
presence/absence of a vaginal plug was examined. When a
coupling was confirmed according to a vaginal plug, the
female mice were transferred to another cage. The resulting
pups were genotyped as described above.

Statistical analysis

For statistical analysis, two-tailed Student’s t-tests were
performed using the Excel spreadsheet.

Histological and immunohistochemical analysis

Bouin’s solution-fixed, paraffin-embedded testes were
sliced into 7-mm-thick sections. The slices were stained with
hematoxylin and eosin. For immunohistochemical analysis
of TRA98, MCA, and TRA54 staining, deparaffinized slices
were mounted onto slides and incubated with 3% hydrogen

peroxide for 15 min, then with 10% fetal bovine serum in
phosphate-buffered saline (PBS) for 30 min, and then with
the anti-TRA98 antibody, anti-MCA antibody, or anti-
TRA54 antibody overnight at 4�C. After three washes by
PBS, the slides were incubated with Simple Stain Max-PO
(Nichirei Bioscience) for 30 min at room temperature. After
that, the slides were washed again and the staining was
visualized using the NovaRED substrate kit for peroxidase
(Vector Laboratories).

Immunohistochemical analysis by means of GFRa1 staining
was conducted as described previously [16], using the fol-
lowing antibodies: a goat anti-GFRa1 antibody (Neuromics)
and a rabbit anti-phospho-histone H3 antibody (Ser10; Cell
Signaling). For the detection of GFRa1, we used the Can Get
Signal immunostain (Toyobo). The resulting signals were
detected using incubation with Alexa 488- or Alexa 594-
conjugated anti-IgG antibodies (Molecular Probes).

Transmission electron microscopy

The specimens were fixed in 2.5% glutaraldehyde in
0.1 M phosphate buffer (PB) for 2 h. The samples were
washed with 0.1 M PB, postfixed in 1% OsO4 buffered with
0.1 M PB for 2 h, dehydrated in a graded series of ethanol,
and embedded in Epon 812. Ultrathin sections (90 nm) were
placed on a copper grid, double stained with uranyl acetate
and lead citrate, and then examined under a transmission
electron microscope (H-7100; Hitachi).

We determined the stages of spermatogenic cells in
transmission electron microscopy (TEM) images according
to a previous report [17].

Results

Construction of a TALEN and preparation of Eif2s3y
knockout mice

To disrupt Eif2s3y, we created TALENs that recognize
exon 1 of Eif2s3y, which includes the start codon (Fig. 1A).
After the TALEN produces a frameshift mutation in exon 1,
the entire expression of Eif2s3y should cease. The TALEN
RNAs were synthesized by in vitro transcription and in-
jected into the cytoplasm of pronuclear-stage oocytes. In-
jection of RNA directly into the oocytes allowed us to
generate knockout mice within a shorter period compared to
gene targeting of embryonic stem cells. The resulting
newborn pups were genotyped by PCR and sequenced by
using DNA purified from their tail tips. PCR-directed se-
quencing confirmed that three pups contained the mutation
in the coding sequence of Eif2s3y (Fig. 1B). Mutant 1 had an
inframe deletion, and mutant 2 had a frameshift mutation.
Mutant 3 was a mosaic of the two distinct mutations; single-
nucleotide deletion and four-nucleotide deletion (Fig. 1B).

Eif2s3y has an X chromosome homolog called Eif2s3x.
The genomic region of Eif2s3x surrounding the sequence
homologous to the TALEN-targeted site was amplified us-
ing PCR, and DNA sequencing was performed. No muta-
tions were found surrounding Eif2s3x (Fig. 1C). We also
searched for a potential off-target candidate by electronic
PCR, and found that the second candidate next to Eif2s3y
target site had a spacer of 686 bp. These results indicate that
these mice were Eif2s3y deficient and have low possibilities
of off-target mutations.
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A frameshift mutation in Eif2s3y led to male infertility

For fertility check, mutants 1 and 2 were mated with
wild-type C57BL/six females. Mutant 1, which carries an
inframe deletion of Eif2s3y, had several pups, and the same
inframe deletion was inherited. Mutant 2, which carries a
frameshift mutation of Eif2s3y, was mated with nine fe-
male mice and demonstrated reproductive behavior. The
five vaginal plug-positive female mice were found, but
none of them produced pups (data not shown). The four
plug-negative female mice did not produce pups either. All
of the plug-positive female mice were subsequently mated
with a wild-type C57BL/six males, and they delivered
pups. Therefore, infertility of mutant 2 was not caused by
female infertility.

Testes were hypoplastic in Eif2s3y knockout mice

Three mutants and wild-type BDF1 male mice were
dissected, body weight, body length, anogenital distance,
and testis weight were analyzed (Table 1). Mutants 1 and 2
were dissected at 6 months of age and mutant 3 at 4 months
of age. WT1 and WT2 were dissected at 3 months of age
and WT3 at 4 months of age. WT3 is a sibling of mutant 3.
The weights of the testes were found to be significantly
decreased in frameshift mutants (mutants 2 and 3) when
compared with the control group (WT2 and WT3)
(P < 0.05). As mice were dissected at different age in
months, there was a limitation to compare them fully. No
remarkable differences were observed in other metrics ex-
amined. Histological analysis of the testis revealed that
azoospermia was shown in mutants 2 and 3 (Fig. 2B). In
mutants 2 and 3, there was no sperm in the epididymis, but

the structure of the epididymis was similar to that of wild-
type mice (Fig. 2C).

EIF2S3Y is required for spermatogonial
differentiation

Spermatogenesis consists of the spermatogonial prolifer-
ative phase, the meiotic phase, and the spermiogenesis
phase. Immunohistochemical analysis was performed to
determine which phase of spermatogenesis is blocked in
mutant 2. GFRa1, TRA98, Meichroacidin (MCA), and
TRA54 were used for the staining of undifferentiated sper-
matogonia [18,19], testicular germ cells [20], spermatocytes
[21], and spermatocytes/spermatids [22], respectively.

All the antibodies yielded a positive signal in testis slices
of wild-type mice. In contrast, the number of TRA98-positive
and PH3 (mitotic cell marker)-positive cells was much lower
in mutant 2 compared to wild-type male mice (Fig. 3A).

FIG. 1. Generation of a transcription activator-like effector nuclease (TALEN)-mediated gene knockout in mice. (A) The
Eif2s3y TALEN recognition sequence. Light gray boxes in the schematic indicate DNA-binding domains of the TALEN
and deep gray boxes indicate the N- and C-terminal domains. The FokI endonuclease is fused with the C-terminal domain.
The DNA sequence to which TALENs bind is underlined. The start codon is in boldface. (B) Sequences of Eif2s3y obtained
in the region of the TALEN-mediated Eif2s3y knockout in mice. Deleted nucleotides are indicated by hyphens. Mutant 1 is
an inframe mutant, mutant 2 is a frameshift mutant, and mutant 3 as a mosaic of two distinct frameshift mutations (single-
nucleotide deletion and 4-bp deletion). The ratio of mosaicism is shown after the genotype. D, deletion; bp, base pairs. (C)
Sequences of Eif2s3x obtained in the region of the TALEN-mediated Eif2s3y knockout in mice. No off-target mutations
were found in the genomic regions of Eif2s3x surrounding the sequence homologous to the TALEN target site. The DNA
sequences homologous to the Eif2s3y TALEN-binding regions are underlined. The start codon is in boldface.

Table 1. Phenotypes of Eif2s3y Knockout Mice

BW
(g)

BL
(mm)

AGD
(mm)

TW
(mg)

Dissected
age (month)

WT1 28.20 88.29 9.54 ND 3
WT2 27.80 78.42 11.63 154.2 3
WT3 31.9 95.45 10.80 132.9 4
Mutant 1 41.15 99.91 15.85 123.8 6
Mutant 2 41.14 86.13 13.08 21.5 6
Mutant 3 26.6 86.76 8.65 16.0 4

BW, body weight; BL, body length; AGD, anogenital distance;
TW, testis weight; WT, wild type; ND, no data.
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Rather, GFRa1-positive cells were increased in mutant 2
(Fig. 3A). These results indicated that spermatogonia were
arrested at the stage of undifferentiated spermatogonia and
accumulated by Eif2s3y deficiency. MCA-positive cells were
observed in mutant 2, but they were topographically and
morphologically abnormal (Fig. 3A). Therefore, MCA-positive
cells in mutant 2 could not be considered spermatocytes.
TRA54-positive cells were not observed in mutant 2 (Fig.
3A). Mutant 3, harboring two types of frameshift mutations,
also showed lesser TRA98-positive cells and increased
GFRa1-positive cells as mutant 2 (Supplementary Fig. S1;
Supplementary materials are available online at http://www
.liebertpub.com/scd). In summary, Eif2s3y deficiency leads to
a fewer number of spermatogonia, which were arrested at the
stage of undifferentiated spermatogonia, resulting in no
spermatocytes or spermatids and male infertility.

Next, we examined the morphology of each cell type in
testis by TEM. In mutant 3, only undifferentiated spermato-
gonia, which had a nucleus with the mottled heterochromatin,
were found on the peripheral basement membrane of semi-
niferous tubules (Fig. 3B). Although differentiated spamato-

gonia and/or spermatocytes were also found in WT3, there
were no cells corresponding to WT1 in mutant 3. These
findings are consistent with the results of immunohisto-
chemical analysis.

Discussion

During spermatogenesis, spermatogonial stem cells on the
peripheral basement membrane of seminiferous tubules
differentiate regularly and move toward the lumen [23,24].
Several factors have been shown to influence spermato-
genesis, such as retinoic acid signaling [25] and Notch
signaling [26]. While the molecular network regulating
spermatogonial proliferation remains largely unknown [27],
it was recently reported that LIN28A functions as a regu-
lator of spermatogonial proliferation [28].

The critical role of Eif2s3y in spermatogonial prolifera-
tion has been examined by series of transgenic mice as
follows: in the XSxrbO male mice, the spermatogenic block
was during the differentiating A spermatogonial stage [29].
The BAC rescue approach to introduce Eif2s3y transgene

FIG. 2. Testes of the Eif2-
s3y knockout mice. (A) Mac-
rostructure of a testis. The
testes of mutants 2 and 3 were
smaller compared to other
fertile male testes. The testis
weight was approximately
one-sixth of the weight in the
other strains. The scale bar is
2 mm. (B) Histological analy-
sis [hematoxylin and eosin
(H&E) staining] of the testis.
Testes of mutants 2 and 3 ex-
hibited spermatogonial prolif-
eration block. The scale bar is
50mm. (C) Histological anal-
ysis (H&E stain) of the epi-
didymis. Histological features
of the epididymis in mutants 2
and 3 were similar to those of
wild-type mice, but no sperm
was observed in mutants 2 and
3. The scale bar is 50mm.
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into XSxrbO male mice was performed and showed that
their testes were rescued from the spermatogenic block and
progressed through the meiotic phase [8]. This study proved
that Eif2s3y is a key gene for spermatogonial proliferation of
the differentiating A spermatogonia [8].

Based on this finding, we directly investigated the func-
tion of Eif2s3y in Eif2s3y deficiency mice generated by
TALEN-mediated single-gene editing. In Eif2s3y frameshift
mutants (mutants 2 and 3), spermatogenesis was arrested at
the stage of undifferentiated spermatogonia, suggesting that
a loss of Eif2s3y causes spermatogonia to fail to differentiate
into differentiating spermatogonia and to fail to undergo
mitotic division to ensure germ cell reproduction (Fig. 3).
Our observations using Eif2s3y deficiency mice confirmed
the key role of Eif2s3y in spermatogonial proliferation. The
observations made on undifferentiated spermatogonia in 4–
6-month testis material may represent secondary damage/
changes, since it is not seen in XSxrbO (or XO Sry) males
examined during prepubertal stages. This should be clarified
using younger Eif2s3y deficiency mice in the future.

Eif2s3y encodes the g-subunit of eIF-2, which forms a
ternary complex with GTP and Met-tRNA and then binds to
the small (40S) ribosomal subunit, which participates in
translational initiation [30]. eIF-2 is composed of three
subunits: a, b, and g. The g-subunit contains binding do-
mains for GTP and Met-tRNA [31–33].

Although Eif2s3y is ubiquitously expressed [34], our
Eif2s3y knockout mice showed no remarkable phenotypic
features except for azoospermia. In mice, Eif2s3y has an X
chromosome homolog called Eif2s3x that escapes X inac-
tivation [34]. Analyzing mice with Eif2s3x deficiency would
reveal whether Eif2s3x is essential for survival in an XY
mouse or whether Eif2s3y could complement Eif2s3x
function. Moreover, the mechanisms of tissue-specific
function of EIF2S3Y are still unclear. It would be interest-
ing to test the idea that the total dose of Eif2s3y and Eif2s3x
gene expression may be essential for spermatogenesis-
related gene translation.

The Y chromosome-linked genes are thought to be in-
volved in sex determination, spermatogenesis, growth, and
regulation of male behavior. For sex determination, Sry
plays a key role, and its function has been determined pre-
cisely. Until recently, gene targeting in the Y chromosome
had been difficult to carry out; however, genome editing
technologies allowed us to analyze the Y chromosome-
linked genes. TALEN-mediated genome editing of other Y
chromosome-linked genes (Zfy1, Usp9y, Ddx3y, Kdm5d,
Ube1y1, and Zfy2) is expected to help decipher the biolog-
ical function of the Y chromosome.
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