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Infertility affects 10%–20% of the population in most coun-
tries, with approximately half of those cases resulting from
male infertility. Although millions of infertile men are able
to have children with the assistance of reproductive technology,
individuals with non-obstructive azoospermia (NOA) syn-
drome are unable to do so because they lack functional sperm.
Therefore, some other strategies for infertile NOAmen are still
urgently needed. Our current study uses an NOA-like mouse
model to optimize microinjection and a subsequent electropo-
ration method to test potential treatment strategies. We
showed that the spermatogenetic process could be partially
rescued in young Stra8-Rnf20�/� mice with microinjection
and subsequent electroporation of Rnf20 plasmids into the
testes. All meiotic prophase I stages could be identified, and
programmed DNA double-strand break repair factors could
successfully be recruited to Stra8-Rnf20�/� spermatocytes after
electroporation. Moreover, by including an autophagy inhibi-
tor in the treatment, electroporation significantly improved
the spermatogenetic rescue efficiency of adult Stra8-Rnf20�/�

mice. Most importantly, infertility caused by Rnf20 depletions
could be overcome by electroporation coupled with intracyto-
plasmic sperm injection. Our studies establish a relative safe
and efficient testis electroporation system and provide a prom-
ising therapeutic strategy for patients with NOA.
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INTRODUCTION
Fertility problems affect approximately 10%–20% of couples world-
wide, and nearly half of the infertility cases are attributed to the
male.1,2 Several factors contribute to male infertility, including sper-
matogenic disorder, obstruction of the seminal tract, abnormal sperm
function, decreased sperm production, inflammation and some sex-
ual disorders.3 According to pathogenesis, three ways to treat male
infertility are available based on early diagnosis: medical treatment,
surgical treatment or assisted reproduction technology (ART).4
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ART has been used for decades and is steadily improving. The two
most common methods are in vitro fertilization (IVF), a process by
which an oocyte is fertilized by semen outside the body, and intracy-
toplasmic sperm injection (ICSI), a procedure in which a single sperm
cell is directly injected into the cytoplasm of an oocyte.5–7 In recent
years, ART has substantially improved birth rates, especially for infer-
tility caused by genetic abnormalities.8 However, ART seems power-
less with non-obstructive azoospermia (NOA) syndrome because
functional haploid germ cells are absent. NOA results from spermato-
genic failure that is defined by the absence of spermatozoa in seminal
fluid and is the most severe form of male infertility.9,10 It has been re-
ported that up to 35% of males with infertility problems were diag-
nosed with NOA. Currently, no strategy exists to restore spermato-
genesis in the majority of individuals with NOA, apart from those
with secondary testicular failure.11 Thus, the establishment of a
method for restoring normal spermatogenesis to rescue male infer-
tility is urgently needed, especially for men with NOA syndrome.

Given the genetic basis of NOA, delivering normal genes to affected
spermatocytes or spermatids is the best way to overcome spermato-
genic defects. Gene delivery to germ cells can be accomplished using
genetically modified viruses, modified spermatogonial stem cells
(SSC), and in vivo electroporation.12–15 Due to ethical issues, the
py: Nucleic Acids Vol. 30 December 2022 ª 2022 The Authors. 451
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integration of exogenous DNA into the genome of a human germ cell
is currently not allowed; therefore, we can select to transiently express
DNA delivered by microinjection and subsequent electroporation to
treat NOA. Recent studies have shown that delivering DNA con-
structs into living mouse germ cells could be accomplished by electro-
poration after microinjecting DNA solutions into the seminiferous
tubules. In mouse testes, microinjection of a DNA construct followed
by electroporation led to the expression and localization of protein
and to the observation of telomere movement during meiosis.15–20

Therefore, electroporation can be considered a promising method
to deliver healthy genes into affected individuals, resulting in func-
tional spermatozoa or even restoring male fertility.

Previously, we developed an NOA-like mouse model with a germ-
cell-specific Rnf20 knockout, resulting in almost a complete loss of
spermatozoa in mice.9 Here, we use this model to test the possibility
of microinjection and subsequent electroporation-based NOA treat-
ment. After microinjecting and electroporating pCS2+-RNF20
plasmid into seminiferous tubules, the spermatogenetic defect of
young, but not adult, Stra8-Rnf20�/� mice was shown to be partially
rescued. The testes of rescued young Stra8-Rnf20�/�mice were bigger
than those of young Stra8-Rnf20�/� mice. In electroporated young
Stra8-Rnf20�/� mice, mature spermatozoa were found in some sem-
iniferous tubules and the caudal epididymis. Immunostaining results
further showed that the expression and localization of gH2AX and
MRE11 were restored to some extent in the spermatocytes. Moreover,
by including an autophagy inhibitor, we found that the spermatoge-
netic defect of adult Stra8-Rnf20�/� mice could also be rescued by
electroporation. Most importantly, we found that healthy offspring
were obtained from the spermatozoa of either electroporated young
or adult Stra8-Rnf20�/� mice. Overall, these results establish a safe
and efficient testes electroporation strategy to overcome male
infertility, potentially providing a special way to treat individuals
with NOA.

RESULTS
In vivo microinjection and electroporation of mouse testes

Testes DNAmicroinjection and electroporation have been well estab-
lished to deliver exogenous DNA into the germ cells of live mice.
Because the genes are only transiently expressed in the germ cells, ge-
netic inheritance does not occur with progeny.15,16,18 However, this
transitory technique could provide a unique opportunity as a male
infertility treatment, circumventing ethical issues that accompany
DNA integration. To test this possibility, we constructed GFP-tagged
full-length cDNAs of RNF20 in pCAG-GFP plasmids. Next, pCAG-
GFP and pCAG-GFP-RNF20 plasmids were solubilized in 1� HBS
buffer to a final concentration of 7 mg/mL, respectively. Finally, 9 mL
was mixed with 1 mL 0.1% FastGREEN (Figure 1A). The 10 mL
mixture was then microinjected into the testes of live mice followed
by electroporation. Two days post-injection, the testes were observed
under microscopy, and GFP was found to be highly expressed (Fig-
ure S1A). GFP proteins were found to be localized in SSCs, spermato-
cyte cells, round spermatids, elongated spermatids, and Sertoli cells
(Figures 1B–1E). However, the expression of GFP-RNF20 was
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much weaker than that of pCAG-GFP, and GFP-RNF20 was hardly
detected by western blot (Figure S1B). We postulated that the con-
structs might impair GFP expression or be easily degraded, to get a
robust and efficient transfection method, we constructed six MYC-
tagged full-length cDNAs of RNF20 in pCS2+ plasmids, which were
then subjected to electroporation. Western blot results showed that
MYC-RNF20 was successfully expressed after electroporation
(Figures 1F and S1C), and the efficiency of tubular microinjection
was higher than that of interstitial injection (Figure 1G). The MYC-
RNF20 protein could still be detected for a month after in vivo tubular
microinjection and electroporation (Figure 1H). These results suggest
that an exogenous gene can be successfully expressed in testes after
in vivo microinjection and subsequent electroporation.

Electroporation partially rescues spermatogenetic processes in

Stra8-Rnf20–/– mice

Previously, we found that germ-cell-specific Rnf20 knockout results
in an NOA-like phenotype in mice.9 To study the potential of electro-
poration on NOA treatment, we turned to this mouse model. Since 17
to 30 days post-partum (dpp) testes have been reported to have higher
electroporation efficiencies than 60 dpp testes,15 we carried out in vivo
microinjection and electroporation on young mouse testes at 4 weeks
of age. As shown in Figure 2A, pCS2+ plasmids were injected into
wild-type (WT) and knockout mice (hereafter referred to as
Rnf20F/F + Con and Stra8-Rnf20�/� + Con), and pCS2+-RNF20 plas-
mids were also injected into wild-type and Rnf20 knockout mice
(hereafter referred to as Rnf20F/F + RNF20 and Stra8-Rnf20�/� +
RNF20). At 37 days post-electroporation, histological examination
of the testes and epididymal lumens showed that the pCS2+-RNF20
plasmids significantly improved the spermatogenetic processes in
Stra8-Rnf20�/� mice (Figures 2B–2D). Most strikingly, the testes of
the Stra8-Rnf20�/� + RNF20 mice after electroporation were larger
than those of the Stra8-Rnf20�/� + Con mice (Figure 2E), and we
could successfully harvest spermatozoa from Stra8-Rnf20�/� +
RNF20 caudal epididymis (Figure 2F). To further test whether the
spermatozoa of Stra8-Rnf20�/� + RNF20 mice have any impact on
the acrosome, single-sperm immunofluorescence was performed us-
ing peanut agglutinin (PNA; staining the acrosome specifically) and
40,6-diamidino-2-phenylindole (DAPI). Indeed, the spermatozoa of
Stra8-Rnf20�/� + RNF20 mice were positive for both PNA and
DAPI staining (Figure 2G). These results demonstrate that the sper-
matogenetic defect of Stra8-Rnf20�/� mice was partially rescued by
microinjecting and electroporating pCS2+-RNF20 plasmid into sem-
iniferous tubules.

Electroporation partially rescues meiotic pachytene arrest in

Stra8-Rnf20–/– mice

Spermatogenesis is a complex biological process that produces male
haploid germ cells from diploid SSCs that undergo a series of devel-
opmental steps, including spermatogonial mitosis, spermatocytic
meiosis, and spermiogenesis.21,22 Since Rnf20 knockout has been re-
ported to lead to spermatocyte arrest at the pachytene and meiotic di-
vision stages,9 we speculated that electroporation might rescue
meiotic pachytene arrest. To test this possibility, we observed various



Figure 1. In vivo microinjection and electroporation of mouse testes

(A) Macroscopic appearance of a testis transfected with reporter plasmids. Microinjection involved efferent duct injection and filled 70%–80% of the tubules in each recipient

testis. (B–E) The localization of GFP protein in testis. Immunofluorescence analysis of GFP localization in testis after electroporation. Promyelocytic leukemia zinc finger (PLZF)

and SYCP3 served as markers of SSCs and spermatocyte cells, respectively. PNA is an established marker of the mammalian acrosome, and WT1 served as a marker for

Sertoli cells. The white arrowhead indicates GFP signal in elongated spermatids. Scale bar, 2.5 mm. (F and G) Western blot analysis of testis extracts after electroporation.

GAPDH and actin served as loading controls. (H) Western blot analysis of testis extracts after different times of electroporation. Actin served as a loading control.
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stages of meiotic prophase I in spermatocyte nucleus spreads by stain-
ing for a component of the synaptonemal complex, SYCP3.23 In the
control group, all meiotic prophase I stages could be identified in
the spermatocyte nuclei of Rnf20F/F + Con and Rnf20F/F + RNF20
testes (Figures 3A and 3B). As shown in Figure 3C, only spermato-
cytes during the leptotene to the pachytene stages were observed in
Stra8-Rnf20�/� + Con testes, which is consistent with the previously
reported NOA-like phenotype, whereas in the testes of the Stra8-
Rnf20�/� + RNF20 mice, every prophase I stage could be identified
(Figure 3D). Further quantification of the meiotic prophase I stage
in testes indicated that the proportions of every prophase I-stage sper-
matocyte in Stra8-Rnf20�/� + RNF20 testes were similar to those of
Rnf20F/F + Con and Rnf20F/F + RNF20 testes. The percentage of the
pachytene stage cells was significantly increased, and zygotene stage
cells decreased, in Stra8-Rnf20�/� + RNF20 testes compared with
that of Stra8-Rnf20�/� + Con testes (Figure 3E). Together, these re-
sults suggest that electroporation partially rescues meiotic pachytene
arrest in Stra8-Rnf20�/� mice.

ProgrammedDSB repair factors can be successfully recruited to

Stra8-Rnf20–/– spermatocytes after electroporation

Recombination is a prominent feature of meiosis, playing an impor-
tant role in increasing genetic diversity. Meiotic recombination is also
essential for accurate pairing and segregation of homologous chromo-
somes.24,25 Meiotic programmed double-strand breaks (DSBs) recruit
a series of DNA repair factors to form recombination foci and pro-
mote homologous chromosome synapsis and crossover/non-cross-
over.23,26,27 Rnf20 knockout has been demonstrated to affect the effi-
cient repair of programmed DSBs due to insufficient recruitment of
repair factors in Stra8-Rnf20�/� spermatocytes.9 To determine
whether programmed DSB repair factors could be recruited to
Stra8-Rnf20�/� spermatocytes after electroporation, we evaluated
the localization of several repair factors by chromosome spreading
coupled with immunofluorescent staining. gH2AX is a meiotic
marker that distributes globally in the nucleus during the leptotene
stage and begins to disappear during the zygotene stage. We found
that the marker decreased in the autosomes and only concentrated
in the XY body during the pachytene stage (Figures 4A and 4B).28

However, gH2AX signals in Stra8-Rnf20�/� + Con spermatocytes
were modestly weaker than in Stra8-Rnf20�/� + RNF20 spermato-
cytes during the leptotene stage. During the pachytene stage, the
gH2AX signals in Stra8-Rnf20�/� + Con spermatocytes were still
diffused in the autosomes (Figures 4C and 4D). Further quantification
of gH2AX outside of the sex chromosomes in Stra8-Rnf20�/� + Con
Figure 2. Electroporation partially rescues spermatogenetic processes in youn

(A) Diagram of in vivo electroporation procedures for mouse testes. (B) Histological an

Rnf20�/� + Con, and Stra8-Rnf20�/� + RNF20 mice after electroporation. Scale bar

Rnf20F/F + RNF20, Stra8-Rnf20�/� + Con, and Stra8-Rnf20�/� + RNF20 mice after e

replicates. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. S

of Stra8-Rnf20�/� + RNF20 mice were larger than those of the Stra8-Rnf20�/� + Con m

Rnf20�/� + RNF20 mice after electroporation. n = 5 biological replicates. Data are pres

unpaired Student’s t test. (G) Morphological analysis of the spermatozoa in the Rnf20F/F

Acrosomes were stained with PNA (green), and nuclei were stained with DAPI (blue). S
and Stra8-Rnf20�/� + RNF20 spermatocytes during the pachytene
stage also suggested that gH2AX could be recruited to Stra8-
Rnf20�/� spermatocytes after electroporation (Figure 4E).

The MRE11-RAD50-NBS1 (MRN) complex is the major catalytic
protein complex for initiating the DNA damage response and coordi-
nating and sensing the DSB pathway.29 MRE11 cooperates with
NBS1/Xrs2 and RAD50 to generate single strands at DSB sites.30

MRE11 has been shown to be insufficiently recruited to programmed
DSB sites in Stra8-Rnf20�/� + Con spermatocytes, which is consistent
with our current results. On the other hand, we showed that MRE11
could be recruited to programmed DSB sites in Stra8-Rnf20�/� +
RNF20 spermatocytes (Figure 4F). These results further confirm
that electroporation could restore the meiotic DSB repair process in
Stra8-Rnf20�/� mice.

The efficiency of electroporation can be improved by inhibiting

autophagy

Although electroporation works for delivering exogenous DNA to the
germ cells of young male mice, delivering exogenous DNA to adult
mice is more of a challenge. To improve delivery to adult mice, we
considered autophagy, which has been shown to actively participate
in spermatogenesis.31,32 Autophagy is a protein recycling system
that delivers long-lived proteins and organelles to the lysosome for
degradation. In addition to protein recycling, autophagy is also
involved in other physiological processes, such as intracellular quality
control, cell development and death, aging and infections.33 With in-
fections, autophagy is reported to be an antiviral and antibacterial
process of sorts that promotes the degradation of some proteins
and DNA.34 As testis is an immune-exempt organ, testis may use
autophagy against pathogenic microorganisms, thus preventing the
expression of exogenous DNA. Microtubule-associated protein 1A/
1B-light chain 3 (LC3) is an autophagosomal marker and could reflect
autophagic activity.35 To test this hypothesis, we evaluated the expres-
sion of LC3 in the testes of 4- and 8-week-old male mice and found
that the levels of LC3 were increased at 8 weeks compared with
4 weeks (Figures 5A and S2A). Because the efficiency of electropora-
tion in an 8-week-old mouse is lower than that of a 4-week-old mouse
(Figures 5B and S2B–S2D), autophagy might be directly involved in
preventing exogenous DNA expression in the testis. To test this
idea, we injected an autophagy inhibitor (3-methyladenine [3-MA])
together with RNF20 plasmids into the testis. The reduction of LC3
and the accumulation of autophagy substrate p62 suggests that the
autophagic flux was blocked to some extent by 3-MA in 8-week-old
g Stra8-Rnf20–/– mice

alysis of the seminiferous tubules of the Rnf20F/F + Con, Rnf20F/F + RNF20, Stra8-

, 20 mm. (C) Histological analysis of the caudal epididymis of the Rnf20F/F + Con,

lectroporation. Scale bar, 50 mm. (D) Percentage of empty tubes. n = 5 biological

tatistical analysis was performed with two-tailed unpaired Student’s t test. (E) Testes

ice. (F) Sperm concentration of the Rnf20F/F + Con, Rnf20F/F + RNF20, and Stra8-

ented as mean ± SEM. *p < 0.05. Statistical analysis was performed with two-tailed

+ Con, Rnf20F/F + RNF20, and Stra8-Rnf20�/� + RNF20 mice after electroporation.

cale bar, 5 mm.

Molecular Therapy: Nucleic Acids Vol. 30 December 2022 455

http://www.moleculartherapy.org


(legend on next page)

Molecular Therapy: Nucleic Acids

456 Molecular Therapy: Nucleic Acids Vol. 30 December 2022



www.moleculartherapy.org
mouse testes (Figures 5C, 5D, S2E, and S3A). Notably, the efficiency
of electroporation was increased with injection of 3-MA into testes
(Figures S2F and S2G), and expression levels of exogenous RNF20
were also increased with injection of 3-MA in 8-week-old mouse
testes at different time points after electroporation (Figure 5E). These
results demonstrate that autophagy may participate in preventing
exogenous DNA expression in the testis, and electroporation effi-
ciencies could be improved by inhibiting autophagy in the testis.

Electroporation plus 3-MA partially rescues spermatogenetic

processes in adult Stra8-Rnf20–/– mice

Autophagy plays some key roles in spermatogenesis, such as sper-
matid differentiation, ectoplasmic specialization assembly, and acro-
some biogenesis, and a higher concentration of 3-MA may result in
teratospermia.31,32,36 It is required to optimize electroporation condi-
tions to increase electroporation efficiency yet keep abnormal sperm
levels low. To select the most optimized conditions, we used 3, 6, or
9 mM 3-MA solution directly injected into the testes of 8-week-old
wild-type mice. We examined the spermatozoa released from the
caudal epididymis and found that the injection of 3-MA into the testis
resulted in teratospermia, which shows spermatozoa with coiled tails,
aggregated spermatozoa, and spermatozoa with abnormal heads (Fig-
ure S4A). Moreover, the proportion of abnormal spermatozoa was
dramatically increased, and total spermatozoa decreased, with high
concentrations of 3-MA, whereas low (3 mM) concentrations of
3-MA had little effect on sperm count and sperm morphology
(Figures S4B and S4C).

To further test the effect of the autophagy inhibitor on spermatogen-
esis after electroporation, we carried out microinjection and subse-
quent electroporation on the testes of 8-week-old adult mice. Micro-
injection delivered RNF20 plasmids together with or without low
concentrations of 3-MA (3 mM) to wild-type and Rnf20 knockout
mice (Figure 6A). At 37 days after electroporation, histological exam-
ination of the testis and epididymal lumens showed that Stra8-
Rnf20�/�mice receiving RNF20 plasmids together with 3-MA clearly
rescued the spermatogenetic processes (Figures 6A and 6C). Fewer
empty tubules were observed in the testes of Stra8-Rnf20�/� +
RNF20 + 3-MAmice than Stra8-Rnf20�/� + RNF20mice (Figure 6B).
As shown in Figure 6C, electroporation could not rescue spermatoge-
netic processes in 8-week-old adult Stra8-Rnf20�/� mice, which is
consistent with the lower electroporation efficiencies in adult mice
compared with that in young mice (Figure 5B). Notably, we success-
fully harvested mature sperm from Stra8-Rnf20�/� + RNF20 + 3MA
mice. The spermatozoa within the Stra8-Rnf20�/� + RNF20 + 3MA
caudal epididymis appeared to be morphologically normal compared
with those in the control group (Figures 6D and 6E). These results
demonstrate that electroporation together with an autophagy
Figure 3. Electroporation partially rescues meiotic pachytene arrest in Stra8-R

(A–D) Meiotic chromosome spreads from Rnf20F/F + Con, Rnf20F/F + RNF20, Stra8-Rnf2

antibody (green) and DAPI (blue). Scale bar, 5 mm. (E) Frequencies of meiotic stages in

RNF20 testes suspensions. n = 3 biological replicates. Data are presented as mean ±

unpaired Student’s t test.
inhibitor can restore spermatogenetic processes in adult Stra8-
Rnf20�/� mice.

Infertility caused by Rnf20 knockout could be overcome by

electroporation coupled with ICSI

To further evaluate Stra8-Rnf20�/� + RNF20 mice after electropora-
tion, we performed a fertility test and found that the Stra8-Rnf20�/� +
RNF20 male mice were still sterile, likely due to low concentrations of
spermatozoa. To overcome the infertility of these NOA-like mice, we
next harvested mature sperm from the Stra8-Rnf20�/� + RNF20
caudal epididymis and performed ICSI experiments, injecting sper-
matozoa into wild-type oocytes. There was no significant difference
in the proportion of pronucleus formation and the average litter
size between wild-type and Stra8-Rnf20�/� + RNF20 group
(Figures 7A–7C). The ICSI resulted in healthy offspring (Figure 7D)
with Rnf20+/� genotypes (Figure 7E). These results suggest that elec-
troporation coupled with ICSI might provide an effective way to treat
the infertility of individuals with NOA.

DISCUSSION
Our previous studies established an NOA-like mouse model resulting
from germ-cell-specific Rnf20 knockout that leads to impaired
meiotic recombination and spermatocyte arrest during the pachytene
stage.9 Using this mouse model, we optimized a microinjection and
subsequent electroporation method that partially restored spermato-
genetic processes in young Stra8-Rnf20�/� mice. To extend the
method to adult mice, we disrupted autophagy, which might inhibit
exogenous DNA expression in the immune-exempt testes. By inhib-
iting autophagy with 3-MA, we improved the electroporation effi-
ciency and bypassed the challenge of testis transfection in adult
mice (Figures 5E and 6A). Most importantly, infertility caused by
RNF20 depletion could be overcome by electroporation coupled
with ICSI to produce healthy offspring. Our studies establish a safe
and efficient testis electroporation strategy to overcome male infer-
tility, potentially providing a special way to treat individuals
with NOA.

NOA constitutes approximately 10%–15% of all infertile men
with obstructive azoospermia (OA).37 A number of genes have
already been found to be associated with NOA, such as ATM,
BRCA2, TEX11, MLH1, and WT1.38 Although many patients
who are infertile are able to have children with the assistance
of reproductive technology, no therapeutic options are available
for most patients with NOA because they lack functional haploid
germ cells. SSC transplantation, in vitro spermatogenesis, and
gene therapy have been proposed as three potential ways to treat
the infertility of individuals with NOA,39 yet practical application
is impeded by either technical or ethical issues. For individuals
nf20–/– mice

0�/� + Con, and Stra8-Rnf20�/� + RNF20male mice were stained with anti-SYCP3

Rnf20F/F + Con, Rnf20F/F + RNF20, Stra8-Rnf20�/� + Con, and Stra8-Rnf20�/� +

SEM. *p < 0.05 and **p < 0.01. Statistical analysis was performed with two-tailed
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Figure 5. The efficiency of electroporation is

increased by adding autophagy inhibitor 3-MA in the

testes of 8-week-old mice

(A) The expression levels of LC3 in the testes of 4-

and 8-week-old mice. GAPDH served as a loading control.

(B) Western blot analysis of testis extracts after

electroporation. Actin served as a loading control. (C)

Western blot analysis of the expression levels of LC3 and

p62 in mouse testes after adding autophagy inhibitor

3-MA and electroporation. Actin served as a loading

control. (D) The expression levels of LC3 are decreased in

mouse testes that included an autophagy inhibitor 3-MA

after electroporation. Scale bar, 5 mm. (E) Western blot

results showed that the expression levels of exogenous

RNF20 were increased after adding autophagy inhibitor

3-MA in mouse testes at different time points after

electroporation. Actin served as a loading control.
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with NOA who have received a genetic diagnosis, targeted gene
therapy should be the best treatment and could be delivered
with genetically modified viruses or electroporation.17,40 Studies
have demonstrated that microinjection of lentiviral vectors into
seminiferous tubules or inter-tubular space results in transgenic
mice.14,41–43 Lentivirus-based in vivo gene knockdown and
complementation in male germ cells have also been shown to
work in some cases.44,45 However, the potential for random
Figure 4. Programmed DSB repair factors can be recruited to Stra8-Rnf20–/– spermatocytes after el

(A–D) Chromosome spreads of Rnf20F/F + Con, Rnf20F/F + RNF20, Stra8-Rnf20�/� + Con, and Stra8-Rnf20�

stained with anti-SYCP3 antibodies (green) and anti-g-H2AX antibodies (red). Scale bar, 5 mm. (E) Percentages o

Rnf20F/F + Con, Rnf20F/F + RNF20, Stra8-Rnf20�/� + Con, and Stra8-Rnf20�/� + RNF20 pachytene sperma

mean ±SEM. ***p < 0.001. Statistical analysis was performed with two-tailed unpaired Student’s t test. (F) Stra8-R

spreads of spermatocytes were immunostained with anti-SYCP3 antibodies (green) and anti-MRE11 antibodie
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gene integration and other side effects with
lentivirus-based delivery calls this method
into question for gene therapy.

Electroporation is another useful gene delivery
system that has been developed for many years,
but it has only recently been translated as a testis
transfection system.15,16,46 Moreover, plasmid
DNA is safe for gene transfer therapy and rarely
integrates with the host genome upon introduc-
tion into target cells, and use of plasmid DNA
is not associated with inducing host immune re-
sponses.47,48 For example, in vivo electropora-
tion-based SUN1-MYC expression has been
shown to partially restore telomere attachment
defects in Sun1�/� spermatocytes.15 In our study,
we conducted microinjection and subsequent
electroporation experiments in our NOA-like
mouse model and found that this method could
partially rescue spermatogenetic processes in
Stra8-Rnf20�/� mice. Coupled with ICSI, NOA-like male mouse
infertility was overcome. We also compared the efficiency between
tubular injection and interstitial injection and found that tubular in-
jection resulted in greater efficiency (Figure 1G), and MYC-RNF20
expression was also more efficient in 4-week-old mice than in
8-week-old mice (Figure 5B). These findings are consistent with pre-
vious reports showing electroporation efficiencies are correlated with
age, DNA concentration and voltage of electroporation.15
ectroporation
/� + RNF20 spermatocytes. Chromosomes were immuno-

f cells retaining g-H2AX outside of the sex chromosomes in

tocytes. n = 3 biological replicates. Data are presented as

nf20�/� +Con and Stra8-Rnf20�/� + RNF20 chromosome

s (red). Scale bar, 5 mm.
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To uncover the underlying mechanism, we considered that autophagy
might be the major factor that inhibits exogenous DNA expression in
the germ cells of testis. As a membrane-trafficking process for degrad-
ing recycling long-lived proteins and organelles, autophagy also partic-
ipates as an antiviral and antibacterial process of sorts that promotes
the degradation of some proteins and DNA.34 We found that the au-
tophagic flux is negatively correlated to electroporation efficiency
(Figures 5C, 5D, and S3), and electroporation efficiency is increased
by adding an autophagy inhibitor (3-MA) to the testes of 8-week-old
mice (Figures 5B and 5E). It is possible that exogenous DNA that is
electroporated into germ cells are also degraded by the autophagy-lyso-
some pathway, thus preventing expression in the germ cells. A fine bal-
ance must be achieved because although an autophagy inhibitor could
improve electroporation efficiency, it might also affect spermatogen-
esis. By considering the role of autophagy in infertility treatments,
we have identified a special strategy, electroporation coupled with
3-MA, to successfully deliver exogenous DNA into adult male germ
cells. This method coupled with ICSI establishes a promising way to
treat the infertility of individuals with NOA, and provides a reliable
platform for infertile men to have children with the assistance of repro-
ductive technology.

MATERIALS AND METHODS
Generation of Rnf20 conditional knockout mice

The Rnf20Flox/Flox mice (C57BL/6J) been reported previously.9 The
Rnf20Flox/Flox; Stra8-Cre mice were bred from intercrosses of
Rnf20Flox/Flox mice and Stra8-Cre mice.49 The genotyping primers of
Rnf20Flox/Flox mice were as follows: forward: 50-GCTGTAAGA
GTTCTTAATGTATG-30, and reverse: 50-GGCTTGTCACACAAG
CATGAGCATC-30. All animal studies were carried out in accor-
dance with the protocols approved by the Institutional Animal Care
and Use Committee (IACUC) protocols (#2021-002) of the Institute
of Zoology, Chinese Academy of Sciences.

Plasmid DNA preparation for electroporation

pCAG-GFP and pCS2+ plasmids were used for in vivo testis microin-
jection and electroporation. Gene-specific cDNA sequences were
inserted into these vectors. Plasmids containing the cDNA of specific
genes were extracted with a MAXI-Kit (Macherey-Nagel, 740420.50),
and endotoxins were removed so that in vivo immune reactions could
be avoided. DNA pellets were solubilized in 1� HBS buffer (2%
HEPES, 0.8% NaCl, 5 M KCl, 0.7 mM Na2HPO4, 0.1% glucose),
and final plasmid concentrations were adjusted to 7 mg/mL. Prior to
injection, 9 mL plasmid (7 mg/mL) was mixed together with 1 mL
0.1% FastGREEN (Sigma-Aldrich, F7258).
Figure 6. Electroporation partially rescues spermatogenetic processes in adul

(A) Histological analysis of the seminiferous tubules of the Rnf20F/F + RNF20, Rnf20F/F +

after electroporation. Scale bar, 20 mm. (B) Percentages of empty tubes. n = 5 biological

performed with two-tailed unpaired Student’s t test. (C) Histological analysis of the caud

RNF20, and Stra8-Rnf20�/� + RNF20 + 3-MA mice after electroporation. Scale bar,

Rnf20F/F + RNF20 + 3-MA, and Stra8-Rnf20�/� + RNF20 + 3-MA mice after electropora

(blue). Scale bar, 5 mm. (E) Sperm concentration of the Rnf20F/F + RNF20, Rnf20F/F + RN

biological replicates, Data are presented as mean ± SEM. **p < 0.01. Statistical analys
DNA injection into mouse testes

For performing gene transfer into mouse testes, microinjection pi-
pettes were prepared by heating glass capillaries that were then
pulled with a micropipette puller. Surgical scissors were used to
break capillary tips to approximately 50–70 mm in diameter and
about 1 cm long, ensuring the microinjection pipette was stiff
enough to penetrate tissue. Male mice were anesthetized with
2,2,2-tribromoethanol (Sigma-Aldrich, T48402-5G) and processed
for surgery. During surgery, the testes were pulled from the abdom-
inal cavity, and plasmid DNA was injected into the rete testis using
a microcapillary pipettes (Sigma-Aldrich, A5177-5EA) equipped
with a glass capillary by breath pressure under a stereomicroscope.
The entire injection process was monitored by observing testes
filling status with the help of the FastGREEN. The testis was only
partially filled up to 2/3 of its volume, and 1 h after injection, the
testes were held between a pair of tweezer-type electrodes, which
had been soaked in PBS (1�) to ensure effective electroporation.
Electric pulses were applied four times in one direction, followed
by four times in the reverse direction, at 30 V for 50 ms at
950 ms intervals per pulse using an electroporator. When electropo-
ration was finished, the testes were placed back into the abdominal
cavity, and the abdominal wall and skin were closed with sutures. In
the rescue assay using Stra8-Rnf20�/� mice, 3-MA (Sigma-Aldrich,
M9281, 30 mM) was dissolved in 0.9% NaCl and stored at �20�C,
and 1 mL was mixed with 9 mL plasmids to a final concentration of
3 mM. Thirty-seven days after electroporation, phenotypic analysis
was performed.

Tissue collection and histological analysis

For histological examination, the testes and caudal epididymis from at
least three mice for each genotype were dissected and fixed with 4%
paraformaldehyde (PFA; Solarbio, P1110) for up to 24 h. Next, the
testes were dehydrated using graded ethanol and embedded in paraffin.
Then, the testes were cut into 5 mm sections using microtome-cryostat
(Leica, CM1950) and mounted on glass slides. After deparaffinization,
the slides were stained with H&E for histological analysis. Images were
collected with a Nikon inverted microscope with a charge-coupled de-
vice (CCD) (Nikon, Eclipse Ti-S, Japan).

Epididymal sperm count

The caudal epididymis was dissected immediately from treatedmice af-
ter euthanasia. Sperm were released from the cauda epididymis and
incubated at 37�C for 30min under 5%CO2. The incubated spermme-
dium was then diluted 1:500 and transferred to a hemocytometer for
counting.
t Stra8-Rnf20–/– mice with autophagy inhibitor 3-MA

RNF20+3-MA, Stra8-Rnf20�/� + RNF20, and Stra8-Rnf20�/� + RNF20+3-MAmice

replicates, Data are presented as mean ± SEM. ***p < 0.001. Statistical analysis was

al epididymis of the Rnf20F/F + RNF20, Rnf20F/F + RNF20 + 3-MA, Stra8-Rnf20�/� +

50 mm. (D) Morphological analysis of the spermatozoa in the Rnf20F/F + RNF20,

tion. Acrosomes were stained with PNA (green), and nuclei were stained with DAPI

F20 + 3-MA, and Stra8-Rnf20�/� + RNF20 + 3-MAmice after electroporation. n = 4

is was performed with two-tailed unpaired Student’s t test.
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Figure 7. Infertility caused by RNF20 depletion could

be bypassed by electroporation coupled with ICSI

(A) Representative images of oocytes at 6 h after ICSI. Scale

bar, 20 mm. (B) Statistical analysis of pronucleus formation

of wild-type (totaling 81 injected oocytes) and Stra8-

Rnf20�/� + RNF20 (totaling 125 injected oocytes) mice.

n = 3 biological replicates. Data are presented as mean ±

SEM. n.s., non-significant. Statistical analysis was per-

formed with two-tailed unpaired Student’s t test. (C) The

average litter size of WT and Stra8-Rnf20�/� + RNF20

mice. n = 3 biological replicates. Data are presented as

mean ± SEM. n.s., non-significant. Statistical analysis was

performed with two-tailed unpaired Student’s t test. (D)

Representative images of Stra8-Rnf20�/� offspring result-

ing from electroporation coupled with ICSI. (E) Represen-

tative genotypes of the Stra8-Rnf20�/� offspring resulting

from electroporation coupled with ICSI.
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Immunofluorescence

Testis sections were fixed with 4% PFA for 15 min and washed in PBS
three times (pH 7.4). Then, the slides were treated with 0.5% Triton
X-100 for 10 min and washed in PBS three times. After blocking with
5% BSA for 60 min, the slides were incubated overnight at 4�C with a
primary antibody in 5% BSA containing 0.3% Triton X-100. Primary
antibodies included anti-LC3 (Cell Signaling Technology, 4599); anti-
P62 (Cell Signaling Technology, 5114); anti-MRE11 (Novus, NB100-
142); anti-SYCP3 (Abcam, ab150292); anti-gH2AX (EMD Millipore,
05-636); anti-PLZF (Novus, BAF2944); anti-WT1 (Abcam, ab89901);
anti-GFP (Abmart, M20004L); and anti-PNA (Thermo Fisher,
L21409). The next day, samples were washed three times with PBS,
incubated with fluorescein isothiocyanate (FITC)- or tetramethylrhod-
amine (TRITC)-conjugated secondary antibody at a dilution of 1:200
for 1 h at 37�C.Next, the nuclei were stainedwithDAPI. Goat anti-rab-
bit FITC-, goat anti-mouse FITC-, goat anti-rabbit TRITC-, and goat
anti-mouse TRITC-conjugated secondary antibodies were purchased
fromZhong Shan Jin Qiao (China). Images were collected immediately
using a confocal microscope (LSM880Meta plus Zeiss Axiovert Zoom;
Zeiss) equipped with a 63� (numerical aperture [NA] = 1.40) oil-im-
mersion objective lens (Plan-Apochromat; Zeiss) and acquired byhigh-
ly sensitive photomultiplier tube (PMT) at room temperature (RT). Im-
ages were analyzed by using ZEN software (2011_Lite_x64) and were
aligned by Adobe Illustrator (CS4). Stages of seminiferous epithelium
cycle were determined as previously described.22

Chromosome spreads of spermatocyte

Spermatocyte surface spreading was conducted according to the dry-
ing-down technique as previously described.50 Briefly, the testes were
dissected from treated mice after euthanasia. The seminiferous tu-
bules were washed in PBS. Subsequently, seminiferous tubules were
placed in a hypotonic extraction buffer for 40 min. Then, the seminif-
462 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
erous tubules were torn to pieces in 100 mM
sucrose (pH 8.2) on a clean glass slide. The cell
suspensions were placed on slides containing
1% PFA (pH 9.2) and 0.15% Triton X-100. The
slides were dried for at least 2 h and washed three
times with PBS for immunofluorescence experiment according to the
standard protocols mentioned above.

Immunoblotting

Immunoblotting was performed as previously described.51 Briefly,
protein lysates were separated by SDS-PAGE and electro-transferred
onto a nitrocellulose membrane. The membrane was incubated with
corresponding primary antibodies. Primary antibodies included anti-
MYC (Abmart, M20002M) and anti-actin (Abmart, M20011).
The next day, the proteins on the membrane were hybridized with
Alexa Fluor 680-conjugated goat anti-mouse or Alexa Fluor
800-conjugated goat anti-rabbit secondary antibodies and scanned
using the ODYSSEY Sa Infrared Imaging System (LI-COR Biosci-
ences, Lincoln, NE, USA).

ICSI

ICSI was performed as previously described.52 Briefly, 8-week-old
C57BL/6 mice were used to prepare mature oocyte donors. Stra8-
Rnf20�/� sperm heads were collected by centrifugation in 70% Percoll
(Solarbio, 65455-52-9), followed by three washes of M2 medium
(Sigma-Aldrich, M7167-100ML). At RT, single sperm heads were
picked from the sperm suspension and injected into WT oocytes us-
ing a micromanipulator with a piezoelectric actuating pipette. The in-
jected oocytes were transferred into the oviducts of pseudo-pregnant
ICR females. Full-term pups derived from ICSI embryos were ob-
tained through natural labor.

Statistical analysis

All data are presented as the mean ± SEM. The statistical significance
of the difference between the mean values for the different genotypes
was examined using a Student’s t test with a paired two-tailed distri-
bution. Statistical analysis and figures were made with GraphPad
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Prism 9. The data were considered significant when *p < 0.05,
**p < 0.01, or ***p < 0.001.

Data availability

The authors declare that all other data supporting the findings of this
study are available within the article and its supplemental information
or from the corresponding author upon reasonable request.
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Supplemental Information 

Supplemental Figures and Figure legends 

 

Figure S1. Expression of exogenous RNF20 in testes after electroporation. 

(A) Representative images of the expression of GFP-RNF20 in testes after 

electroporation. Scale bar, 20um.  

(B-C) Western blot analysis of testis extracts after electroporation. Actin served as a 

loading control.   
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Figure S2. The efficiency of electroporation is increased by adding autophagy 

inhibitor 3-MA in 4-week-old and 8-week-old mouse testes after electroporation.  

(A) Relative protein levels of LC3 in 4-week-old and 8-week-old mouse testes. n=3 
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biological replicates. Data are presented as mean ± SEM. **p < 0.01. Statistical analysis 

was performed with two-tailed unpaired student’s t test. 

(B) Quantification of the MYC-RNF20 levels in testes after 2 days of electroporation. 

n=3 biological replicates. Data are presented as mean ± SEM. ***p < 0.001. Statistical 

analysis was performed with two-tailed unpaired student’s t test. 

(C)The efficiency of electroporation is increased by adding autophagy inhibitor 3-MA 

in 4-week-old and 8-week-old mouse testes. Scale bar, 25um. 

(D) Quantification of the GFP positive signals in (C). n=3 biological replicates. Data 

are presented as mean ± SEM. *p < 0.05. Statistical analysis was performed with two-

tailed unpaired student’s t test. 

(E) Quantification of the MYC-RNF20, LC3 and p62 levels in 8-week-old mouse testes 

after 2 days of electroporation. n=3 biological replicates. Data are presented as mean ± 

SEM. *p < 0.05, **p < 0.01 and ***p < 0.001. Statistical analysis was performed with 

two-tailed unpaired student’s t test. 

(F) Western blotting analysis of testis extracts after electroporation. Actin served as a 

loading control.  

(G) Quantification of the MYC-RNF20 levels in (F). n=3 biological replicates. Data are 

presented as mean ± SEM. **p < 0.01. Statistical analysis was performed with two-

tailed unpaired student’s t test. 
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Figure S3. Expression levels of p62 in mouse testes. 

Expression levels of p62 are increased in mouse testes treated with autophagy inhibitor 

3-MA after electroporation. Scale bar, 5um. 
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Figure S4. High concentration of 3-MA results in abnormal spermatozoa.  

(A) PNA staining of spermatozoa from the epididymis of 0.9% NaCl (NC group) or 3-

MA injected mice for 3 weeks. Scale bar, 5um. 

(B) Sperm counts in the caudal epididymidis were detected in 3mM, 6mM and 9mM 3-

MA injected mice. n=3 biological replicates. Data are presented as mean ± SEM. n.s, 

non-significant, *p < 0.05 and **p < 0.01. Statistical analysis was performed with two-

tailed unpaired student’s t test. 

(C) Quantification of abnormal spermatozoa in (B). n=3 biological replicates. Data are 

presented as mean ± SEM. n.s, non-significant, *p < 0.05 and ***p < 0.001. Statistical 

analysis was performed with two-tailed unpaired student’s t test. 
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