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SUMMARY
Spermatogonial stem cell (SSC) transplantation is a valuable tool for studying stem cell-niche interaction. However, the conventional

approach requires the removal of endogenous SSCs, causing damage to the niche. Herewe introduceWIN18,446, an ALDH1A2 inhibitor,

to enhance SSC colonization in nonablated recipients. Pre-transplantation treatment with WIN18,446 induced abnormal claudin pro-

tein expression, which comprises the blood-testis barrier and impedes SSC colonization. Consequently, WIN18,446 increased coloniza-

tion efficiency by 4.6-fold compared with untreated host. WIN18,446-treated testes remained small despite the cessation ofWIN18,446,

suggesting its irreversible effect. Offspring were born by microinsemination using donor-derived sperm.While WIN18,446 was lethal to

busulfan-treated mice, cyclophosphamide- or radiation-treated animals survived after WIN18,446 treatment. Although WIN18,446 is

not applicable to humans due to toxicity, similar ALDH1A2 inhibitorsmay be useful for SSC transplantation into nonablated testes, shed-

ding light on the role of retinoid metabolism on SSC-niche interactions and advancing SSC research in animal models and humans.
INTRODUCTION

The study of stem cell-niche interaction is a well-estab-

lished field, with numerous investigations spanning

several decades (Tikhonova et al., 2020). The niche is

known to provide factors essential for the self-renewal divi-

sion of stem cells in an undifferentiated state (Schofield,

1978). However, the lack of stem cell-specific markers and

the scarcity of stem cells present a significant challenge to

understanding the mechanism underlying niche control

of stem cells. Transplantation assays have emerged as a

valuable tool for studying this problem in the study of he-

matopoietic stem cells (HSCs). By introducingHSCs into an

animal, researchers can assess donor cell colonization.

Although studying the hematopoietic environment is chal-

lenging due to the limited accessibility of the bonemarrow,

the fundamental concept of stem cell-niche interactions

has emerged from these transplantation studies and is

now extensively utilized in the context of other self-renew-

ing tissues.

Spermatogenesis represents another self-renewing tissue

where similar functional transplantation assays can be

applied. Spermatogonial stem cells (SSCs) continuously

divide, forming foundation of spermatogenesis (de Rooij

and Russell, 2000; Meistrich and van Beek, 1993). Posi-

tioned on the basement membrane of the seminiferous tu-

bules, SSCs generate committed progenitor cells continu-

ously. Transplanting SSCs into vacant seminiferous

tubules leads to the colonization and regeneration of donor
Stem C
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SSCs (Brinster and Zimmermann, 1994). Recipient animals

are typically prepared using busulfan, a chemical agent that

eradicates SSCs in the host’s testes. After being introduced

into the adluminal cavity of the busulfan-treated mouse

testes, transplanted SSCs migrate between the blood-testis

barrier (BTB), which consists of Sertoli cells. Once they

settle on the basementmembrane, spermatogenesis reiniti-

ates, eventually culminating in sperm production. In the

most successful cases, offspring are produced through nat-

ural mating (Brinster and Avarbock, 1994).

Comparing themorphological estimates of SSC numbers

with the results from functional transplantation assay has

indicated that only a restricted number of SSCs can effec-

tively reconstitute the recipient microenvironment. It is

estimated that approximately 5%–10% of transplanted

SSCs colonize the seminiferous tubules (Nagano et al.,

1999; Ogawa et al., 2003). Despite the low efficiency of

transplantation in empty seminiferous tubules, SSC coloni-

zation can occur in nonablated mice (Morimoto et al.,

2021). However, the number of colonies originating from

donor SSCs was notably restricted, with around 20% of

the colonies compared with those in busulfan-treated

empty seminiferous tubules. Moreover, while germ cell col-

onies in busulfan-treated testes gradually develop mature

sperm, colonies in nonablated mice are generally smaller

and limited in differentiation levels, possibly due to the in-

fluence of endogenous spermatogenesis. Consequently,

while stem cell-niche interactionsmay exhibit relative flex-

ibility in the testis, they still do not offer sufficient support
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for efficient donor colonization to produce an adequate

amount of sperm for offspring production.

The decreased colonization efficiency is believed to be

partly attributed to the BTB. Normally, spermatogenic cells

move from the basal compartment of the seminiferous tu-

bules to the adluminal compartment. However, trans-

planted SSCs migrate in the opposite direction, from

the adluminal compartment to the basal compartment.

Notably, the BTB, which is composed of several tight junc-

tion proteins (TJPs), including OCLN, CLDN3, CLDN5,

and CLDN11, is critical for meiosis and protection against

autoimmunity (Wu et al., 2020). The involvement of the

BTB in spermatogonial transplantation was initially pro-

posed in experiments using immature recipients. Trans-

plantation was performed before the BTB formation that

occurs around 2 weeks after birth. These studies reported

an approximately 5-fold increase in donor cell colonization

(Shinohara et al., 2001). Furthermore, another study

directly confirmed the involvement of CLDN11 in SSC

colonization. The absence of the BTB in Cldn11 knockout

(KO) mice enhanced colonization efficiency by approxi-

mately 3.3-fold (Kanatsu-Shinohara et al., 2020). Building

upon these insights, we attempted to enhance colonization

using small interfering RNA (siRNA) (Morimoto et al.,

2021). In this experiment, siRNA was administered before

cell transplantation into the seminiferous tubules followed

by transplantation 4 days later. While this treatment did

improve colony formation, it only resulted in a few col-

onies in a single testis. Due to the necessity formultiplemi-

croinjections and the low colonization efficiency, manipu-

lating TJP manipulation with siRNA proved impractical.

An alternative strategy to manipulate the BTB is through

specialized chemicals. Given that permanent disruption of

the BTB interferes with spermatogenesis, transient BTB

suppression is a preferred approach. Several studies have re-

ported that inhibiting retinoic acid (RA) signaling disrupts

the BTB (Hasegawa and Saga, 2012; Chihara et al., 2013;

Kent et al., 2016; Jauregui et al., 2018). RA is crucial for

meiosis, and a deficiency in RA inhibits the differentiation

of undifferentiated spermatogonia into KIT+ differenti-

ating spermatogonia (Gewiss et al., 2021). RA also plays a

vital role in the BTB. Transfecting a dominant negative

RA receptor gene into Sertoli cells resulted in BTB disrup-

tion during stages VII–XII of spermatogenesis (Hasegawa

and Saga, 2012). These results raised a possibility that the

administration of RA inhibitor may transiently disrupt

the BTB. One of the useful tools was WIN18,446 (WIN),

an inhibitor of ALDH1A2, a testis-specific isoform of the

enzyme involved in RA metabolism, which transiently in-

hibited spermatogenesis (Amory et al., 2011). Importantly,

sperm counts and fertility recovered after treatment were

discontinued. The utility of WIN in spermatogonial trans-

plantation was reported in a more recent study, in which
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busulfan-treated mice sired offspring via WIN administra-

tion (Nakamura et al., 2021). The authors proposed that

WIN suppressed differentiation of donor cells and

enhanced colonization. Unfortunately, however, the possi-

bility of the BTB disruption was not examined in this study

(Nakamura et al., 2021). Moreover, WIN is toxic to

busulfan-treated mice, leading to the death of �40% of

recipient mice during the experiments (Morimoto

et al., 2023).

In the current study, we aimed to assess the potential of

WIN in enhancing donor cell colonization in nonablated,

wild-type recipients. Given that WIN exhibited limited

toxicity in untreated wild-type mice, we hypothesized

that a transient disruption of the BTB in nonablated wild-

type mice enhance colonization without significantly

compromising the health of the recipient animals. Addi-

tionally, because RA deprivation is known to reduce SSC

numbers (McLean et al., 2002), we anticipated that WIN

treatment alone could create vacant niches for donor

SSCs. This study involved administering WIN to nonab-

lated recipientmice to explore the possibility of using these

animals as recipients for spermatogonial transplantation.
RESULTS

WIN administration inhibits spermatogonial

differentiation

To assess the impact of WIN on the normal testicular envi-

ronment, we followed a previously established protocol

and subcutaneously injected 12-week-old mice with WIN

for 13 days (Nakamura et al., 2021). At this stage, the testes

that received WIN injections did not show significant

changes in testis weight (Figure S1A), although it increased

body weight (Figure S1B). However, when comparing the

ratio of testis weight to body weight, WIN-treated testes

showed a significantly smaller weight (Figure 1A). Histolog-

ical examination revealed a partial inhibition of spermato-

genesis in WIN-treated mice (Figure 1B). The perimeter

of the seminiferous tubules was significantly reduced

(Figure 1C).

To identify the types of remaining cells, we conducted

immunostaining (Figure 1D). GFRA1 is expressed in Asingle

(As), Apaired (Apr), and some Aaligned (Aali) undifferentiated

spermatogonia (Grisanti et al., 2009). CDH1 is expressed

in the entire population of undifferentiated spermatogonia

(Tokuda et al., 2007), while KIT is expressed in differenti-

ating spermatogonia (Yoshinaga et al., 1991). Quantitative

analysis of stained cells revealed a significant reduction in

the number of KIT+ differentiating spermatogonia (Fig-

ure 1D). In contrast, there was an increase in the number

of CDH1+ undifferentiated spermatogonia and a decrease

in GFRA1+ undifferentiated spermatogonia. Despite these



Figure 1. Suppression of spermatogen-
esis in wild-type mice after consecutive
administration of WIN for 13 days
(A) Testis/body weight ratio (n = 6 from
three mice).
(B) Histological appearance of testes after
WIN administration.
(C) Perimeter of the seminiferous tubules
(n = 30 from three mice).
(D) Immunostaining of wild-type testes
using antibodies against spermatogonia
markers. Quantification of spermatogonia
numbers (n = 30 from two mice).
(E) Immunostaining of meiotic (SYCP3) and
haploid (PNA) cell markers.
(F and G) Histological appearance of
epididymides after WIN administration and
the number of tubules with sperm (n = 20 for
WIN; n = 24 for control from two mice).
Bar, 50 mm (B and F), 30 mm (D and E).
Stain: hematoxylin and eosin (B and F),
Hoechst33342 (D and E). See also Figure S1
and Table S1.
changes in the spermatogonia compartment, the WIN-

treated testes still contained SYCP3+ spermatocytes and

peanut agglutinin (PNA)+ haploid cells (Figure 1E). Howev-

er, histological analysis of the epididymis showed that

the number of epididymal tubules with sperm was signifi-

cantly reduced (Figures 1F and 1G). Since GFRA1 is consid-

ered more specific to SSCs than CDH1, these findings

suggest that 13 days of WIN treatment increases the num-

ber of committed undifferentiated spermatogonia while

decreasing the SSC population.

Increased FGF2 expression and altered CXCL12

localization by WIN administration

To assess the influence of WIN on the SSC microenviron-

ment, we examined the expression of Gdnf, Fgf2, and

Cxcl12. Gdnf and Fgf2 are self-renewal factors for SSCs (Ka-

natsu-Shinohara and Shinohara, 2013), while Cxcl12 is a
chemokine involved in homing of SSCs into a germline

niche (Kanatsu-Shinohara et al., 2012). Real-time PCR anal-

ysis revealed a slight increase in Fgf2 mRNA due to WIN

treatment (Figure 2A). A more substantial increase was

observed in Cxcl12 mRNA. However, western blot analysis

showed a significant rise in FGF2 expression followingWIN

treatment (Figure 2B).

Because it was possible that the changes in cytokine

expression pattens were caused by the different composi-

tion of WIN-treated testes, we then assessed the distribu-

tion of these cytokines through immunostaining (Fig-

ure 2C). FGF2 expression patterns remained relatively

stable, with FGF2 signals appearing stronger in WIN-

treated mice. They were distributed along the basement

membrane of the seminiferous tubules. GDNF signals,

which were located along the basement membrane and

in interstitial tissues, did not exhibit apparent changes.
Stem Cell Reports j Vol. 19 j 443–455 j April 9, 2024 445



Figure 2. Elevated FGF2 expression
following WIN treatment
(A) Real-time PCR analysis of cytokines
(n = 3 from three mice).
(B) Western blot analysis of WIN-treated
testis (n = 3 from three mice).
(C) Immunostaining of WIN-treated testes.
Bar, 30 mm (C). Stain: Hoechst33342 (C). See
also Tables S1 and S2.
However, CXCL12 signals appeared most pronounced in

the adluminal compartment in WIN-treated mice. While

we also observed stronger signals in the adluminal com-

partments in control mice, these signals were found in

both the basal and adluminal compartments in WIN-

treated mice. Although these changes might have occurred

as a result of the changes in the ratio of the cell types in

WIN-treated testes, they raised a possibility that WIN

might influence self-renewal and homing to their niches.

Functional analysis of WIN on SSCs

Given thatWIN causes irreversible damage to spermatogen-

esis and vitamin A deprivation reduces SSC numbers

(McLean et al., 2002; Paik et al., 2014), the decrease in

GFRA1+ spermatogonia numbers suggested thatWINmight

induce apoptosis in SSCs (Figure 3A). To test this possibility,

we conducted terminal deoxynucleotidyl transferase dUTP

nick end labeling (TUNEL) staining (Figure 3B). The

TUNEL staining showed an increase in apoptosis in WIN-

treated animals. However, immunostaining with a GFRA1

antibody showed that these cells did not express GFRA1.

Although these findings suggested thatWIN does not in-

duces apoptosis in SSCs, conflicting reports regarding

GFRA1 expression in SSCs exist (Ebata et al., 2005; Buageaw

et al., 2005). In addition, apoptosis of GFRA1+ cells might
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have escaped detection analysis because analysis was per-

formed only at one time point. Therefore, we utilized sper-

matogonial transplantation, a reliable functional assay

for SSCs (Brinster and Zimmermann, 1994). Testis cells

were collected from 8-week-old C57BL6/Tg14(act-EGFP-

OsbY01) (designated green) mice that ubiquitously express

Egfp transgene. These mice received a 13-day WIN treat-

ment. Unlike the initial experiments (Figure 1A), the size

of the testes treated with WIN was notably smaller (Fig-

ure 3C). The more dramatic effects found in green mice

may reflect the fact that they received the same dose of

WIN (2mg per mouse) at a younger age (8 weeks). As antic-

ipated due to the reduced testis size, the number of recov-

ered testis cells significantly decreased withWIN treatment

(Figure 3D). These cells were microinjected into the semi-

niferous tubules of busulfan-treated testes.

Analysis of the testis revealed a significant increase in the

number of colonies resulting from the transplantation of

WIN-treated mice (Figure 3E and 3F), indicating that WIN

treatment increases the concentration of SSCs in the donor

testis cells (Figure 3F). However, when the total SSC num-

ber was calculated by multiplying total cell recovery by

the SSC concentration (i.e., colony number), WIN-treated

animals and control animals showed comparable numbers

of SSCs (800.1 vs. 921.3 per testis) (Figure 3G), which was



Figure 3. Functional analysis of SSCs in
WIN-treated testes
(A) Histological appearance of donor testis
used for transplantation.
(B) TUNEL staining of WIN-treated testes.
(C) Testis weight (n = 4 from three mice).
(D) Total cell recovery (n = 3 from three
mice).
(E) Macroscopic appearance of recipient
testis transplanted with WIN-treated donor
cells.
(F) Colony count (n = 17 for WIN from nine
mice; n = 18 for control from nine mice).
Results from six experiments.
(G) Total SSC number (n = 17 for WIN from
nine mice; n = 18 for control from nine
mice). Results from six experiments.
(H) Immunostaining of recipient testes
showing cells expressing SYCP3 (red) and
PNA (red). Bar, 200 mm (A), 30 mm (B and
H), 1 mm (E). Stain: hematoxylin and eosin
(A), Hoechst33342 (B and H). See also
Table S1.
within the range of previously reported results (Oatley

et al., 2011; Kanatsu-Shinohara et al., 2016; Boyer et al.,

2021). Immunostaining displayed normal spermatogenesis

with SYCP3+ spermatocytes and PNA+ haploid cells (Fig-

ure 3H). Assuming that a loss of specific germ cell types

did not occur during the cell isolation and transplantation,

these results indicate that WIN does not influence SSC

numbers and maintains normal differentiation potential

after spermatogonial transplantation. Therefore, WIN

likely does not induce irreversible damages to germ cells.

Analysis of TJP expression in WIN-treated mice

We then examined the feasibility of usingWIN-treatedmice

as recipients. We analyzed the effects of WIN on TJPs

because TJPs comprise the BTB and influence SSC coloniza-

tion (Kanatsu-Shinohara et al., 2020). In addition, previous

studies suggested that disturbance in RA signaling impairs

the BTB (Hasegawa and Saga, 2012), which was confirmed

in our previous study (Morimoto et al., 2023). Therefore,

WIN may also influence SSC homing in untreated testes.

On the other hand, it was also possible that full spermato-

genesis in wild-type mice may not allow such colonization.
We first analyzed the expression by real-time PCR (Fig-

ure 4A). Although we did not find significant changes in

Cldn3, Cldn5, and Cldn11 expression, Ocln expression was

significantly downregulated by WIN treatment. To confirm

these mRNA results, we next carried out western blot anal-

ysis. Surprisingly, the expression of CLDN11 and OCLN

increased significantly in WIN-treated testes (Figure 4B).

We proceeded with immunostaining of WIN-treated

testes (Figure 4C). Consistent with previous reports, not

only Sertoli cells but also germ cells expressed several types

of claudin proteins (Morrow et al., 2009; Takashima et al.,

2011). There was a significant downregulation of CLDN5

around the BTB. Conversely, we noted significant increases

in CLDN11 and OCLN expression. Overall, the location of

their signals did not seem to change significantly, but the

staining intensity was stronger around the basal compart-

ment where the BTB is formed between Sertoli cells. These

results suggest that WIN disrupts the function of the BTB.

To directly assess this possibility, we evaluated the perme-

ability of the BTB by injecting biotin into the interstitial tis-

sue (Figure 4D). In contrast to the control mice, numerous

seminiferous tubules inWIN-treatedmice contained biotin.
Stem Cell Reports j Vol. 19 j 443–455 j April 9, 2024 447



Figure 4. Impaired BTB following WIN
treatment
(A and B) Real-time PCR (A; n = 4 mice for
WIN; n = 3 mice for control) and western
blot (B; n = 3 mice) analyses of TJPs.
(C) Immunostaining of WIN-treated testes.
(D) Functional assessment of the BTB (n =
423 for WIN; n = 375 for control from three
mice). WIN-treated testes underwent inter-
stitial injection of biotin. Thirty minutes
after microinjection, the testes were fixed
and sectioned. Biotin was detected by APC-
conjugated streptavidin (cyan). Bar, 30 mm
(C), 200 mm (D). Stain: Hoechst33342
(C and D). See also Tables S1 and S2.
These findings imply that WINmay enhance SSC coloniza-

tion by modulating the BTB function in wild-type testes.

Functional analysis of SSCs in WIN-treated testes by

serial transplantation

To test this possibility, we collected testes from green mice

and transplanted the cells 3 days after starting WIN treat-

ment. The recipient mice received additional WIN for

10 days. Two months after transplantation, the number of

colonies were counted (Figure 5A). The morphology of the

colony in both WIN-treated and control testes was signifi-

cantly different from those in busulfan-treated testes. The

former consisted of a heterogeneous distribution of EGFP+

cells with diverse morphology. In contrast, EGFP+ cells

distributed relatively homogeneously in the busulfan-

treated secondary recipient testes (Figure 5B). In addition,

we also observed a lasting impact of WIN on testis weight,

suggesting an irreversible effect on the testis. Even though

the recipientmicewere assessed3months after transplanta-
448 Stem Cell Reports j Vol. 19 j 443–455 j April 9, 2024
tion (i.e., approximately 10weeks afterWIN treatment), the

testes that had been exposed toWINwere still smaller than

the control testes (Figure 5C), despite undergoing two cy-

cles of spermatogenesis (35 days). Quantification of col-

onies revealed a significant increase in colony number after

WIN treatment (Figure 5D). These results showed thatWIN

treatment of wild-type recipient mice enhances coloniza-

tion but induces an irreversible effect on the testis.

To determine the degree of self-renewal division in trans-

planted SSCs, we performed serial transplantation. We

dissociated the recipient testis cells (primary recipients)

into single cells. These cells were then transplanted into

busulfan-treated secondary recipient mice, which were not

treated with WIN. When these mice were killed 2 months

after transplantation, the number of colonies was deter-

mined, and the degree of self-renewal division was assessed.

Since each colony is derived from single SSC and approxi-

mately 10% of transplanted SSCs colonize busulfan-treated

testes (Nagano et al., 1999; Kanatsu-Shinohara et al., 2006),



Figure 5. Serial transplantation of SSCs
in WIN-treated testes
(A) Macroscopic appearance of recipient
testes. Note the difference in colony
morphology between primary recipients
(nonablated) and secondary recipients
(busulfan-treated).
(B) Appearance of colonies in wild-type
or busulfan-treated mice. Colonies in
busulfan-treated testes are homogeneous
and exhibit symmetrical cell distribution,
while those in nonablated testes display
heterogeneous cell distribution patterns
with variable degrees of vertical differenti-
ation.
(C) Testis weight of the primary recipient
mice (n = 4 for WIN; n = 5 for control from
four mice).
(D) Colony count in the primary recipients
(n = 23 for WIN from 12 mice; n = 29 for
control from 15 mice). Results from seven
experiments.
(E) Total increase in colony numbers (total
regenerated colony number 3 10)/(primary
colony number used for serial trans-
plantation) (n = 18 for WIN; n = 9 for con-
trol). Results from 18 to nine experiments,
respectively, for WIN and control mice.
(F) Immunostaining of the secondary re-
cipients showing cells expressing SYCP3
(red) and PNA (red). Bar, 1 mm (A),
125 mm (B), 30 mm (F). Stain: Hoechst33342
(E). See also Table S1.
the ratio of secondary colonies per primary colonies was

4.7 ± 1.8 and 4.6 ± 2.3 for WIN-treated and control testis

cells, respectively (Figure 5E). The difference was not statis-

tically different. Recipient testes showed normal spermato-

genesis with SYCP3+ spermatocytes and PNA+ haploid cells

(Figure 5F). These results demonstrate that WIN treatment

does not affect the self-renewal division in the primary

recipients.

Birth of normal offspring by microinsemination

To determine whether sperm generated in WIN-treated

mice are fertile, we conductedmicroinsemination 4months
after transplantation (Figure 6A). Although some colonies

remained small and undifferentiated, others appeared rela-

tively long and contained multiple layers of germ cells, sug-

gesting the presence of haploid cells.We selected these elon-

gated colonies with differentiating germ cells. We collected

spermand elongated spermatozoa from the cell suspensions

and microinjected these cells into the oocytes to produce

offspring.

A total of 123 embryos were created using sperm gener-

ated from three recipient testes (Figure 6B). Out of these,

55 embryos developed to the 2-cell stage after 24 h of

culture. Thirty-nine embryos were transferred into the
Stem Cell Reports j Vol. 19 j 443–455 j April 9, 2024 449



Figure 6. Restoration of fertility in non-
ablated recipients through microinsemi-
nation
(A) Macroscopic appearance of the WIN-
treated recipient mouse testes used for mi-
croinsemination.
(B) In vitro development of reconstituted
embryos.
(C) Appearance of offspring at the time of
birth. Bar, 1 mm (A).
oviducts of pseudopregnant mothers. After cesarean deliv-

ery, 21 embryos implanted into the uteri, resulting in the

birth of six offspring. Although one of the offspring was

found dead at the time of the cesarean delivery, three

out of the five live offspring displayed EGFP fluorescence

when exposed to UV light (Figure 6C). These results

demonstrate that sperm generated in WIN-treated mice

exhibit normal functionality.

Effect of WIN administration after chemical and

radiation treatment

WIN may be beneficial for the treatment of infertility in

cancer patients who have lost sperm due to cancer treat-

ments. However, our previous analysis showed that WIN

kills �45% of busulfan-treated mice, limiting its applica-

bility. Therefore, we assessed the impact of other cytotoxic

treatments on the health of WIN-treated mice. We

selected cyclophosphamide and radiation, both of which

affect spermatogenesis and are widely used in cancer

treatment.

Thirty-five days after administration of each chemical,

we treated the animals with WIN for 13 days. This corre-

sponds to one cycle of spermatogenesis (35 days), and we

examined the effect of WIN after the depletion of germ cells

during regeneration. A total of 10 and nine mice were used

to evaluate the toxicity of cyclophosphamide and irradia-

tion, respectively. We administered cyclophosphamide at
450 Stem Cell Reports j Vol. 19 j 443–455 j April 9, 2024
200 mg/kg. This dose of cyclophosphamide eliminates

differentiating spermatogonia and the early preleptotene

stage but retains SSCs (Drumond et al., 2011). In contrast

to busulfan treatment, none of the cyclophosphamide-

treated mice died upon WIN administration (Figure 7A).

On the other hand, irradiation of mice with 6 Gy induces

a partial loss of endogenous SSCs and allows donor cell

colonization (Ishii et al., 2014). Although one mouse died,

the rest of the mice survived despite continuous WIN treat-

ment (Figure 7A).

Thirteen days after WIN treatment, testes of WIN-

treated mice were significantly smaller in both groups

(Figure 7B). Histological analysis of the testes showed

numerous tubules with germ cells in cyclophosphamide-

treated mice regardless of WIN treatment (Figure 7C).

Although spermatogenesis was somewhat disorganized,

all the tubules contained germ cells. However, radiation

treatment had a more significant impact. In control

mice, although some tubules were totally empty, the re-

maining tubules exhibited normal spermatogenesis. In

contrast, WIN-treated testes contained germ cells with

variable degrees of differentiation. Although spermatozoa

were found in the epididymis of cyclophosphamide-

treated mice, no spermatozoa were found after irradiation.

Thus, unlike busulfan, cyclophosphamide or irradiation

does not appear to exert severe toxicity when combined

with WIN treatment.



Figure 7. Mortality of WIN-treated mice
after irradiation or chemical treatment
(A) Survival of cyclophosphamide-treated
(left; n = 10) or irradiated (right; n = 9)
mice. Thirty-five days after treatment with
cyclophosphamide or irradiation, mice were
administered WIN for 13 days.
(B) Testis weight after cyclophosphamide
(n = 20) or irradiation (n = 16 for WIN; n = 18
for control) treatment.
(C) Histological appearance of testes
treated with cyclophosphamide (left) or
radiation (right) after WIN administration.
(D) The number of tubules with spermato-
genesis after cyclophosphamide (n = 1,219
for WIN; n = 1,845 for control) or irradiation
treatment (n = 950 for WIN; n = 1,359 for
control from two mice). Bar, 100 mm (C).
Stain: hematoxylin and eosin (C).
DISCUSSION

The BTB posed a significant obstacle for SSCs when they

were microinjected into the adluminal compartment (Shi-

nohara et al., 2001; Kanatsu-Shinohara et al., 2020). Previ-

ously, WIN was shown to be effective in increasing donor

cell colonization in busulfan-treated mice by suppressing

differentiation during spermatogonial transplantation

(Nakamura et al., 2021); however, it remained unclear

whether WIN could enhance colonization in wild-type

testes, where a significant number of endogenous SSCs

already occupy their niches. If these endogenous cells

were similarly suppressed in their differentiation, donor

cells would not be able to find empty niches. Of greater

concern was the fact that WIN had been associated with

a mortality rate of �45% among injected animals after

busulfan treatment (Morimoto et al., 2023). This study

was initiated to assess the feasibility of using WIN to

enhance SSC colonization in wild-type mice without

inducing chemical castration.

RA is essential for spermatogonia differentiation and

meiosis (Gewiss et al., 2021). However, a previous study

showed that RA depletion decreases the number of SSCs

(McLean et al., 2002). Therefore, we hypothesized that

WIN treatment might create empty niches in wild-type

seminiferous tubules filled with mature germ cells. Howev-

er, another study using immature mice showed that

WIN expands the number of SSCs (Agrimson et al.,

2017). In these experiments, WIN increased the number
of ID4bright cells, which are enriched for SSCs. In contrast,

WIN decreased the number of ID4dim cells, which are prob-

ably progenitor cells. Therefore, the impact of WIN on

immature and mature testes may not be the same depend-

ing on the age of the animals. Because WIN treatment

reduced the number of GFRA1+ undifferentiated spermato-

gonia in adult testes, we initially thought that WIN might

destroy endogenous SSCs. However, our transplantation

experiments did not show significant changes in SSC num-

ber when we treated green mice with WIN and analyzed

the number of SSCs. These results suggested that 13 days

of WIN treatment is insufficient for creating empty niches

for donor SSCs.

Our findings in this study confirm our previous observa-

tions on the disparity between mRNA and protein levels

(Morimoto et al., 2021, 2023). For instance, we noted

that busulfan treatment upregulated Gdnf mRNA while

leaving Fgf2 mRNA unchanged (Morimoto et al., 2021);

however, western blot analysis showed downregulation of

GDNF and FGF2. In the current study, we showed that

WIN upregulated Fgf2 mRNA and FGF2 protein in un-

treatedwild-type testes, which is consistent with the antag-

onism between RA and FGF inmany tissues (del Corral and

Storey, 2004). No changes were found for Gdnf mRNA and

GDNF protein. Therefore, GDNF and FGF2 are regulated by

germ cells and RA metabolism in distinct ways. Our cyto-

kine expression analysis suggests complex regulation of

self-renewal factor regulation. Unlike busulfan-treated

testes, WIN does not completely eliminate endogenous
Stem Cell Reports j Vol. 19 j 443–455 j April 9, 2024 451



germ cells. As GDNF did not change significantly in WIN-

treatedmice andmost of the differentiating spermatogonia

stage are removed after WIN treatment, we speculate that

undifferentiated spermatogonia stimulates GDNF expres-

sion. This possibility needs to be investigated in future

experiments.

We also studied the impact ofWIN on the BTB. This anal-

ysis revealed distinct expression levels of claudin mRNA

and protein, whichmay be due to posttranscriptional regu-

lation or rapid turnover (Holczbauer et al., 2013). Notably,

the expression patterns of several TJPs, which comprise the

BTB, changed dramatically due to WIN treatment. Howev-

er, the pattern of the change was not exactly the same as

the busulfan-treated mice. In busulfan-treated mice, WIN

disrupted the BTB by changing the expression patterns of

CLDN3, CLND5, CLDN11, and OCLN (Morimoto et al.,

2023). While normal Sertoli cells expressed these proteins,

a significant proportion of Sertoli cells changed expression

of TJPs after WIN treatment. However, not all Sertoli cells

were influenced by WIN. It is possible that WIN adminis-

tration for longer periods of time might have eliminated

claudin expression completely. Alternatively, because RA

signaling is periodically activated at stages VII–XII, it is

possible that WIN may not influence all TJP signals. The

striking difference in the staining patterns of TJPs sug-

gested that germ cells have a significant impact on TJP

expression. Despite the difference in TJP expression pat-

terns, the permeability of the BTB was compromised

regardless of germ cells. Although the increased perme-

ability of the BTB appears counterintuitive, some of the

claudin proteins, such as CLDN2, are known as pore-form-

ing claudins (Günzel and Alan, 2013). Moreover, inter-

claudin interactions in both cis (in the same cell) and trans

(in adjacent cells) are required for proper claudin polymer-

ization. For example, CLDN4 overexpression disrupts

higher order CLDN2 structures, reduces CLDN2 anchoring

at the tight junction (Shashikanth et al., 2022). Therefore,

increased expression of specific claudins might have

contributed to increase the permeability of the BTB. These

results suggested that not only the RA metabolism but

also germ cells have a significant role in the regulation of

the BTB.

Transplantation into WIN-treated testes clearly demon-

strated an enhancement of donor cell colonization. We

observed more than a 4-fold increase in colony numbers

compared with control DMSO-treated hosts (8.7 vs. 1.9

per 106 cells). The level of colonization was comparable

to that found in Cldn11 KO mouse recipients without

busulfan treatment (9.1 per 106 cells) (Kanatsu-Shinohara

et al., 2020). Considering that WIN can only transiently

disrupt the BTB, the extent of enhancement is remarkable.

In a typical spermatogonial transplantation experiment,

approximately 106 cells can be microinjected into the
452 Stem Cell Reports j Vol. 19 j 443–455 j April 9, 2024
busulfan-treated testis, resulting in the production of �20

colonies (Nagano et al., 1999). This represents the

maximum level of colonization without donor cell enrich-

ment. Therefore, our results suggested that around 40% to

50% of SSCs can colonize the seminiferous tubules without

the aid of busulfan. While enhanced donor stem cell colo-

nization can be achieved in an untreated hematopoietic

system, it is generally necessary to repeat transplantation

to enhance donor HSC colonization (Bretcher et al.,

1982). In this sense, our result suggests more flexible inter-

action between stem cells and niches in the testis. It will be

interesting to examine whether the efficiency can be

improved by transplantation of cultured SSCs, which can

be derived from a small testis piece (Kanatsu-Shinohara

et al., 2003).

Our serial transplantation experiments showed no

impact on self-renewal due to WIN treatment. Although

we observed an increased number of colonies in the pri-

mary recipients, the ratio of secondary colonies to primary

colonies did not change significantly. This suggests that the

number of SSCs did not significantly increase in the pri-

mary recipients. This result aligns with the transplantation

ofWIN-treated donor cells, where the total number of SSCs

per testis did not change significantly despite the signifi-

cant reduction in total cell recovery by WIN treatment. It

is not surprising that a large number of endogenous SSCs

did not provide sufficient empty niches and limited their

expansion. Considering that RA deficiency decreases SSC

number (McLean et al., 2002), it is possible that longer

WIN treatment before SSC transplantation may lead to

more efficient colonization and self-renewal division.

Although the efficiency of colonization in WIN-treated

mice is still relatively low, it was sufficient to apply the mi-

croinsemination technique (Ogura et al., 2005). However,

in the case of nonablated recipients, microinsemination

is technically demanding because not all germ cell colonies

were fully differentiated. In untreatedwild-type testes, only

a few colonies are typically found, making it challenging to

find fully matured colonies (Morimoto et al., 2021). How-

ever, the increased colonization facilitated byWIN allowed

us to collect a sufficient number of sperm, resulting in the

successful production of offspring from unablated hosts.

Although the birth of offspring demonstrated the fertility

of donor-derived sperm, it should be noted that they may

not be completely normal because microinsemination

can cause transgenerational abnormalities in mice (Ka-

natsu-Shinohara et al., 2023).

While our results suggest the potential utility of WIN in

spermatogonial transplantation into nonablated wild-

type testes, the toxicity of WIN makes it impossible to use

this chemical for clinical applications. Because the mecha-

nism for this toxicity remains unclear, pathological anal-

ysis of the dead mice is important for understanding the



mechanism of toxicity. However, it is still possible that a

similar chemical might also exhibit the same type of

toxicity. We were curious to know whether the toxicity of

WIN is specific to busulfan. Our preliminary experiments

with cyclophosphamide or radiation-treated mice did not

result in mortality. Therefore, the toxicity of WIN may be

influenced by the type and dose of the drugs. In addition,

the route of administration may also be critical. For

example, oral administration suppressed weight gain,

while we observed increased body weight after subcutane-

ous injection (Haenisch et al., 2021). Because WIN is not

toxic to untreated animals, busulfan probably affects the

expression of other enzymes that are involved in oxidative

stress (DeLeve andWang, 2000; Myers et al., 2017); howev-

er, another concern for WIN is the irreversible effect on

testis size. Although complete spermatogenesis was found,

the testis size remained small despite cessation of WIN

treatment, which is consistent with findings from a previ-

ous study (Paik et al., 2014). This report showed irreversible

binding of WIN to ALDH1A2. Although we currently do

not know whether such testes become normal after a

longer period, we feel that the damage may be permanent

because even vitamin A deprivation can cause irreversible

damage after long-term treatment (Chihara et al., 2013).

Because donor cells could differentiate normally in the sec-

ondary recipients, the WIN-induced damages must have

occurred in somatic cells. Given that WIN can act on

ALDH1A1 and ALDH1A3 (Paik et al., 2014; Arnold et al.,

2015), the development ofmore specific RAmetabolism in-

hibitors without irreversible effects is required for clinical

application.

Spermatogonial transplantation holds promise for

restoring fertility in boys who undergo cancer treatment

(Kubota and Brinster, 2018). Since these patients typically

lack SSCs and sperm, there will be no need for suppressing

RA to empty SSC niches. However, because of the transient

disruption of the BTB, suppression of the RA signaling

may still enhance SSC colonization. Offspring production

from nonablated recipients represents a significant

advancement in SSC research, as it eliminates the need

for depleting endogenous germ cells. The removal of

germ cells often harms the recipient environment, as

demonstrated in rats, where.the elimination of endoge-

nous germ cells led to extensive edema (Ogawa et al.,

1999). If this WIN-based spermatogonial transplantation

proves effective in other animal species, it could enhance

the efficiency of donor cell colonization and contribute

to the refinement of spermatogonial transplantation tech-

niques. Although WIN is toxic to use for clinical applica-

tion, our findings may spark investigations into the poten-

tial use of similar RA inhibitors in SSC research, which may

hopefully contribute to development of new reproductive

technologies in experimental animals and humans.
EXPERIMENTAL PROCEDURES
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Further information and requests for resources and reagents

should be directed to andwill be fulfilled by the lead contact, Taka-

shi Shinohara (tshinoha@virus.kyoto-u.ac.jp).

Materials availability

This study did not generate new unique reagents.

Data and code availability

This study did not generate new Datasets.

Animals and transplantation procedure
ForWIN treatment, 8- to 12-week-old greenmice or wild-type on a

C57BL/6 (B6) background (Japan SLC, Shizuoka, Japan) received

subcutaneous injections of WIN (2 mg/animal) for 13 days

(2 mg; Cayman Chemical, Ann Arbor, MI), as described previously

(Nakamura et al., 2021). Controls receivedDMSO solution. In addi-

tion to the aforementionedmice, B6mice were used after exposure

to irradiation (6 Gy), busulfan (44 mg/kg), or cyclophosphamide

treatment (200 mg/kg; Wako, Kyoto, Japan). For transplantation

into busulfan-treated testes, the mice were used at least 4 weeks af-

ter busulfan injection. For quantification of SSCs after WIN treat-

ment, donor cells were prepared from green mice using a two-

step enzymatic procedure with collagenase type IV and trypsin

(Sigma, St. Louis, MO). In brief, seminiferous tubules were gently

dissected and incubated in collagenase type IV solution for

15 min at 37�C. After rinsing the tubules twice, tubules were disso-

ciated into single cells by incubating in trypsin (0.2%) and DNase

(1.4 mg/mL) for 10 min at 37�C. Donor cells were microinjected

into the seminiferous tubules of busulfan-treated mice via the

efferent duct (Ogawa et al., 1997). Approximately 106 testis cells

were injected into each testis. For serial transplantation, recipient

testes were collected 2 months after the initial transplantation. Af-

ter counting the colonies, the testes were dissociated into single

cells using collagenase type IV and trypsin. Cells collected from a

primary recipient testis were transplanted into three secondary

recipient testes. Each injection filled approximately 75%–85% of

the seminiferous tubules. The Institutional Animal Care and Use

Committee of Kyoto University approved all animal experimenta-

tion protocols.

Statistical analyses
Significant differences betweenmeans for single comparisonswere

determined by Student’s t test. Multiple comparisons were carried

out using ANOVA followed by Tukey’s honestly significant differ-

ence test.
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