ADVANCED
RESEARCH ARTICLE SCIENCE

www.advancedscience.com

Identification of a Crosstalk among TGR5, GLIS2, and TP53
Signaling Pathways in the Control of Undifferentiated Germ
Cell Homeostasis and Chemoresistance

Laura Thirouard, Héléne Holota, Mélusine Monrose, Manon Garcia, Angélique de Haze,
Christelle Damon-Soubeyrand, Yoan Renaud, Jean-Paul Saru, Alessia Perino,

Kristina Schoonjans, Claude Beaudoin, and David H. Volle*

Spermatogonial stem cells regenerate and maintain spermatogenesis
throughout life, making testis a good model for studying stem cell biology. The
effects of chemotherapy on fertility have been well-documented previously.
This study investigates how busulfan, an alkylating agent that is often used for
chemotherapeutic purposes, affects male fertility. Specifically, the role of the
TGRS pathway is investigated on spermatogonia homeostasis using in vivo,
in vitro, and pharmacological methods. In vivo studies are performed using
wild-type and Tgr5-deficient mouse models. The results clearly show that Tgr5
deficiency can facilitate restoration of the spermatogonia homeostasis and
allow faster resurgence of germ cell lineage after exposure to busulfan. TGR5
modulates the expression of key genes of undifferentiated spermatogonia
such as Gfral and Fgfr2. At the molecular level, the present data highlight
molecular mechanisms underlying the interactions among the TGR5, GLIS2,
and TP53 pathways in spermatogonia associated with germ cell apoptosis
following busulfan exposure. This study makes a significant contribution to
the literature because it shows that TGRS plays key role on undifferentiated
germ cell homeostasis and that modulating the TGR5 signaling pathway
could be used as a potential therapeutic tool for fertility disorders.

1. Introduction

The process of spermatogenesis is re-
sponsible for the generation of male
gametes and thus, is critical for male
fertility. The duration of each stage of
spermatogenesis is well defined and in
mouse, spermatogonia progress to sper-
matocytes in approximately 1-2 weeks,
which then give rise to spermatids in
approximately 2 weeks. Spermatogenesis
relies on a balance between the self-
renewal and differentiation of germ cells
to enable sperm production.'?] During
adult mammalian life, the spermatogonial
stem cell (SSC) pool is essential to main-
tain spermatogenesis.!! However, much
remains to be defined regarding the regu-
lation of SSC homeostasis. A property of
SSCs is their ability to regenerate following
injuries, allowing the recovery of fertility
over time. Interestingly, in addition to SSC,
the progenitor population of spermatogo-
nia had been observed to participate in
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recovery following injury.**! Neurogenin-3 (Ngn3)-positive pro-
genitors helped replenish the pool of GFRal-positive spermato-
gonial cells during regeneration.®!

Among all the studied models, rodents that have been acutely
exposed to busulfan (Bu) is a classic model for studying sper-
matogenesis, as the germ cell lineage is very sensitive to
chemotherapies such as alkylating agents due to their high prolif-
eration rate.”] Thus, animal models exposed to chemodrugs are
important in studying the factors involved in the regenerative ca-
pacities of undifferentiated germ cells.

Bu is a chemotherapy molecule commonly used to condition
a progenitor cell transplant for the treatment of chronic myeloid
leukemia. Treatment could be associated with secondary side ef-
fects. Bu treatment results in prolonged azoospermia, which im-
pacts the germ cell lineage.!] In mice, a single dose of Bu al-
ters spermatogenesis.’! The effect of Bu is transient and dose-
dependent; fertility could be restored, but the duration of recov-
ery depends on the dose taken.!”"1 Therefore, this transient germ
cell loss is useful to decipher the mechanisms involved in germ
cell homeostasis associated with survival, proliferation, and/or
cell differentiation processes. This is important because the dele-
terious impacts of chemotherapies (mainly alkylating agents) on
post-treatment quality of life, especially on fertility, is a major
problem for cancer survivors. Thus, understanding the mecha-
nisms involved in germ cell chemosensitivity is key to limit the
long-term deleterious consequences of anticancer treatments.

Bu acts preferentially by adding an alkyl group between two
guanines of the DNA or between a guanine and an adenine.
This leads to the formation of intra-strand DNA bridges, result-
ing in single strand breaks that block DNA replication and tran-
scription. In the longer time frame, inhibition of cell prolifera-
tion and differentiation was observed.’’ DNA damages caused
by Bu resulted in increased TP53 expression and activation via
posttranslational modifications, such as phosphorylation, which
are associated with cell apoptosis.!'!l This leads to increased per-
meability of the mitochondrial membrane, leading to the release
of cytochrome C and induction of apoptosis. Furthermore, Bu-
treated testes exhibited an increase in lipid peroxidation after 1-
2 weeks,[1213] suggesting an increase in reactive oxygen species
(ROS) production, leading to apoptosis following Bu exposure.['*]

Over the last decades, bile acids have been demonstrated to
act as signaling molecules that regulate many physiological func-
tions, including male fertility.!'>¢] Bile acids act through the nu-
clear receptor FXRa (NR1H4) and the G-protein-coupled bile
acid receptor (GPBAR-1; TGRS5).!*] It was initially described that
TGRS binds to the ligand, resulting in the internalization of the
receptor into the cytoplasm, leading to an increase in intracel-
lular cyclic AMP (cAMP) concentrations and activation of the
protein kinase A signaling pathway.['”!8] Using TGR5 knockout
mice (Tgr577), it was found that several metabolic pathways were
under the influence of TGRS activity, even if the Tgr57~ mice
did not show major apparent deleterious phenotypes in normal
conditions.['*2% TGRS receptor appears to control bile home-
ostasis, energy expenditure, glucose metabolism, immunity and
inflammation.[72!]

Within the testis, some roles of bile acids have been associated
with the signaling pathways of FXRa.["®! It controls the testicular
endocrine function,[**?*! establishment of spermatogonial stem
cells during neonatal life,[2*?] and adult germ cell survival.l2¢]
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Parallelly, signaling pathways of bile acids through TGRS have
been defined in adult mouse testis.[”?] The absence of TGRS
protects against the deleterious effects of diet-supplemented bile
acids on the testis and ultimately, on fertility.[?’”! A diet enriched
in bile acids leads to a decrease in fertility associated with testic-
ular defects, without impacting testosterone levels. Initially, bile
acids alter the expression of cell-cell interaction genes such as
Connexin-43 and N-Cadherin via TGRS. This leads to germ cells
detaching from the seminiferous epithelium and the disruption
of the blood-testicular barrier.[?”]

Bile acids have also been shown to have a deleterious impact
on sperm quality.?®] The offspring of male mice, when exposed
to a bile acid-supplemented diet, exhibited significant perinatal
lethality associated with a defect in bile acid homeostasis, re-
duced postnatal growth, and impaired carbohydrate metabolism
in adulthood.[?#?°1 These phenotypes are maintained for up to
two generations of individuals and appear to be associated with
lower levels of DNA methylation in the sperm of individuals that
have been exposed to bile acids, compared to control animals. All
these alterations are not found in Tgr5 knockout individuals.

Together, these findings suggest major roles for TGRS in tes-
ticular physiology and pathophysiology. TGR5 was demonstrated
to be expressed in the testicular germ cell lineage in mouse
and human.['720%7] Consistently, analyses of published single-cell
data have shown that TGRS expression was observed in mouse
and human spermatogonia; additionally, pseudotime analyses
have determined that TGRS belongs to a group of genes cor-
responding to undifferentiated germ cells (supplemental data
in3%31)). TGRS was also found in a group of early genes along the
spermatogonial trajectory, representing a pattern consistent with
the SSC specification (supplemental data in®!). These data sug-
gest that within the spermatogonia, TGR5 may be involved in the
transition phase from one stage to another, controlling the pro-
liferation and/or differentiation processes. However, the roles of
TGRS in spermatogonia homeostasis have not been studied yet.

This study aimed to decipher the role of TGR5 on the germ
cell response to chemotherapy using Bu and subsequent regen-
eration of the cells. A combination of in vivo, in vitro, and phar-
macological approaches was used to define the roles of the TGRS
signaling pathway on spermatogonia homeostasis.

2. Results

2.1. Absence of TGR5 Lowers the Impacts of Bu on Male Fertility

To decipher the role of TGR5 on the responsiveness of germ
cells to chemotherapies, and on their subsequent regenerative
capacities, 12-week-old wild type (Wt) males and Tgr5-deficient
(Tgr577) male mice were administered a single injection of Bu
(15 mg/kg).l”! Exposure to Bu had almost no adverse impact on
body weight in Wt and Tgr57~ male mice (Figure S1A, Support-
ing Information). The impact of Bu on male fertility was analyzed
between 6 and 20 weeks after treatment. No statistical difference
between groups was found in the percentage of plugged females
(Figure S1B, Supporting Information) and 6 to 8 weeks after ex-
posure, all Wt and Tgr57/~ males exposed to Bu were sterile (0
out of 10 males in both genotypes) (Figure 1A). Interestingly, 12
weeks after Bu exposure, only 18% (2 out of 11) of Wt males re-
covered fertility, while 55% (6 of 11) of Tgr57/~ males produced
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Figure 1. A) Percentage of fertile Wt or Tgr5/~ males 6-8, 1012, or 18-20 weeks after busulfan or vehicle treatments. n = 10 to 15 males from 3 to 5
independent experiments. Data are expressed as the means = SEM. ANOVA2 followed by Holm-Sidak’s test for multiple comparisons. *** p < 0.001
versus respective vehicle group for each genotype. #, p < 0.05 between genotypes exposed to same treatments. The horizontal square brackets underline
the groups statistically compared between two conditions of different genotypes. Veh: vehicle and Bu: Busulfan. B) Number of pups per litter obtained
from fertile Wt or Tgr57/~ males 10-12 or 18-20 weeks after busulfan or vehicle treatments. n = 12-15 litters from 3 to 5 independent experiments. Data
are expressed as the means + SEM. ANOVA2 followed by Holm-Sidak’s test for multiple comparisons. *, p < 0.05 versus respective vehicle group for
each genotype. ## p < 0.01 between genotypes exposed to same treatments. The horizontal square brackets underline the groups statistically compared
between two conditions of different genotypes. Veh: vehicle and Bu: Busulfan. C) Number of sperm count in the epididymis head of Wt or Tgr57/~ males
8, 12 and 20 weeks after busulfan or vehicle treatments. n = 12-40 from 3 to 6 independent experiments. Data are expressed as the means + SEM.
ANOVA?2 followed by Holm-Sidak’s test for multiple comparisons. ***, p < 0.001 versus respective vehicle group for each genotype. #, p < 0.05; ##;
p < 0.01; between genotypes exposed to same treatments. The horizontal square brackets underline the groups statistically compared between two
conditions of different genotypes. Veh: vehicle and Bu: Busulfan. D) Representative micrographs of hematoxylin/eosin-stained testes of Wt or Tgr57/-
males treated with the vehicle or 4, 8, 12 and 20 weeks after busulfan treatment. The arrowhead indicates tubules with germ cell loss. E) Representative
micrographs of testis of vehicle or Bu treated Wt or Tgr57/" males stained for TUNEL. F) (Left panel) Quantification of the raw number of TUNEL positive
cells for 100 seminiferous tubules of Wt or Tgr57/~ males treated with the vehicle treatment. (Right panel) Quantification of the relative number of TUNEL
positive cells in Wt or Tgr57/~ males treated with the vehicle or busulfan (4 weeks after treatment). n = 10-24 from 3 to 6 independent experiments.
Vehicle groups of each genotype were arbitrarily set at 1. Data are expressed as the means + SEM. ANOVA2 followed by Holm-Sidak’s test for multiple
comparisons. *** p < 0.001 versus respective vehicle group for each genotype. ##; p < 0.01 between genotypes exposed to same treatments. The
horizontal square brackets underline the groups statistically compared between two conditions of different genotypes. Veh: vehicle and Bu: Busulfan.

offspring (Figure 1A). After 20 weeks, 80% (8 of 10) of the Tgr57/~
busulfan-treated males and 42% (5 of 12) of Wt males regained
fertility (Figure 1A). In addition, after 12 weeks, treatment with
Bu resulted in a drastic decrease in the number of pups per litter
in Wt (1.5 pups per litter); whereas almost no impact was ob-
served on Tgr57/~ males (6.8 pups per litter) compared to their re-
spective vehicle-treated controls (Figure 1B). These data indicate
that Tgr57/~ males recovered their fertility faster than Wt males
after exposure to the chemical drug.
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These results on reproductive capacities were supported by an-
alyzing the number of sperm cells produced; the sperm cell count
in the head of the epididymis was used for this purpose. As ex-
pected in Wt males, Bu treatment was associated with a signif-
icant and progressive decrease in sperm cell production from
2 weeks, with a major effect at 8 weeks after treatment (Figure
S1C, Supporting Information; Figure 1C, Supporting Informa-
tion). Thereafter, sperm cell production increased and gradually
recovered at 12 and 20 weeks after treatment with Bu (Figure 1C,
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Supporting Information). Consistent with reproductive capac-
ity, no statistical difference was noticed between Wt and Tgr57/-
males at 8 weeks following Bu exposure; however, at 12 and 20
weeks the sperm cell counts were higher in Tgr57~ males com-
pared to that in Wt males (Figure 1C).

To better understand the impacts of Bu on sperm production in
Wtand Tgr57/~ males, we focused on the testis. The H&E staining
results showed no major impacts on testicular histology at 1 and
2 weeks (Figure S1D, Supporting Information). In contrast, Wt
and Tgr57~ males showed significant loss of germ cells, as shown
by the thickness of the epithelium at 4 and 8 weeks (Figure 1D,
Supporting Information); this was consistent with the pattern of
alterations of fertility and sperm counts. No significant difference
was observed in the number of apoptotic cells between genotypes
under control conditions (Figure 1E,F, left panel); the significant
germ cell loss, mainly observed 4 weeks after treatment, was cor-
related with an increased rate of apoptotic germ cells, which was
greater in Wt males than in Tgr57/~ males (Figure 1F right panel).
This lower apoptotic level in Tgr57/ testis was followed by a more
rapid regeneration phase of the germ cell lineage from 8 to 20
weeks after treatment compared to Wt (Figure 1D). These data
indicate a primary role for TGRS as a modulator of male repro-
ductive capacity after injury.

2.2. TGRS is a Master Gene for Undifferentiated Spermatogonia
Homeostasis in Response to Bu

Analysis of spermatogenesis using specific markers showed that
the number of seminiferous tubules with post-meiotic spermatid
cells (acetylated histone H4 positive cells; acetylated-H4+) was
significantly reduced 4 weeks after treatment with Bu in both the
Wt and Tgr57/~ males (Figure 2A,B). Tgr57/~ males showed faster
recovery of acetylated-H4+ spermatids, as was observed 8 weeks
after exposure (Figure 2B). This pattern of recovery was consis-
tent with the differential impact of Bu on sperm cell production
and fertility between Wt and Tgr57~ males.

Spermatogonia support spermatogenesis; therefore, any alter-
ation of spermatogonia might define the capacities of fertility re-
covery following injury. Thus, we next analyzed the undifferenti-
ated spermatogonia population, revealed by the PLZF (Promye-
Locytic Zinc Finger; ZBTB16) marker.[2*?°] No difference was ob-
served in the raw number of PLZF+ cells per seminiferous tubule
between the Wt and Tgr57" males in vehicle treated groups (Fig-
ure S2A, Supporting Information). The present data showed that
the undifferentiated germ cell population (PLZF+) was the first
to be affected after exposure to Bu, with initial loss beginning 1
day after treatment (Figure S2A, Supporting Information). The
effect of Bu on PLZF+ cell loss was similar between Wt and
Tgr57 males at 5 days after treatment with Bu, where almost 80%
of these cells were lost (Figure S2A, Supporting Information).
The present data showed that the relative number of PLZF+ cells
was higher in Tgr57/~ male mice than in Wt 1 and 2 weeks after
treatment with Bu (Figure 2C,D). At 4 weeks after Bu exposure,
the relative number of PLZF+ cells regained normal levels and
was comparable to vehicle-treated groups in both genotypes (Fig-
ure 2E). These data suggest that the absence of Tgr5 modulates
the regenerative capacities of the PLZF+ cells, allowing an ear-
lier emergence of germ cells. This difference was in part asso-
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ciated with a lower rate of proliferating spermatogonial cells in
Wt mice where only 79% of PLZF+ cells were in proliferation
(PCNA+), whereas no impact of Bu was observed in Tgr57/~ mice
(Figure 2F). This may partly explain how Tgr57~ males recovered
faster than Wt males.

These data support the findings that Bu first affected spermato-
gonia, resulting in germ cell loss, which was then followed by the
regeneration of the germ cell lineage, initiated from the remain-
ing undifferentiated spermatogonia, to give rise to a new wave
of spermatogenesis. In addition, these in vivo data suggests that
Bu mediated its effects via alterations of the apoptotic and prolif-
eration processes, all of which were minimized in Tgr57/- males
compared to Wt mice.

2.3. The TGRS Signaling Pathway in Spermatogonia Plays a
Major Role in the Effects of Bu Exposure

As mentioned in the introduction, previous published data
demonstrated that Tgr5 is expressed in the germ cell lineage;!?”]
additionally, data from recent single cell analyses showed that
TGR5 mRNA expression was observed in mouse and human
spermatogonia (supplemental data in**3!). This is consistent
with the fact that TGR5 must play a direct role within sper-
matogonia, which explains why Tgr57/~ mice recovered sper-
matogenesis faster than Wt males after chemotherapeutic ex-
posure. Next, we wanted to better decipher the roles of TGRS
within the germ cell lineage. However, none of the antibodies
in our possession raised against mouse TGRS; therefore, we an-
alyzed the expression of TGRS by detecting GFP in a mouse
TGRS5-T2A-GFP model expressing the transgene under the con-
trol of endogenous mouse Tgr5 promoter.(3! The present results
showed that the sequence driving the expression of Tgr5 were
connected to the detection of the protein in all germ cell lin-
eage (Figure 3A). Immunostaining was observed in cells near
the basal membrane, mainly in spermatogonia and spermato-
cytes as revealed by the co-staining of GFP with PLZF (sper-
matogonia), LIN28 (spermatogonia), or SYCP3 (spermatocytes)
(Figure 3A). This was consistent with previous published mRNA
data.[?’] In addition, samples from purified spermatogonia cells
using Magentic cell sorting with THY1 as marker confirmed that
Tgr5 was expressed in the THY1+ spermatogonial population
(Figure 3B).

Thus, to explore the roles of TGRS within the germ cell lin-
eage, we generated mice with a specific deletion of the Tgr5 gene
in germ cells, using Tgr5-floxed mice and a model controlling
recombinase-CRE expression in germ cells through the Vasa
promoter.33] As the use of recombinase-CRE in germ cells led to
the recombined allele being transmitted to the next generation,
the mice used in this work were Tgr57~ and the phenotypes of
Tgr57- were analyzed by comparing the response to Bu in Cre”/~
and Cre*/ male mice. The Tgr57-; Cre*/" (referred to as Tgr5°¢<0)
corresponded to germ cell-specific knockout males (Figure
S2B, Supporting Information). Analysis of fertility revealed no
difference among genotypes (Tgr5/—; Cre’ and Tgr5¢“K°) in
control DMSO-treated condition (vehicle: veh.) (Figure S2C,
Supporting Information). Bu led to a complete sterility in both
genotypes, with all males being sterile (0%, 0 of 10) 8 weeks after
treatment (Figure 3C, left panel). Interestingly, Tgr5¢“¥° males
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Figure 2. A) Representative micrographs of vehicle or Bu treated Wt or Tgr5/" testis stained for acetylated histone H4 (acetylated H4). B) Quantification
of the number of acetylated H4 positive seminiferous tubules in testis of Wt or Tgr57/- males treated with the vehicle or busulfan (1, 2, 4, and 8 weeks after
treatment). The arrowhead indicates acetylated H4 positive seminiferous tubules, and the star indicates acetylated H4 negative tubules. C) Representative
micrographs of vehicle or Bu treated Wt or Tgr57/" testis stained for PLZF green) and PCNA (red). The arrowhead indicates PLZF-PCNA positive cells,
and the star indicates PCNA negative and PLZF positive cells. D) Quantification of the relative number of PLZF positive cells per seminiferous tubule
in Wt or Tgr57/~ testis treated with busulfan (1 week and 2 weeks after treatment). The mean number of PLZF+ cells observed in Wt males treated with
Bu was arbitrarily set at 1 for comparison with the number of PLZF+ cells observed one and two weeks after treatment. E) Quantification of the relative
number of PLZF positive cells per seminiferous tubule in Wt or Tgr57/~ males treated with the vehicle or busulfan (4 weeks or 8 weeks after treatment).
Vehicle groups of each genotype were arbitrarily set at 1. F) Quantification of the relative number of double stained PLZF-PCNA cells per seminiferous
tubule in Wt or Tgr57/- males treated with the vehicle or busulfan (2 weeks after treatment). Vehicle groups of each genotype were arbitrarily set at 1.
In all panels, n = 11-23 from 3 to 6 independent experiments. Data are expressed as the means + SEM. ANOVA2 followed by Holm-Sidak’s test for
multiple comparisons. **, p < 0.01; *** p < 0.001 versus respective vehicle group for each genotype. #, p < 0.05; ##, p < 0.01 between genotypes
exposed to same treatments. The horizontal square brackets underline the groups statistically compared between two conditions of different genotypes.
Veh: vehicle and Bu: Busulfan.

showed an early recovery of fertility after Bu exposure compared
to Tgr57~; Cre”~ males (Figure 3C, left panel). This confirmed
the interaction of the Bu and TGRS signaling pathways in the
germline. Indeed, even if the difference was not significant, 20%
(2 of 10) of Tgr5°“° male mice recovered fertility at 10 weeks
whereas all Tgr5/~; Cre/~ males remained sterile (0%; 0 of 10)
(Figure 3C, left panel). The fertility capacities were statistically
different between genotypes 13 weeks after Bu exposure, as
73% (11 of 15) of Tgr5°“° males produced offspring while
only 42% (8 of 19) of Tgr5/~; Cre/~ males did (Figure 3C, left
panel). At 8 weeks, no progenies were obtained from Tgr5/-;
Cre”/~ males, whereas Tgr5¢“X0 males give rise to 1.5 pups per
litter, highlighting the start of fertility recovery (Figure 3C, right
panel). 13 weeks after Bu exposure, the number of pups per
litter was similar between groups (Figure 3C, right panel). These

Adv. Sci. 2022, 9, 2200626

data support the conclusion that TGRS acts within germ cells to
modulate the effects of Bu.

2.4. TGR5 Controls Undifferentiated Germ Cell Homeostasis

Treatment with Bu led to a significant modulation of testicu-
lar cellularity with germ cell loss; therefore, molecular analy-
ses on the whole testis may not be totally reliable. To better
define how TGR5 modulates the effects of Bu in germ cells,
we used the spermatogonial cell line GClspg. The effects of
Bu were analyzed on GClspg cells transfected with a control
siRNA (siCtrl) or an siRNA directed against Tgr5 (siTgr5) (Fig-
ure S3A, Supporting Information). The siRNA directed against
Tgr5 has been previously used.[?”! As no reliable antibody raised

2200626 (5 0f23) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. A) (Left panel) Representative micrographs of GFP immuno-staining in GFP-negative mouse and in hTGR5-T2A-GFP mouse model. (Right
panel) Representative micrographs of hTGR5-T2A-GFP mouse model testis stained for GFP (green) and PLZF (red), or LIN28 (red) or SYCP3 (red). The
white arrowheads indicate co-stained cells. Experiment was performed on 4 different hTGR5-T2A-GFP males. The dotted lines delineate the seminiferous
tubules. B) Cyp11al, Fshr, Gfral, Plzf, and Tgr5 mRNA accumulations normalized to f-actin in THY 1+ cells isolated from 6 to 7 days old males. n = 5.
The THY1- unsorted cell group was arbitrary set at 1 (Dotted line). Data are expressed as the means + SEM. T-test statistical analysis; *, p < 0.05. C)
(Left panel) Percentage of fertile Tgr57 Cre™/", and Tgr5¢“KO males 6-8, 8-10, and 10-13 weeks after vehicle or busulfan treatment following breeding
with C57BI6) females for 10 days. (Right panel) Number of pups per litter obtained in breeding with C57BI6) females with Tgr5- Cre/,” or Tgr56<KO
males 8-10 and 10-13 weeks after busulfan treatment. n = 12-20 from 3 independent experiments. Data are expressed as the means + SEM. ANOVA2
followed by Holm-Sidak’s test for multiple comparisons. #, p < 0.05; ##; p < 0.01; ###, p < 0.001 between genotypes exposed to same treatments. The
horizontal square brackets underline the groups statistically compared between two conditions of different genotypes. Veh: vehicle and Bu: Busulfan.

against mouse TGRS could be used, the impact of the knock-  ate the long-term deleterious effects of Bu on spermatogonial
down of Tgr5 was confirmed by analyzing the expression of  cells.

known TGRS target genes that have been defined in different No difference was observed in the germ cell apoptotic rate
studies, such as Dnmt3b1?] or Pcglal3*! (Figure S3A, Supporting  between genotypes in vehicle treated condition (Figure 4B, left
Information). Analyses of transfected cells showed that in the  panel). However, consistent with in vivo data, the decrease in the
control condition (vehicle: veh.), no difference was observed in  number of siCtrl-GC1spg cells after Bu treatment was associated
the raw number of cells between in siCtrl or siTgr5-transfected ~ with a higher number of apoptotic cells compared to cells treated
cells (Figure 4A, left panel). To determine the respective sensitiv-  with vehicle (Figure 4B, right panel). This increase in Bu-induced
ity of siCtrl or siTgr5-transfected cells to Bu, the vehicle-treated  apoptosis was less pronounced in siTgr5-transfected cells (Fig-
cells were set to 1. Data showed that Bu exposure resulted in  ure 4B, right panel).

a similar decrease in the number of cells in siCtrl-GC1spg and The Gfral gene encodes the GDNF receptor-alphal, which
siTgr5-GClspg groups (around 14 to 19% respectively) 24 h af-  is related to undifferentiated spermatogonia self-renewal and
ter treatment with Bu (Figure 4A, right panel). The impact of  survival. Interestingly, mRNA accumulation of Gfral was up-
Bu was then exacerbated after 48 h in siCtrl-GClspg cells with ~ regulated in the siTgr5-transfected cells compared to siCtrl-
a 54% decrease in cell numbers (Figure 4A, right panel); how-  transfected cells (Figure 4C). Moreover, Gfral was identi-
ever, in cells transfected with siTgr5, a lower impact was ob-  fied among the genes that were differentially modulated by
served (Figure 4A, right panel). These data were consistent with ~ Bu in siCtrl-transfected cells. As confirmed by qPCR ap-
in vivo results and suggested that lower levels of Tgr5 attenu-  proaches, Gfral expression was decreased upon Bu treatment in

Adv. Sci. 2022, 9, 2200626 2200626 (6 0f23) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. A) (Left panel) Raw number of adherent cells after 24 or 48 h of treatment with vehicle in siCtrl and siTgr5 GClspg transfected cells; and
(Right panel) relative number of adherent cells after 24 or 48 h of treatment with vehicle or busulfan in siCtrl and siTgr5 GC1spg transfected cells. Vehicle
groups of each genotype were arbitrarily set at 1. In panel, n = 20-30 from 6 independent experiments. Data are expressed as the means + SEM. ANOVA2
followed by Holm-Sidak’s test for multiple comparisons. *, p < 0.05; **, p < 0.01; ***, p < 0.001 versus respective vehicle group for each genotype.
##, p < 0.01 between genotypes exposed to same treatments. The horizontal square brackets underline the groups statistically compared between two
conditions of different genotypes. Veh: vehicle and Bu: Busulfan. B) (Upper panel) Representative micrographs of GCl1spg cells transfected with siCtrl
or siTgr5 and treated with vehicle or Bu for 24 h and stained for TUNEL. (Lower left panel) Quantification of the raw number of TUNEL positive GCTspg
cells transfected with siCtrl and siTgr5 and treated with vehicle. (Lower right panel) Quantification of the relative number of TUNEL positive GClspg
cells transfected with siCtrl and siTgr5 and treated with vehicle or Bu for 24 h. n = 5-15 from 3 to 5 independent experiments. Vehicle groups of each
genotype were arbitrarily set at 1. Data are expressed as the means = SEM. ANOVA2 followed by Holm-Sidak’s test for multiple comparisons. ***, p <
0.001 versus respective vehicle group for each genotype. ##, p < 0.01 between genotypes exposed to same treatments. The horizontal square brackets
underline the groups statistically compared between two conditions of different genotypes. Veh: vehicle and Bu: Busulfan. C) Relative Gfral mRNA
accumulation normalized to f-actin on GC1spg cells transfected with siCtrl or siTgr5 and treated 24 h with vehicle or with 200 x 107 m of Bu. In panel,
n = 25-27 from 6 independent experiments. Data are expressed as the means + SEM. ANOVA2 followed by Holm-Sidak’s test for multiple comparisons.
*%% p < 0.001 versus respective vehicle group for each genotype. ##, p < 0.01between genotypes exposed to same treatments. The horizontal square
brackets underline the groups statistically compared between two conditions of different genotypes. Veh: vehicle and Bu: Busulfan. D) Representation
of the RNAseq groups: GClspg cells transfected with siCtrl or siRNA directed against Tgr5 (siTgr5) and treated 24 h with vehicle or with 200 x 107 m
of Bu. E) Venn diagram for differentially expressed genes in GC1spg cells transfected with siCtrl or siTgr5 and treated 24 h with vehicle or with 200 x
107¢ m of Bu. F) Heatmap of differentially downregulated genes following 24 h exposure to Bu specifically in GC1spg cells transfected with siCtrl based
on Table S1c1 in the Supporting Information. G) Heatmap of differentially increased genes following 24 h exposure to Bu specifically in GCl1spg cells
transfected with siCtrl based on Table S1c2 in the Supporting Information. H) Gene ontology analysis based on the list of differentially expressed genes
specifically in GC1spg cells transfected with siCtrl following Bu exposure compared to siTgr5-transfected cells treated with Bu. Based on gene lists Table
S1c1,c2 in the Supporting Information. In panel D to H, RNAseq was performed from one experiment with n = 5 per group. Statistical analyses were
performed as mentioned in Materials and Methods section. P value was set to p < 0.01 between genotypes and/or treatment.

siCtrl-transfected cells and the effect was less pronounced in
siTgr5-transfected cells (Figure 4C).

To better define the molecular mechanisms associated with the
impacts of TGRS signaling on Bu sensitivity, we then progressed
using RNAseq approach. Four groups were analyzed (Figure 4D)

Adv. Sci. 2022, 9, 2200626

corresponding to GClspg cells transfected with siCtrl or siTgr5
and exposed to the vehicle or Bu (200 uM) for 24 h.

To better understand the functions of TGRS in spermatogo-
nia in the context of Bu exposure, we generated lists of genes
that were differentially expressed after Bu exposure in cells
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transfected with siCtrl (siCtrl-Bu vs siCtrl- DMSO; Table S1A,
Supporting Information) or with siTgr5 (siTgr5-Bu vs siTgr5-
DMSO; Table S1B, Supporting Information).

In cells transfected with siCtrl, 1145 genes were significantly
modulated by Bu (Table S1A, Supporting Information). A ma-
jority of the 718 genes (62.7%) were suppressed (Table S1A-1,
Supporting Information), while 427 (37.3%) were upregulated
(Table S1A-2, Supporting Information) compared to the vehicle-
treated group (Figure 4E). Applying the same criteria, analyses
performed on cells transfected by siTgr5 showed that 888 genes
were significantly modulated by Bu (Table S1B, Supporting In-
formation). Of these, 504 (56.76%) genes were suppressed (Ta-
ble S1B-1, Supporting Information), while 384 (43.16%) genes
were upregulated compared to the group treated with vehicle (Ta-
ble S1B-2, Supporting Information). To better understand how
the low levels of TGR5 modulated the long-term impacts of Bu,
these lists were compared to differentiate the 601 genes that were
specifically affected by Bu in cells transfected by siCtrl (Table S1C,
Supporting Information). Of these, 431 were downregulated and
170 were upregulated (Table S1C1,C2, Supporting Information,
respectively) (Figure 4E-G).

The lists of genes affected by Bu specifically in siCtrl-
transfected cells (Table S1C1,C2, Supporting Information) were
subjected to an overrepresentation analysis of gene ontology
(GO) terms according to a classification by molecular and bio-
logical process using MouseMine. The analyses revealed multi-
ple processes such as apoptosis/DNA damage, TP53 transduc-
tion signal, or cell fate differentiation (Figure 4H). GeneMania®
analysis showed the interconnections of genes that were regu-
lated by Bu, specifically in cells transfected by siCtrl (Figure S3B,
Supporting Information).

2.5. TGRS Acts as a Major Regulator of the Effect of Bu on the
TP53 Signal Pathway

Analysis using the CisTarget software revealed that 62%
(106/170) of the genes positively regulated by Bu in siCtrl-
transfected cells, with an effect that was counteracted by siTgr5
transfection (Table S2, Supporting Information), were associated
with the TP53 transcription factor as supported by the defined
DNA binding site (Figure S3C, Supporting Information). This
was consistent with the known role of TP53 on the apoptotic pro-
cess, even after Bu treatment.'*) Present data showed that the
impacts of Bu on apoptosis in vivo and in vitro were moderated
in the context of Tgr5 loss (Tgr57/~ mice and siTgr5 transfected
cells). Among the genes identified in the TP53 network, several
genes such as Perp, Phlda3, and Mmp24, have been validated us-
ing qPCR (Figure 5A). These data highlight the identification of
the crosstalk between the TGRS and TP53 signaling pathways,
as for all these genes the effect of Bu was reduced in siTgr5-
transfected cells (Figure 5A). In agreement with the above data,
the western blot analyses showed that protein levels of Phospho-
TP53 (P-TP53) and TP53 were increased in response to Bu treat-
ment (24 h) in siCtrl-transfected cells. These effects were less pro-
nounced in siTgr5-transfected cells (Figure 5B). Current data re-
veal how TGRS is involved in the control of germ cell apoptosis
in response to chemotherapies and highlight links between the
TGRS and TP53 signaling pathways.

Adv. Sci. 2022, 9, 2200626
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To fully validate the data obtained using the siRNA-based ap-
proach, we generated a GClspg cell line deficient for the Tgr5
gene (GC1spgROT8 cells), using the Crispr/Cas9 technology (see
the Experimental Section and Figure S4A-E, Supporting Infor-
mation). qPCR analyses showed no expression of Tgr5 in the
knock-out cells (Figure S4D, Supporting Information). As no re-
liable antibody raised against mouse TGRS could be used, the
efficiency of the Tgr5 knock-out was confirmed using TGRS ago-
nists, namely INT-777134 and oleanolic acid (OA),**! in combina-
tion with the transfection of a cAMP-responsive element fused to
luciferase (Figure S4F, Supporting Information). No induction of
the luciferase activity was noticed following treatment with INT-
777 (25 or 12.5 uM) or OA in GC1spg"O ™™ cells (Figure S4F, Sup-
porting Information). In contrast, when the GC1spg®T8 cells
were co-transfected with a plasmid encoding the mouse TGRS,
the agonists induced luciferase activity (Figure S4F, Supporting
Information).

No difference in the number of adherent cells was observed be-
tween GClspg and GC1spg*®-18" cells under control conditions
(Figure S4G, Supporting Information). Bu treatment resulted in
a decrease of the number of adherent cells after 24 h; the impact
of Bu was exacerbated in GC1-spg cells after 48 h with a 50% de-
crease in the relative cell numbers. These effects were less pro-
nounced in the GC1spgX® ™™ at 24 and 48 h after Bu exposure
(Figure 5C). These data are fully consistent with what was ob-
served using the siRNA approach.

Interestingly, the data confirmed that the accumulation of
Gfral mRNA was increased in GClspg“™8> compared to
GClspg (Figure 5D, left panel). In addition, the decreased ex-
pression of Gfral in response to Bu was less pronounced in
GCl1spgkO ™ cells compared to GC1spg (Figure 5D, right panel).

Consistent with the data obtained using the siRNA based-
approach, the increase in the rate of Bu-induced apoptosis ob-
served in GC1-spg cells was counteracted in GC1spgk®e™ cells
(Figure 5E). Consistently, the impacts of Bu on P-TP53 and TP53
levels were less pronounced in GC1lspg®-™8" cells compared to
GCl1-spg cells (Figure 5F). It should be noted that this impact of
Bu on P-TP53 was not secondary to the induction of the apoptotic
process, because there was no differential impact on the rate of
apoptosis between GC1spg and GC1spgX© %™ cells 6 h after treat-
ment with Bu (Figure S5A, Supporting Information), while the
effect of Bu on P-TP53 was already observed in the siCtrl trans-
fected cells and Gclspg cells (Figure S5,C, Supporting Informa-
tion). At 6 h after treatment, the impact on P-TP53 was lowered in
siTgr5 and GC1spgkO ™™ cells (Figure S5,C, Supporting Informa-
tion). In addition, mRNA accumulation of the TP53 target gene,
namely Perp was less modulated by Bu in GC1spg®®" cells than
in GCl-spg cells (Figure 5G). These data using GC1spgkoTer
cells confirmed the primary role of TGRS to counteract the im-
pact of Bu within germ cells.

2.6. TGR5-GLIS2 Pathway Acts as a Major Regulator of
Spermatogonia Homeostasis

Analysis of genes that were down-regulated by Bu in siCtrl-
transfected cells (Table S3, Supporting Information), using Cis-
Target, showed that 53% (229/431) of these genes were as-
sociated with GLIS2 transcription factor, as defined by the

2200626 (8 0f23) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE

www.advancedscience.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

A Perp : Phida3 | Mmp24 B Veh. TP53/GAPDH P-TP53/GAPDH
3 1 0 ##
- N = sictd 6
Z 5 | i
% E ' ! 'n% s & - -
E3 ! ! 5= 4 25
SE ! 1 58 o=
§7 ' : 22 4
e i % g2 £5.
! 38 53
! = &°
i 0
&
R 03 siCtr
c D = siTgr5
Adherent cells
15 ! 3 Gfrat 15 Gfral GC1spgoTors TUNEL* cells
i <
o ! 25
5 | ] AL - 25 i
£ 1.0 7! Bl ES 2 gs 10 i
2 |7 o 2 ES 5 20
o *Ak 2!
2 05 Z i § 8 1 2 g 05 100m [RIRIC
s . i ee e 107
o 12 1.7 0 ° g g
T , 20547
\\6(\' > :,\\‘;}" Q® \\éﬁ‘ RC) Q> = 0 Z ;
24h 48h S o

2

GC1spg @4 GC1spg"®Tos GC1spg @ GC1spgh®To® GCispg @& GC1spg©Ts

F
KO-Tgr5 G
GC1spg GC1ng ks Tpssleeznn P-TP53/GAPDH Perp
Veh. | Bu.24h + 5 o 5 2.0
‘ $5.4 c 4 < fud
83+ $¢- x 25 16 -
533 52 3 &z
= © ES
o g w &3 S
2 o2 g 10
®3:2 2E 2 2 E
Q- 3 28
e S g T8 g8 05
0 0 0
& & @ &

GC1spg @z GC1SpgK°'Tgs

GClspg & GC1spgh®To®

Figure 5. A) Perp, Phlda3, and Mmp24 mRNA accumulations normalized to f-actin on GClspg cells transfected with siCtrl or siTgr5 and treated 24 h
with vehicle or with 200 x 107® m of Bu. Vehicle groups of each genotype were arbitrarily set at 1. B) Representative western blots of GAPDH, TP53 and
Phospho-TP53 (P-TP53), and quantification of ratios in GC1spg cells transfected with siCtrl and siTgr5 and treated with vehicle or Bu for 24 h. Vehicle
groups of each genotype were arbitrarily set at 1. C) Number of adherent GC1spg and GC1spgXO-T8™ cells exposed to veh. or Bu 200uM for 24 or 48
h. Vehicle groups of each genotype were arbitrarily set at 1. D) (Left) Gfral mRNA accumulation normalized to f-actin in GC1spg and GC1spg<©-Ters
cells; GC1spg were arbitrarily set at 1. (Right) Gfral mRNA accumulation normalized to f-actin in GC1spg and GC1spgKO-T8" cells exposed to vehicle
or Bu 200uM for 24 h. Vehicle groups of each genotype were arbitrarily set at 1. E) (Left) Representative micrographs of GC1spg and GC1spg©-Te™cells
exposed to vehicle or Bu 200uM for 24 h and stained for TUNEL. (Right) Quantification of the relative number of TUNEL positive GC1spg cells and
GC1spgkOTers cells exposed to vehicle or Bu 200uM for 24 h. Vehicle groups of each genotype were arbitrarily set at 1. F) Representative western blots
of GAPDH, TP53 and Phospho-TP53 (P-TP53), and quantification of ratios in GC1spg cells and GC1spgX©T8"™ cells treated with vehicle or Bu for 24 h.
Vehicle groups of each genotype were arbitrarily set at 1. G) Perp mRNA accumulation normalized to f-actin in GC1spg cells and GC1spgkO-Te cells
treated with vehicle or with 200 x 107% m of Bu for 24 h. Vehicle groups of each genotype were arbitrarily set at 1. In all panels, n = 6-18 from 3 to 6
independent experiments. Data are expressed as the means + SEM. ANOVA2 followed by Holm-Sidak’s test for multiple comparisons. **, p < 0.071; **%*,
p < 0.001 versus respective vehicle group for each genotype. #, p < 0.05; ##, p < 0.01; ###, p < 0.001 between genotypes exposed to same treatments.
The horizontal square brackets underline the groups statistically compared between two conditions of different genotypes. Veh: vehicle and Bu: Busulfan.

identification of the DNA binding site (Figure S6A, Supporting
Information). GLIS2 has previously been shown to be involved
in maintaining stem cell pluripotency and is also associated with
chemosensitivity.3°! Interestingly, Glis2 mRNA was itself down
regulated by Bu in siCtrl-transfected cells (Figure S6B, Support-
ing Information, data from RNAseq). Moreover, QPCR analyses
validated the downregulation of Glis2 expression 6 h after expo-
sure to Bu in cells transfected with siCtrl, and these effects were
less pronounced in siTgr5-transfected cells (Figure 6A). To ensure
that the impact on GLIS2 had affected its downstream pathway,
we then analyzed the GLIS2 target genes using qPCR. The im-
pact of TGRS signaling on the GLIS2 pathway was supported by

Adv. Sci. 2022, 9, 2200626

qPCR analyses showing that the mRNA accumulations of Fgfr2,
Izumo4, Adgrgl, and Wfdc1 were modified by Bu specifically in
cells transfected with siCtrl, with a lower impact of Bu in siTgr5-
transfected cells (Figure 6B). Note that the levels of these GLIS2
target genes were higher in siTgr5-transfected cells compared to
cells transfected with siCtrl in both veh- and Bu-treated groups
(Figure 6B). These data were confirmed using GC1spg*©™ cells
with higher levels of Glis2 and Fgfr2 compared to GClspg cells
(Figure 6C). In addition, higher levels of GLIS2 protein were also
observed in GC1spgh© ™" cells compared to GCl1spg cells (Fig-
ure 6D). A differential impact of Bu was observed on GLIS2 pro-
tein levels (Figure 6E) and on the mRNA accumulations of its

2200626 (9 of 23) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 6. A) Glis2 mRNA accumulation normalized to f-actin on GClspg cells transfected with siCtrl or siTgr5 and treated 6 h with vehicle or with 200
x 107 m of Bu. Vehicle-treated siCtrlt-transfected cells were arbitrarily set at 1. B) Fgfr2, lzumo4, Adgrg1 and Wfdc1 mRNA accumulation normalized
to f-actin on GClspg cells transfected with siCtrl or siTgr5 and treated 24 h with vehicle or with 200 x 107® m of Bu. For quantification, vehicle-treated
siCtrlt-transfected cells were arbitrarily set at 1. C) Glis2 and Fgfr2 mRNA accumulations normalized to f-actin in vehicle treated GClspg cells and
GCl1spgOTe™. For quantification, GC1spg cells were arbitrarily set at 1. D) Representative western blots of GLIS2 in GC1spg cells and GC1spgh©-Ter®
cells treated with vehicle. Normalization was performed against total protein using stain-free gels. For quantification, GC1spg cells were arbitrarily set
at 1. E) Representative western blots of GLIS2 and quantification of ratios in GC1spg cells and GC1spgKO-T8" cells treated with vehicle or Bu for 24 h.
Normalization was performed against total protein using stain-free gels. Vehicle groups of each genotype were arbitrarily set at 1. F) lzumo4 and Fgfr2
mMRNA accumulations normalized to f-actin in GC1spg cells and GC1spgkO-T8" treated for 24 h with vehicle treated or Bu 200 x 107° m. Vehicle groups
of each genotype were arbitrarily set at 1. In all panels, n = 9-26 from 3 to 5 independent experiments. Data are expressed as the means = SEM. ANOVA2
followed by Holm-Sidak’s test for multiple comparisons. *, p < 0.05; **, p < 0.01 versus respective vehicle group for each genotype. #, p < 0.05; ##,
p < 0.01; ###, p < 0.001 between genotypes exposed to same treatments. The horizontal square brackets underline the groups statistically compared

between two conditions of different genotypes. Veh: vehicle and Bu: Busulfan.

target genes, namely Izumo4 and Fgfr2 (Figure 6F) between
GClspg and GC1spgkoTer,

To determine whether GLIS2 might be involved in germ cell
sensitivity to Bu, GClspg cells were transfected with a plasmid
for GLIS2 overexpression to counteract the decrease in Glis2
expression in response to Bu and to mimic the increase in
GLIS2 expression observed in siTgr5-transfected cells and in the
GCl1spgXOTe® cells compared to control cells. Overexpression of
GLIS2 was confirmed at mRNA and protein levels 24 h after
transfection (Figure 7A). Overexpression of GLIS2 led to a lower
impact of Bu on the number of adherent cells at 24 and 48 h,
compared to the control group (Figure 7B). In addition, a lower
impact of Buwas observed on the accumulation of Phospho-TP53
(P-TP53) in cells overexpressing GLIS2 compared to control cells
(Figure 7C). GLIS2 overexpression did not alter the impact of
Bu on the TP53 protein levels (Figure S6C, Supporting Informa-
tion). The qPCR analyses showed that GLIS2 overexpression re-
duced the impact of Bu on TP53 target genes, namely Perp and

Adv. Sci. 2022, 9, 2200626

Mmp24 (Figure 7D). GLIS2 overexpression was also associated
with a lower rate of apoptosis in response to Bu, as identified by
the TUNEL experiments (Figure 7E).

GLIS2 was overexpressed in GC1spgX©™ cells (Figure 6D,E),
and GLIS2 overexpression was implicated in Bu resistance (Fig-
ure 7); therefore, we hypothesized that Glis2 knock-down might
sensitize GC1spgk®™™ cells to Bu. To answer this question,
GC1spgkO ™ cells were transfected with siRNA to decrease Glis2
expression. The efficiency of the siRNA directed against Glis2 was
validated 24 h after transfection by qPCR and western blot anal-
yses (Figure 8A). Data showed that decreasing Glis2 expression
led to sensibilization of the GC1spgk® ™™ cells with a stronger
impact of Bu at 24 h, as revealed by the lower relative number of
adherent cells compared to the siCtrl transfected cell groups (Fig-
ure 8B). In addition, a stronger impact of Bu on the accumulation
of Phospho-TP53 (P-TP53) was observed in siGlis2 transfected-
cells compared to control cells (Figure 8C). In the same line
of evidence, the re-sensibilization of GCl1spg®™8" cells to Bu

2200626 (10 0‘F23) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 7. A) (Left) Glis2 mRNA accumulation normalized to f-actin on GClspg cells transfected with an empty vector or a vector for overexpression
of GLIS2. Cells transfected with empty vector were arbitrarily set at 1. (Right) Representative western blots of GLIS2 in GClspg cells transfected with
an empty vector or a vector for overexpression of GLIS2. B) (Left panel) Raw number of adherent cells transfected with an empty vector or a vector
for overexpression of GLIS2 and treated with vehicle for 24 or 48 h. (Right panel) Relative number of adherent cells transfected with an empty vector
or a vector for overexpression of GLIS2 and treated with vehicle or Bu for 24 or 48 h. Vehicle groups of each genotype were arbitrarily set at 1. C)
Representative western blots of Phospho-TP53 (P-TP53), and quantification of ratios in GC1spg cells transfected with an empty vector or a vector for
overexpression of GLIS2 and treated with vehicle or Bu for 24 h. Vehicle groups of each genotype were arbitrarily set at 1. D) Perp and Mmp24 mRNA
accumulation normalized to f-actin in GC1spg cells transfected with an empty vector or a vector for overexpression of GLIS2 and treated with vehicle
or Bu for 24 h. Vehicle groups of each genotype were arbitrarily set at 1. E) (Left) Representative micrographs of GClspg cells transfected with an empty
vector or a vector for overexpression of GLIS2 and treated with vehicle or Bu for 24 h and stained for TUNEL. (Right) Quantification of the raw number
of the number of TUNEL positive GCTspg cells transfected with an empty vector or a vector for overexpression of GLIS2 and treated with vehicle 24 h.
Vehicle groups of each genotype were arbitrarily set at 1 Quantification of the relative number of TUNEL positive GC1spg cells transfected with an empty
vector or a vector for overexpression of GLIS2 and treated with vehicle or Bu for 24 h. Vehicle groups of each genotype were arbitrarily set at 1. In all
panels, n = 5-26 from 3 to 5 independent experiments. Data are expressed as the means + SEM. ANOVA2 followed by Holm-Sidak’s test for multiple
comparisons. *,** p < 0.01; ***, p < 0.001 versus respective vehicle group for each genotype. #, p < 0.05; ##, p < 0.0Tbetween genotypes exposed
to same treatments. The horizontal square brackets underline the groups statistically compared between two conditions of different genotypes. Veh:
vehicle and Bu: Busulfan.

following Glis2 knock-down was also revealed by lower GLIS2  data clearly demonstrate that GLIS2 signaling plays a major role
protein accumulation levels in siGlis2-transfected cells treated to  on the impacts of Bu.

Bu compared to vehicle group, whereas this effect of Bu was not

observed in si-Ctrl transfected GC1spg®™8* cells (Figure 8C).

Then, the qPCR analyses showed that Glis2 knock-down led to  2.7. The Absence of TGR5 Protects Germ Cells from the Effects of
a higher impact of Bu on its target genes Fgfr2 and Adgrgl, and  Other Chemodrugs

on the TP53 target gene, namely Phlda3 in GC1spg*®8> cells

(Figure 8D). These data define a crosstalk between GLIS2 and  Taken together, the afore-mentioned data suggest that TGRS
TP53 in response to Bu, which is controlled by TGRS. All these  is involved in the chemosensitivity of germ cells. We then
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Figure 8. A) (Left panel) Relative Glis2 mRNA accumulation normalized to f-actin on GC1spg“®-ToRS cells transfected with siCtrl or siGlis2. siCtrl-
transfected cells were arbitrarily set at 1. (Right panel) Representative western blots of GLIS2 in GC1spgKO-ToR cells transfected with siCtrl or siGlis2.
Normalization was performed against total protein using stain-free gels. B) Number of adherent GClspg cells transfected with siCtrl or siGlis2
and treated with vehicle or Bu for 24 h. Vehicle treated cells of each genotype were arbitrarily set at 1. C) Representative western blots of GLIS2 and
Phospho-TP53 (P-TP53), and quantification of ratios in GC1spg“C8" cells transfected with siCtrl or siGlis2 and treated with vehicle or Bu for 24 h.
Normalization was performed against total protein using stain-free gels. Vehicle groups of each genotype were arbitrarily set at 1. D) Fgfr2, Adgrg1 and
Phlda3 mRNA accumulations normalized to f-actin on GC1spg“OToR> cells transfected with siCtrl or siGlis2 and treated 24h with vehicle or with 200 x
107 m of Bu. Vehicle groups of each genotype were arbitrarily set at 1. In all panels, n = 10-15 from 3 to 5 independent experiments. Data are expressed
as the means + SEM. ANOVA2 followed by Holm-Sidak’s test for multiple comparisons. *, p < 0.05; **, p < 0.01 versus respective vehicle group for
each genotype. #, p < 0.05 between genotypes exposed to same treatments. The horizontal square brackets underline the groups statistically compared

KO-TGR5

between two conditions of different genotypes. Veh: vehicle and Bu: Busulfan.

tested whether this impact of TGRS signaling pathway could
be extrapolated to other chemodrugs such as cisplatin,’!
cyclophosphamide,'?!  treosulfan,®®! or hepsulfam.*?! Cy-
clophosphamide, treosulfan, and hepsulfam represent either
alkylating agents and/or compounds that are used for similar
clinical applications as Bu, even though their exact mechanisms
have not yet been described. A first screen was performed
in vitro using GCl-spg cells and GClspgXo®> cells. Data
showed that the lack of Tgr5 did not protect GClspg cells from
the deleterious effects of cisplatin (Figure S7A, Supporting
Information). In contrast, results demonstrated that the lack
of Tgr5 decreased or counteracted the effects of treosulfan,
cyclophosphamide and hepsulfam (Figure S7A, Supporting
Information).

We next proceeded with in vivo analysis on Wtand Tgr57~ mice
and data showed that the effects of cyclophosphamide or hepsul-
fam exposures led to decreased number of PLZF+ cells in Wt
mice 1 week after exposure (Figure S7B, Supporting Informa-
tion). Interestingly, Tgr57/~ males showed lower impacts due to

Adv. Sci. 2022, 9, 2200626

chemodrugs compared to Wt males (Figure S7B, Supporting In-
formation).

Interestingly, data showed that hepsulfam treatment had a
lower impact on P-TP53 in the GC1spg"®8" cells, compared to
GClspg cells (Figure S7C, Supporting Information). It was ob-
served that hepsulfam led to increased mRNA accumulations of
TP53 target gene such as Mmp24 in GCl-spg cells specifically,
and these effects were not observed in GC1spgX° ™™ cells (Fig-
ure S7D, Supporting Information). In addition, a slight but sig-
nificant decrease of Glis2 mRNA accumulation was observed in
GCl-spg cells treated with hepsulfam (Figure S7E, Supporting
Information). This impact was confirmed at the protein level (Fig-
ure S7C, Supporting Information).

2.8. In Vivo Analyses Validate the In Vitro Data

To validate the molecular targets defined in vitro in the GClspg
cell line and thus evaluate the main role of TGRS in germ cells,

2200626 (12 O‘F23) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 9. A) Plzf, Glis2, Mmp24, Miwi2, Ngn3, Gfral, Fgfr2 and Tgr5 mRNA accumulations normalized to f-actin in testis of Wt mice 5 days after the
treatment with vehicle or Bu. In panel, n = 10 to 15 from 3 independent experiments. Vehicle groups of each genotype were arbitrarily set at 1. Data are
expressed as the means + SEM. Statistical analysis: *, p < 0.05 versus respective vehicle group for each genotype. Veh: vehicle and Bu: Busulfan. B)
Mpm24 mRNA accumulations normalized to f-actin in testis of Wt and Tgr57/~ mice 5 days after the treatment with vehicle or Bu. In panel, n = 10to 15
from 3 independent experiments. Vehicle groups of each genotype were arbitrarily set at 1. Data are expressed as the means = SEM. ANOVA?2 followed
by Holm-Sidak’s test for multiple comparisons. *, p < 0.05 versus respective vehicle group for each genotype. #, p < 0.05 between genotypes exposed
to same treatments. The horizontal square brackets underline the groups statistically compared between two conditions of different genotypes. Veh:
vehicle and Bu: Busulfan. C) Correlation analyses of the mRNA levels of Tgr5 with Mmp24 or Perp normalized to f-actin in testis of Wt mice 5 days after
the treatment with vehicle or Bu. In panel, n = at least 15 from 3 independent experiments. Spearman Statistical analysis: *, p < 0.05. D) Glis2 mRNA
accumulations normalized to f-actin in testis of Wt and Tgr57/~ mice 5 days after the treatment with vehicle or Bu. In panel, n = 15 from 3 independent
experiments. Vehicle groups of each genotype were arbitrarily set at 1. Data are expressed as the means + SEM. ANOVA2 followed by Holm-Sidak’s test
for multiple comparisons. *, p < 0.05 versus respective vehicle group for each genotype. The horizontal square brackets underline statistical analysis
between two conditions of different genotypes. Veh: vehicle and Bu: Busulfan. E) Correlation analyses of the mRNA levels of Glis2 with the % of PLZF +
cells in testis of Wt mice 5 days after the treatment with vehicle or Bu. In panel, n = at least 15 from 3 independent experiments. Spearman Statistical
analysis: *, p < 0.05. F) Correlation analyses of the mRNA levels of Glis2 with Plzf mRNA accumulations normalized to f-actin in testis of Wt mice 5
days after the treatment with vehicle or Bu. In panel, n = at least 15 from 3 independent experiments. Spearman Statistical analysis: *, p < 0.05. G)
Correlation analyses of the mRNA levels of Glis2 with Ngn3 mRNA accumulations normalized to f-actin in testis of Wt mice 5 days after the treatment
with vehicle or Bu. In panel, n = at least 15 from 3 independent experiments. Spearman Statistical analysis: *, p < 0.05. H) Correlation analyses of the
mRNA levels of Glis2 with Miwi2 mRNA accumulations normalized to f-actin in testis of Wt mice 5 days after the treatment with vehicle or Bu. In panel,
n = at least 15 from 3 independent experiments. Spearman Statistical analysis: *, p < 0.05.

we used in vivo samples. We analyzed the expression of markers
in Bu-treated testis even if we were aware of the potential bias due
to the alteration of cellularity induced by Bu. The present analy-
sis showed that in early timing (5 days after Bu exposure), the
data supported in vitro findings, showing a lower mRNA accu-
mulation of Tgr5, Gfral, Plzf, and Glis2, in addition to Ngn3 and
Miwi2in Wt mice treated with Bu, compared to the group treated
with vehicle (Figure 9A). In addition, a higher mRNA accumula-

Adv. Sci. 2022, 9, 2200626

tion of Mmp24 was observed in the Bu treated males compared
to vehicle treated mice (Figure 9A).

The data demonstrated that the initial loss of germ cell was
similar between Wt and Tgr57/~ mice up to 5 days post-treatment
(Figure S2A, Supporting Information), allowing us to compare
data between Wt and Tgr57/ males. The present data showed
that Mmp24 mRNA accumulation was less impacted in the testis
of Tgr57/~ males following Bu exposure, compared to Wt males

2200626 (13 0f23) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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(Figure 9B). In addition, in the Wt busulfan treated males (for 1
dto 5d), the mRNA accumulation of Tgr5 was correlated with the
expression of Mmp24 and Perp (respectively, R? = 45; p < 0.01 and
R? =039; p < 0.05) (Figure 9C). This was consistent with the fact
that there was lower level of apoptosis in Tgr57~ males following
Bu exposure.

qPCR analyses on the whole testis showed only a modest trend
for a slightly lower impact of Bu on Glis2 mRNA accumulation
in the testis of Tgr57~ males compared to Wt males (Figure 9D);
as following Bu exposure a 60% decrease of Glis2 mRNA accu-
mulation was observed in Wt testis compared to a 50% decrease
in Tgr57/- testis (Figure 9D). However, data showed that GLIS2
may have a major role in the spermatogonia cell population. In-
deed, the Glis2 expression was highly correlated with the number
of PLZF+ cells (R? = 0.82; P<0.0001) and with the Plzf mRNA
(R? = 0.69; P<0.0001) (Figure 9E,F). This highlighted the main
role of GLIS2 in the response to Bu in testis, as was defined
in vitro. Interestingly, the mRNA levels of Glis2 were correlated
with those of Ngn3 (R* = 0.75; P<0.0001) (Figure 9G) and with
the expression of Miwi2 (R? = 0.54; P<0.01) (Figure 9H). These
data highlighted a potential link between GLIS2 and the progen-
itor population of spermatogonia, which had been described to
participate in the recovery following injury.l*>) Ngng3 and Miwi2
mRNA accumulations were correlated to each other (Figure S8,
Supporting Information). Additionally, Ngng3 and Miwi2 mRNA
levels were correlated with the relative percentage of PLZF+ cells
(R? = 0.69P<0.0001 and R? = 0.43; P<0.01 respectively) and
with the expression of Plzf (R? = 0.52; P<0.01 and R? = 0.52;
P<0.0001) (Figure S8, Supporting Information). Interestingly,
the Stra8 mRNA accumulation was correlated with the relative
percentage of PLZF+ cells, with the expression of Plzf, of Ngn3
and of Miwi2 (Figure S9, Supporting Information). Moreover, the
mRNA accumulation of Glis2 (R? = 0.78; P<0.0001) was corre-
lated with the mRNA level of Stra8 (Figure S9, Supporting In-
formation), suggesting the potential association with germ cell
differentiation and enhanced maintenance of germ cell lineage.

All these data sustained the idea that TGRS pathways are asso-
ciated with regenerative capacity of germ cells in part through the
interaction with GLIS2 and TP53 pathways. Our data also sup-
port the idea of a putative crosstalk with the Ngn3-Miwi2 path-
way in progenitor cells that could participate to expand the pool
of spermatogonial cells with stem cell activity under regenerative
conditions.

All the present in vivo data supported the in vitro observations.
To better decipher the crosstalk between TGRS and Bu, we per-
formed analyses at 1-week after Bu exposure, when the number
of PLZF+ cells was different between genotypes. To avoid the
bias of cellularity induced by Bu between genotypes, we analyzed
the expression of markers of SSC (Gfral; Fgfr2) and progenitors
(Ngn3 and Miwi2) in the THY1+ purified spermatogonia.

Data showed that 1-week after Bu exposure, the mRNA ac-
cumulation of Tgr5 in Wt males was decreased in THY1+ cells
(Figure 10A), consistent to what was observed in GC1-spg cell
line. One week after exposure, all the analyzed markers such
as Thyl, Gfral, Fgfr2, and Plzf, in addition to Ngn3 and Miwi2,
were downregulated in the spermatogonia isolated from Bu-
treated Wt males compared to their respective control group (Fig-
ure 10A,B); a lower effect of Bu was observed in Tgr57/~ males
(Figure 10B).

Adv. Sci. 2022, 9, 2200626
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Interestingly, in the THY1+ population, the impacts of Bu on
spermatogonia were associated with an increase of TP53 signal-
ing pathway 3 days after Bu exposure, as revealed by the mRNA
accumulations of Tp53 and of its target genes such as Mmp24,
Phlda3, Perp, and Rspo3 (Figure 10C). For these targets, an impact
of Bu was observed in Wt spermatogonia, whereas lower impacts
of Bu were observed on Tgr57 spermatogonia (Figure 10C).

This was also associated with an alteration of GLIS2 pathway
by Bu, with a decrease in the mRNA accumulations of Glis2 at
both 3 days and 1 week following Bu exposure (Figure 10B,D).
Additionally, the GLIS2 target gene (Fgfr2) was altered in Wt sper-
matogonia only at 1 week after treatment and not at 3 days post-
treatment (Figure 10A,B; Figure S10A, Supporting Information).
No effect was observed in Tgr5/ spermatogonia (Figure 10B).
Such a delay between GLIS2 and its targets was also observed
in GCl1spg as alteration of Tgr5 and Glis2 mRNA accumulations
were concomitantly noticed at 6 and 12 h after Bu administration,
whereas GLIS2 target genes such Fgfr2, Izumo4, and Wfdc1 were
altered only at 12 or 24 h (Figure S10B, Supporting Information).

Taken together, all these data supported the validity of the data
obtained from the GClspg cell line and confirmed, in vivo, the
link and key role of the TGR5; GLIS2 and TP53 pathways in germ
cells in response to Bu.

2.9. Regulation of GLIS2 and P-TP53 by PKA Explains the
Interaction between TGRS and Bu Signaling Pathways

TGRS is known to act through PKA, and it has been demon-
strated previously that the expression of CREB1 was lowered in
the brown adipose tissue of Tgr57 mice, compared to that in the
Wt mice.3%

Analysis using Genomatix of the available human and mouse
Glis2 regulatory sequences referenced led us to identify poten-
tial CREB binding sites (Figure S11, Supporting Information),
supporting the idea that TGR5 could modulate Glis2 expression
at the promoter level through PKA pathway. This was consistent
with the fact that Glis2 was defined as one of the target genes
of the CREBI transcription factor in ChIP-seq datasets from the
ENCODE Transcription Factor Targets dataset.[***!l These data
highlighted a potential TGR5-PKA-cAMP-GLIS2 signaling cas-
cade. In that line, the present data show lower P-CREB levels
in GC1spgX©o ™™ cells than in GClspg cells (Figure 11A). We
questioned whether TGRS could regulate Glis2 and its target
genes through the PKA pathway. Interestingly, the data showed
that PKA inhibition with H89 led to an increase in mRNA ac-
cumulation of Glis2 and its target genes (Figure 11B). The im-
pact of H89 on GLIS2 was confirmed at the protein level in
GClspg cells (Figure 11C). H89 treatment resulted in a signif-
icant 1.5-fold increase in Glis2 mRNA accumulation in GClspg
cells (Figure 11D). These data suggest that the increased accu-
mulation of Glis2 mRNA was associated with inhibition of the
PKA pathway. Of note, H89 had no effect on Glis2 mRNA ac-
cumulation in GC1spgX® ™8™ cells compared with vehicle-treated
GClspgX©®® cells (Figure 11D). Interestingly, as previously
shown in vehicle-treated cells, Glis2 mRNA accumulation was
significantly greater in GC1spg®8> cells than in GC1spg cells
(Figure 11D). This result was consistent with the lower levels
of phosphorylated CREB1 in GC1spg*®™™ cells compared with
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Figure 10. A) ThyT, Tgr5, Id4, Plzf, Gfra1, Glis2, Fgfr2, Ngn3 and Miwi2 mRNA accumulations normalized to f-actin in THY 1+ isolated spermatogonia of
adult Wt mice 1 week after the treatment with vehicle or Bu. In panel, n = 10 to 15 from 3 independent experiments. Vehicle groups of each genotype were
arbitrarily set at 1. Data are expressed as the means + SEM. statistical analysis: *, p < 0.05 versus respective vehicle group for each genotype. Veh: vehicle
and Bu: Busulfan. B) ThyT, Id4, Plzf, Gfra1, Glis2, Fgfr2, Ngn3, and Miwi2, mRNA accumulations normalized to f-actin in THY 1+ isolated spermatogonia
of adult Wt and Tgr57" mice 1 week after the treatment with vehicle or Bu. In panel, n = 10 to 15 from 3 independent experiments. Vehicle groups of
each genotype were arbitrarily set at 1. Data are expressed as the means + SEM. ANOVA?2 followed by Holm-Sidak’s test for multiple comparisons. *, p
< 0.05 versus respective vehicle group for each genotype. Veh: vehicle and Bu: Busulfan. C) Tp53, Rspo3, Phlda3, Perp and Mmp24 mRNA accumulations
normalized to f-actin in THY 1+ isolated spermatogonia of adult Wt and Tgr57/- mice 3 days after the treatment with vehicle or Bu. In panel, n = 5.
Vehicle groups of each genotype were arbitrarily set at 1. Data are expressed as the means + SEM. ANOVA2 followed by Holm-Sidak’s test for multiple
comparisons. *, p < 0.05 versus respective vehicle group for each genotype. Veh: vehicle and Bu: Busulfan. D) Glis2 mRNA accumulations normalized
to f-actin in isolated spermatogonia of adult Wt and Tgr57/ mice 3 days after the treatment with vehicle or Bu. In panel, n = 5. Vehicle groups of each
genotype were arbitrarily set at 1. Data are expressed as the means + SEM. ANOVA2 followed by Holm-Sidak’s test for multiple comparisons. *, p <
0.05 versus respective vehicle group for each genotype. Veh: vehicle and Bu: Busulfan.

GClspg cells (Figure 11A); this may reflect weaker PKA activa-
tion in GC1spg 18> cells and explain how Glis2 mRNA accumus-
lation was higher in GC1spg® ™ cells compared with GClspg
cells.

The association among TGRS, PKA, GLIS2, and P-TP53 was
further supported by data showing that INT-777 treatment led
to an increase in P-TP53 (Figure 11E), which was counteracted
by PKA inhibition (H89) (Figure 11F) and by the overexpression
of GLIS2 (Figure 11G). Note that INT-777 treatment led to a de-
crease of GLIS2 protein accumulation in GC1-spg cells, whereas
no effect was observed in GC1spgX© %™ cells (Figure 11H).

Taken together, these data suggested that TGRS regulates
GLIS2 through the PKA pathway, which then regulated TP53
phosphorylation. These data suggested that the crosstalk between
TGRS and TP53 must be at least at the post-translational level via
PKA and GLIS2.

Adv. Sci. 2022, 9, 2200626

We have demonstrated that the inhibition of PKA, and thus P-
CREB levels, by H89 administration leads to an increase in GLIS2
levels. The lower P-CREB levels in GC1spgX©™ cells than in
GClspg cells allows for re-examination of the effects of Bu and
the link to TGRS signaling, and the potential involvement of PKA
signaling, thus leading to the overexpression of GLIS2 in connec-
tion with the lower impact of Bu in GC1spg*® ™™ cells.

2.10. Activation of TGR5 Sensitized Cells to Bu

The regulation of GLIS2 and P-TP53 by PKA explain the crosstalk
between the TGR5 and Bu signaling pathways. Because the ab-
sence of TGRS protects germ cells from the long-term effects of
Bu, we decided to analyze the impact of TGR5 activation using
its agonist INT-777 in combination with Bu. GC1-spg cells were
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Figure 11. Representative western blots of Phospho-CREB (P-CREB) and quantification of ratios in GCIspg and GCl1spg“CT8™. GClspg cells were
arbitrarily set at 1. Adgrg1, lzumo4, Wfdc1, Fgfr2 and Glis2 mRNA accumulations normalized to f-actin in GC1spg cells treated for 45 min with vehicle
or H89 and harvested 24 h later. Vehicle groups were arbitrarily set at 1. Representative western blots of GLIS2 and quantification ratios in GClspg cells
treated with vehicle or H89 for 45 min and harvested 24 h later. Normalization was performed against total protein using stain-free gels. Glis2 mRNA
accumulations normalized to f-actin in GC1spg and GC1spgC-T8™ cells treated for 45 min with vehicle or H89 and harvested 24 h later. Vehicle treated
GClspg cells were arbitrarily set at 1 Representative western blots of Phospho-TP53 (P-TP53), and quantification of ratios in GC1spg and GC1spg*©-Ter
cells treated with vehicle or INT-777 for 24h. Vehicle treated cells were arbitrarily set at 1. Representative western blots of Phospho-TP53 (P-TP53),
and quantification ratios in GClspg cells treated with vehicle or H89 for 45 min and then with vehicle or INT-777 for 24 h. Vehicle treated cells were
arbitrarily set at 1. Normalization was performed against total protein using stain-free gels. Representative western blots of Phospho-TP53 (P-TP53),
and quantification of ratios in GC1spg cells transfected with an empty vector or a vector for overexpression of GLIS2 and treated with vehicle or INT-777
(25 x 1076 m) for 24 h as well as GC1spgCT8™ cells transfected with an empty vector and treated with vehicle for 24 h. Normalization was performed
against total protein using stain-free gels. Vehicle treated cells were arbitrarily set at 1. Representative western blots of GLIS2, and quantification of ratios
in GC1spg cells transfected with an empty vector or a vector for overexpression of GLIS2 and treated with vehicle or INT-777 (25 X 1076 m) for 24 h as
well as GC1spgkO-Te" cells transfected with an empty vector and treated with vehicle for 24 h. Normalization was performed against total protein using
stain-free gels. Vehicle treated cells were arbitrarily set at 1. In all panels, n = 15 from 3 independent experiments. Data are expressed as the means +
SEM. ANOVA?2 followed by Holm-Sidak’s test for multiple comparisons. *, p < 0.05 versus respective vehicle group for each genotype. Veh: vehicle and
Bu: Busulfan.

pretreated for 24 h with INT-777 and then with Bu for 24 or 48 h,
and the data were compared to cells exposed to Bu alone. As was
shown previously, there was no statistical difference between cell
number in vehicle condition between GC1spg and GC1spgkO-Ter
cells; therefore, we set vehicle groups at 1 to better decipher the
effects of the molecules. The results showed that cell counts were
lower when GClspg cells were exposed to INT-777 and Bu, com-
pared to when they were exposed to Bu for 24 and 48 h (Fig-
ure 12A). This additive effect of INT and Bu was not observed
in GC1spgO-Tes cells (Figure 12A).

Adv. Sci. 2022, 9, 2200626

To explain the lower number of adherent cells in the INT+Bu
condition compared to Bu, we examined whether the activation of
TGRS by INT-777 could additively with Bu modified the prolifera-
tion/apoptotic balance. No effect of INT+Bu was observed on pro-
liferation as revealed by BrdU incorporation (Figure S12A, Sup-
porting Information). Interestingly, at 48 h after Bu-treatment, a
significantly higher increase in apoptosis cell rates was observed
in GCl1spg Wt cells treated by both Bu and INT-777 compared to
Bu, INT or Veh (Figure 12B). Note that no significant effect was
observed in the GC1spg®-8* (Figure 12B).
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Figure 12. A) Relative number of adherent cells in GC1spg and GC1spg©-T8"™ cells pre-exposed 24h with INT-777 and then to Bu (200uM) for 24 or 48
h. Vehicle treated cells were arbitrarily set at 1. B) (Left) Representative micrographs of GC1spg and GC1spgX©-Te™> cells pre-exposed 24h with INT-777
and then to Bu 200uM for 48 h and stained for TUNEL. (Right) Quantification of the relative number of TUNEL positive GC1spg and GC1spg<©-Ters
cells pre-exposed 24h with INT-777 and then with Bu (200uM) for 48 h. Vehicle treated cells were arbitrarily set at 1. C) Perp, Phld3a and Mmp24 mRNA
accumulations normalized to f-actin in GC1spg cells and GC1spgKOTe"™ cells pre-exposed 24h with INT-777 and then to Bu 200uM for 24 h. Vehicle
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p < 0.01; ###, p < 0.001 between genotypes exposed to same treatments. The horizontal square brackets underline the groups statistically compared
between two conditions of different genotypes. Veh: vehicle and Bu: Busulfan. (D) (Left) Representative micrographs of testis of Bu or Bu+CA treated
Wt males stained for PLZF. (Right) Quantification of the number of positive PLZF cells per seminiferous tubule of males treated with the Bu or Bu+CA (4
weeks after treatment). E) (Left) Representative micrographs of testis of Bu or Bu+CA treated Wt males stained for acetylated H4. (Right) Quantification
of the number of acetylated H4 positive seminiferous tubules of males treated with the Bu or Bu+CA (8 weeks after treatment). F) (Left) Representative
micrographs of testis of Bu or Bu+CA treated Wt males stained for TUNEL. (Right) Quantification of the number of TUNEL positive cells per seminiferous
tubule of testes from Wt males treated with Bu or Bu+CA (8 weeks after treatment). In D to F panels, n = 10-24 from 3 independent experiments. Data
are expressed as the means + SEM. Statistical analysis: *, p < 0.05; ** p < 0.07; *** p < 0.001 versus Bu treated group. Bu: Busulfan and Bu+CA:
Busulfan+ cholic acid.

In that line, additive alterations in mRNA accumulations of
the TP53 target genes by INT-777 and Bu compared to Bu alone
were observed at 24 h for Perp, Phld3a, and Mmp24 (Figure 12C).
All these effects were mediated by TGRS, as was revealed using
GCl1spgkOTew cells (Figure 12).

To confirm the involvement of the TGRS signaling pathway,
we performed similar experiments using another TGRS agonist,
namely oleanolic acid (OA), which acts through TGRS in GClspg
cells; this was demonstrated using the cAMP-response element
fused to luciferase (Figure S4F, Supporting Information). Con-
sistently, co-exposure to Bu and OA led to additive effects on the
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number of adherent GC1spg, which were found to decrease (Fig-
ure S12B, Supporting Information). A small additive effect of Bu
and OA was observed on P-TP53 levels (Figure S12C, Support-
ing Information) and on mRNA accumulation of the TP53 tar-
get genes Mmp24 and Phld3a (Figure S12D, Supporting Informa-
tion). The level of apoptotic cell rate was higher in Bu+OA treated
cells compared to cells treated with Bu alone (Figure S12E, Sup-
porting Information).

Based on the results obtained upon treating GC1spg cells with
a combination of Bu, INT-777, or OA, we speculated that a com-
bination of Bu and bile acids (endogenous TGRS ligands) could
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lead to synergistic deleterious effects on germ cell in vivo. Wild-
type males were treated once with Bu at the beginning of the ex-
periment, and received a diet supplemented with 0.5% cholic acid
(CA) for 8 weeks. Male mice treated with Bu and sacrificed after 4
weeks showed an almost complete recovery of PLZF+ cell counts
(Figure 12D). In contrast, we observed a decrease of around 50%
in the number of PLZF+ cells in mice treated with Bu+CA at 4
weeks after treatments (Figure 12D). Consistently, 8 weeks after
Bu treatment, the number of seminiferous tubules with positive
acetylated-H4 spermatid cells was lower in the Bu+CA treated
group than in Bu treated group (Figure 12E). This prolonged
germ cell loss in the Bu+CA group 8 weeks after treatment was
associated with a higher rate of apoptotic cells compared to the
Bu-treated group (Figure 12F). These data confirmed the interac-
tions between BA-TGRS and Bu signaling pathways.

3. Discussion

Recently, bile acid homeostasis has been demonstrated to play
some roles in controlling male fertility. The nuclear receptor of
bile acid, namely FXRa, plays a key role in the homeostasis of un-
differentiated germ cells as the FXRa knockout mice presented
an increased number of undifferentiated germ cells throughout
their postnatal life.[? This was associated with the maintenance
of reproductive capacities during aging. Moreover, data obtained
from mice have shown that the G-protein coupled bile acid recep-
tor TGRS is involved in cholestasis-induced fertility disorders.?’]
Under physiological conditions, no difference was observed be-
tween Wt and Tgr57/~ males. In this study, we used mice treated
with Bu as a classical model of transient germ cell depletion to
demonstrate that the TGRS signaling pathway plays critical roles
in germ cell homeostasis following injuries.

Regarding the responsiveness to Bu, the present work showed
that Bu acted primarily on undifferentiated spermatogonial cells,
which was in agreement with the results from other studies.'*]
Bu led to a decrease in the number of undifferentiated germ cells
during the first days following treatment. In turn, this effect on
undifferentiated germ cells led to a major impact on spermato-
cytes, which then affected spermatids and sperm cells, thereby af-
fecting fertility. This confirmed that a Bu-based study design can
help understand the properties of undifferentiated germ cells. It
has to be noted that this approach relied on single injection, in
contrast to clinical conditions where patients undergo chronic
exposure to Bu, in combination with fludarabine or cyclophos-
phamide. Bu is given at a dose of 3.2 mg/kg, which is repeated
over 2 to 4 consecutive days (around 12 mg/kg as total dose).l*?]
Thus, the final dose used in this study (15 mg/kg) was consistent
with what is used in the clinic, although it is possible that there
is a difference between acute and chronic exposure.

The impact of chemotherapeutic treatments depends on their
bioavailability, which depends on their elimination and the vari-
ous detoxification mechanisms involved. The half-life of Bu is ap-
proximately 3 h, and therefore, it seems unlikely that TGRS is in-
volved in Bu detoxification as the initial effects of Bu on testicular
physiology and on germ cell lineage are almost similar between
Wt and Tgr57/~ males. Differences are observed between geno-
types mainly at the time of germ cell lineage recovery, resulting
from the differential ability of Tgr5~/ undifferentiated germ cells
to proliferate, survive, and/or differentiate. Thus, the present data
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demonstrate that TGRS is a key factor for cellular repair and tis-
sue regeneration following injuries.

Regarding undifferentiated spermatogonia, the present results
demonstrated that Bu exposure decreased Gfraland Fgfr2mRNA
accumulation, and these effects were lowered in a low TGRS
state. Both FGFR2 and GFRA1 were defined as critical actors of
the self-renewal of spermatogonial stem cells.[***] Moreover, re-
cent data highlighted the role of FGFR2 in inducing germ cell
differentiation.[*] All these data support the fact that TGR5 may
play a critical role in the maintenance of the SSC pool and in
the mechanisms of cell fate and regeneration following injuries,
as illustrated here using anti-cancer therapies. This may explain
in part how the germ cells of Tgr57~ males were able to rapidly
initiate a new wave of spermatogenesis to repopulate the semi-
niferous tubules and give birth to offspring.

Next to the SCC pool, it has been demonstrated that the
NGN3+ spermatogonial progenitor population retain stem cell
potential to contribute to regeneration after injury.l®! Moreover,
after injury, within the NGN3+ population, MIWI2-expressing
cells exhibited stem cell activity that is essential for the efficient
regenerative capacity of the testis. The data from this study iden-
tified strong correlations between Glis2 and Tgr5 with Ngn3 and
Miwi2, reinforcing the identification of molecular mechanisms
resulting in germ cell re-emergence after chemotherapy-induced
injury. Thus, TGR5 might act on either SCC and/or progenitor
spermatogonia, affecting germ cell and fertility recovery after in-
jury.

At the molecular level, we demonstrated the alterations of
apoptotic process as one of the main mediators of the effects of
Bu on germ cells. Analysis of RNAseq data allowed us to iden-
tify two key pathways associated with TGR5, namely GLIS2 and
TP53. In addition, the data demonstrate the link between GLIS2
and TP53 in germ cell sensitivity to Bu. We used genetic tools
and pharmacological approaches to demonstrate that this GLIS2-
TP53 pathway is regulated by TGR5. Furthermore, all the data
presented confirm the primary role of TGRS in the impact of Bu
via the GLIS2-TP53 pathway. To date, very few links have been es-
tablished between GLIS2 and TP53. However, the model in this
study is consistent with a previous study suggesting that the ab-
sence of GLIS2 stabilizes the accumulation of TP53 and the post-
translational modulation of TP53.¢] Therefore, the results of the
present study led us to derive a scheme connecting the TGR5 and
Bu signaling pathways (Figure 13). Bu has been demonstrated
to induce TP53 phosphorylation. Parallelly, activation of TGRS
by agonists led to the activation of PKA and phosphorylation of
CREB. This was associated with the repression of GLIS2 accumu-
lation, which was consistent with the fact that GLIS2 was defined
as a CREB1 target gene.[**l The lower expression of GLIS2 in Bu
treated-conditions allows for a higher accumulation of P-TP53,
which was then associated with germ cell apoptosis. This sub-
stantial germ cell loss delayed the capacity of germ cell lineage
emergence and consequently, male fertility. In contrast, in the
context of TGR5 knock-out or knock-down, the lower activation
of the PKA/CREB pathway was associated with higher levels of
GLIS2 accumulation; this inhibited the accumulation of P-TP53
induced by Bu and lowered germ cell apoptosis. This allowed for
germ cell renewal and the earlier recovery of male fertility.

Itis interesting to note that the activation of TP53 has also been
associated with an increase in lipid peroxidation in Bu-treated
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Figure 13. Proposed model for the crosstalk between TGR5 and Bu signaling pathways.

testes after 1-2 weeks,>13] suggesting an increase in reactive

oxygen species (ROS) production. Indeed, mice treated with
melatonin after Bu injection show enhanced spermatogenesis.[*’]
Melatonin drives the expression of MnSOD (MaNganese Su-
perOxide Dismutase), which counteracts the apoptosis caused
by high levels of Bu-induced ROS.™ In parallel, melatonin
stimulates the expression of SIRT1, which participates in TP53
deacetylation, leading to TP53 degradation and resulting in cel-
lular resistance to apoptosis. Although we did not detect lipid
peroxidation or ROS-related gene clusters in the RNA-seq ap-
proach, the involvement of such a mechanism cannot be com-
pletely excluded because busulfan was found to modulate the
level of acetylated-TP53 (ac-TP53) and this impact was lowered in
siTGR5-transfected cells (Figure S13A, Supporting Information).
However, this effect is not a major mechanism because GLIS2
overexpression, which counteracts the impact of Bu on cell apop-
tosis, has no impact on the Bu-induced effect on ac-TP53 (Figure
S13B, Supporting Information).

All the results presented in this study show that TGRS plays
a major role in testicular physiopathology. Invalidation of the
Tgr5 gene, or its inactivation by an antagonist, could facilitate
protection of the germ line to limit the deleterious impacts of
chemotherapy on fertility. Even though there is still a long way
to go before it is clinically used, we propose that TGR5 modu-
lation could be integrated into anti-cancer treatment protocols.
This modulation will need to be vectorized to induce a modula-
tion of TGRS specifically in the tissue of interest, thus avoiding
effects on other cell types. However, the role of TGRS in testicular
physiology and pathophysiology remains to be fully understood.

Chemotherapies such as Bu, like other alkylating agents, will
cause DNA damages by forming intra-strand bridges in the DNA,
leading to DNA breaks, thereby causing cell death.*] Their im-
pact will depend on the type of chemotherapy and dose used. In
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addition to impacting the number of spermatozoa, chemothera-
pies could also have a major impact on their quality, because they
can cause mutations in the germ cells.

The results of this study demonstrate that Tgr5 invalidation
minimizes the long-term effects of Bu by causing an early restart
of spermatogenesis, leading to an early return of fertility. How-
ever, it would be important to study sperm quality in Tgr57~ indi-
viduals after Bu treatment. Because spermatogenesis is restored
earlier in Tgr57/~ males compared to control mice, it is important
to avoid potential problems related to DNA repair. The cells reju-
venate faster in Tgr57/~ males, but this could be associated with
poor DNA repair, leading to defects in sperm quality that may re-
sult in developmental defects in the offspring. The fertility anal-
yses performed in this study showed that 6 to 8 weeks after Bu
treatment, all animals (Wt or Tgr57/") were sterile. When sper-
matogenesis was restored, Bu-treated Tgr5~/~ males, which were
then bred with an untreated female after 20 weeks, gave birth to
anormal number of offspring per litter without major impact on
the number of fetuses that died in utero. However, it is conceiv-
able that Bu may have an impact on sperm quality, which could
translate into an impact on the offspring. The fact that TGR5-
mediated apoptosis leads in part to delayed healing does not nec-
essarily exclude it from participating in a protective mechanism
to avoid DNA damage in germ cells and thus safeguard gamete
quality. Thus, although it is beyond the scope of the present study,
many experiments remain to be performed to get a better idea of
the beneficial impact of positive or negative modulation of TGR5
signaling on sperm quantity and quality. We believe that this is-
sue will need to be further evaluated using relevant models in
future experiments.

The qualitative impact on spermatozoa is relevant to the con-
tinuation of this study, as it is known that Tgr5 invalidation
counteracts testicular defects and degradation of sperm quality,
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which is induced by a cholic acid-supplemented diet with a major
metabolic impact on multiple generations of individuals.?®! This
suggests that Tgr5 plays an important role in sperm quality, and
this effect appears to be dependent on the de novo DNA methyl-
transferase enzyme DNMT3B. A diet supplemented with cholic
acid leads to a decrease in Dnmt3b expression through TGRS in
germ cells, resulting in a decrease in DNA methylation. Thus,
before proposing the modulation of TGRS in the clinic to safe-
guard fertility after chemotherapy, it is essential to realize its im-
pact on sperm quality and offspring over several generations in
experimental models. This will allow us to avoid defects in sperm
quality that could lead to the transgenerational transmission of
abnormalities.

The role of TGRS in response to Bu was evaluated because it
is a commonly used molecule in the study of spermatogenesis.
The results showed that the invalidation of Tgr5 in mice mini-
mized the effects of Bu on spermatogenesis, which raised the
question of the impact of TGRS in response to other chemother-
apies. Interestingly, the data showed that the impact of the lack
of Tgr5 was also observed using other chemodrugs such as tre-
osulfan, hepsulfam, and cyclophosphamide. In contrast, Tgr5
invalidation did not alter the response of GClspg cells to cis-
platin. It is interesting to note that cisplatin gives rise to dou-
ble DNA strand breaks,[*] whereas Bu, cyclophosphamide,>!
and treosulfan’®'! generate single strand DNA breaks. These
data must help to further define the underlying molecular
mechanisms associating the lack of Tgr5 to protection against
chemodrugs.

Next to the protective effect of the lack of TGRS to mini-
mize the impacts of chemodrugs, the present data show that co-
exposure to Bu and bile acids (endogenous ligands of TGRS5) lead
to synergic deleterious effects on testicular physiology in vivo.
These results were obtained using a cholic acid supplemented
diet concomitant with Bu treatment, and they showed that the
presence of high levels of bile acids could increase the effective-
ness of the treatment by leading to greater and prolonged cell
death. This additive effect between Bu and TGRS activation was
confirmed on GClspg cells. These data support the idea that
in the pathophysiological conditions of cancer-treatment using
chemotherapy, it is critical to consider pre-existent hepatotoxic-
ity. It could lead to a more permanent effect of the chemotherapy
on germ cell capacity to recover. As highlighted here, the activa-
tion of TGRS by its agonists led to repression of GLIS2 expression
and activation of TP53. This molecular mechanism must explain
the crosstalk between TGR5-GLIS2 and TP53 (Figure 13). These
data must be useful to understand the variability of the long-term
impacts of cancer treatments on reproductive capacity among pa-
tients.

All the data highlighted the major role of bile acid signaling
pathway through TGRS in germ cell lineage. Interestingly, re-
cent publications demonstrated that the reduction of the richness
and/or diversity of intestinal microbiota (IM) in the context of ex-
posure to anticancer drugs (such as Bu), negatively impacted tes-
ticular physiology, leading to reduced sperm production.®?] Mi-
crobiota is involved in the synthesis of secondary BA, which are
endogenous ligands of TGRS. The potential association between
TGRS and BA produced by IM>] will have to be studied to better
understand how microbiota might impact male fertility following
treatments with anticancer drugs.
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In conclusion, the present work defines the hitherto uniden-
tified roles of the TGR5 on the physiology of spermatogonial
stem cells and progenitor cells. The early germ cell resurgence
in Tgr57/~ males after Bu exposure and the prolonged effect of Bu
when combined with a TGRS agonist demonstrate that this path-
way is involved in controlling germ cell fate. Specifically, these re-
sults identify the key involvement of TGR5-mediated modulation
of GLIS2- TP53 pathways in the regulation of stem cell renewal
and survival gene expression.

These data are relevant because it has been shown that 69% of
patients who underwent chemotherapy (Bu or other chemother-
apies such as melphalan) before hematopoietic stem cell trans-
plantation had an increased risk of persistent azoospermia.l>¥]
The present work work helps to further understand fertility dis-
orders in the context of cancer treatments and provides new per-
spectives for developing therapeutic solutions targeting TGRS
for fertility disorders to promote germ cell lineage regeneration.
Among chemotherapies, alkylating agents induce long-term tes-
ticular dysfunction and impair fertility.l>>) However, apart from
the cryopreservation of sperm, which is not always possible, lit-
tle progress has been made to preserve male fertility following
cancer treatments, particularly chemotherapy. Therefore, the side
effects of cancer treatments on the quality of life, including the
maintenance of fertility, is a key issue. It is therefore important
to pursue research programs to decipher the underlying molec-
ular mechanisms to improve cancer treatments while minimiz-
ing their long-term side effects, particularly on fertility. This is a
public health issue, because with advances in the effectiveness of
cancer treatments, patient survival rates have increased,>>*¢! and
it is estimated that 1 in 530 young adults aged 20 to 40 years is
a cancer survivor;*’] this relative number is expected to increase
in the coming decades.

4. Experimental Section

Animals:  C57BI/6) mice were purchased from Charles River Labora-
tories (L'Arbresle, France). Mice were acclimated at least 2 weeks before
experiments. The Tgr5~/~ mice used have been previously described.[?’]
The mice used in this study were maintained in a C57BL/6) background.

To better decipher the role of TGR5 within the germ cell lineage, specific
germ cell knock-out mice were generated using the Tgr5 floxed micel®?]
and the model driving the expression of the recombinase-CRE under the
control of the Vasa-promoter.33] The hTGR5-T2A-GFP mouse line was pre-
viously described.[3?]

Mice were housed in temperature-controlled rooms with 12 h light/dark
cycles. Mice had ad libitum access to food and water. The refinement is
based on the housing and monitoring of the animals as well as the de-
velopment of protocols that consider the animal welfare. This has been
achieved by enriching the cages (cardboard tunnel and mouse houses).
The mice were housed in social groups with cage sizes that complied with
the legislation according to the number of mice.

12-week-old mice were exposed to busulfan, hepsulfam or cyclophos-
phamide (once, IP, 15mg/kg) and organs were harvested at several time
points after from 1 day up to 20 weeks after exposure. The number of an-
imals per group was defined on independent experiments to validate the
reproducibility of results.

To minimize the confounders, several independent experiments were
done, and groups of animals were not sacrifice in the same order from
one experiment to another. These protocols have already been performed
in adult mice where no suffering was reported in the time frame of our ex-
periments. However, we have performed daily monitoring of the animals
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in the first few days following the injection. Wehave monitored food con-
sumption, the possibility of diarrhea. We have checked for signs of suffer-
ing activity disorders or physiological changes. No signs of suffering were
reported.

This study was conducted in accordance with current regulations
and standards approved by Institut National de la Santé et de la
Recherche Médicale Animal Care Committee and by the animal care
committee (CE2EA Auvergne; protocol CE07-12 & APAFIS#19626-
2020072312102562v3).

Fertility Test: Each male was mated at night with a female C57BI6)
(Charles River) for 10 days. Mating was monitored daily for vaginal plug-
ging to determine if mating had occurred. After 17 days of gestation, the
mating efficiency was inspected and the number of pups per litter was
counted.

Histology: The testes were collected, fixed in 4% PFA and embedded
in paraffin, and 5 um-thick sections were prepared and stained with H&E.

In Vivo TUNEL Analysis: TUNEL experiments were performed, as pre-
viously described[?’] on 5 pm sections of testis fixed in paraformalde-
hyde 4%. Raw numbers of TUNEL positive cells are given for each vehi-
cle groups in dedicated graphs and then the impact of pharmacological
molecules is compared to vehicle groups. For that purpose, vehicle groups
of each genotype have been arbitrarily set at 1and the results are expressed
as the relative number of TUNEL positive cells.

Immunohistochemistry: 5 pm sections were mounted on positively
charged glass slides (Superfrost plus), deparaffinized, rehydrated, treated
for 20 min at 93-98°C in 0.0 M citric buffer-tween 0.1% (pH 6), rinsed in
osmosed water (2 X 5 min), and washed (2 x 5 min) in Phosphate-buffered
saline (PBS). Immunohistochemical studies were conducted according to
the manufacturer’'s recommendations. Slides were then counterstained
with Hoechst medium (1 mg/mL) and then mounted on PBS/glycerol
(50/50). The antibodies used are reported in Table S4 in the Supporting
Information.

For some experiments, raw numbers of positive cells are given for
vehicle-treated groups (control; DMSO 1/1000) in dedicated graphs and
then the impact of molecules is analyzed regarding respective vehicle
group of each genotype. For that purpose, the vehicle groups of each geno-
types have been arbitrarily set at 1.

Cell Line Approaches: GClspg cells (ATCC; CRL-2053) were used as
previously described.?”l GClspg Tgr5 knockout cells (GC1spgh©-Ter)
were generated as following:

Cell Line Approaches—Generation of Crispr/CAS9 Tgr5 Deficient GClspg
Cells:  For the generation of the GClspg Tgr5 knockout cells, using
Crispr/CAS9 approach (see Figure S4 in the Supporting Information).
Guides were defined based on the mm9 version of the mouse genome
and using the website http://crispor.tefor.net/. The sequences used
are for guide-1: GGCTGCGCAAGTGGCGGTCC and for guide-2: GCCG-
GAACCATCAGGGCTAC. Then, the guides were introduced on PX458:
pSpCas9(BB)-2A-GFP (PX458) (Addgene Plasmid #48138) (Addgene, Wa-
tertown, MA, UDA) and PX459: pSpCas9(BB)-2A-Puro (PX459) V2.0 (Ad-
dgene Plasmid #62988). pSpCas9(BB)-2A-Puro (PX459) was a gift from
Feng Zhang (Addgene plasmid # 48139; http://n2t.net/addgene:48139;
RRID:Addgene_48139).1°°] Guides were cloned on vectors at the Bbsl re-
striction site.

GClspg cells were plated on 6-well plates and transfected, using Jet PEI
(Ozyme) with 1 g of guide 1in PX458 (expressing pfg) and 2 pg of guide 2
in PX459. 24 h after transfection, using GFP expression, GClspg cells were
sorted by FACS (BD FACSMelody™ Cell Sorter from BD Biosciences) and
plated as individual cell in a 96-well plate in GC1spg conditioned medium
(DMEM and 1% SVF). The clones were then validated by sequencing and
genotyping. Primer sequences for PCR are giver in Table S5 in the Support-
ing Information.

For non-transfected GC1spg or GC1spg ™™ cells, cells were plated in 6
well plates. 24 h (24 h) after plating, cells were treated with vehicle (DMSO,
1/1,000), INT777 (25 uM; Sigma-Aldrich, St. Louis, MO) or busulfan 200
x 1076 M, cyclophosphamide (75 x 107® M), hepsulfam (3 x 1076 w),
treosulfan (10 x 107® m). For cisplatin (5 x 107 wm), vehicle used was
NaCl 0.09% (1/1000). Then, cells were harvested at different time points,
and messenger RNA (mRNA) or protein extractions were performed.

Adv. Sci. 2022, 9, 2200626

www.advancedscience.com

Cell Line Approaches—Transient Transfection—For siRNA Experiments:
GClspg cells were transfected with small interfering RNA (siRNA) us-
ing interferin (Ozyme, Saint Quentin Yvelines, France) in six-well plates
(50 000 cells per well). The siRNA directed against Tgr5 and the control
siRNA were previously used (seel?”l). The siRNA directed against Glis2
was purchased to Darhmacon™ (SMART pool siRNA L-042208-01-0005).
The siRNA directed against Tgr5 or Glis2, as well as control siRNA, siCtrl
(si Gfp), were transfected at 5 ng per well.

Cell Line Approaches—Transient Transfection—For Overexpression:
GClspg cells were transfected with Jet-PEI (Ozyme, Saint Quentin Yve-
lines, France) in six-well plates (50,000 cells per well). The plasmid vector
of GLIS2 (MR208349, Origene, Leiden, Netherlands) or empty vector
were transfected at 200 ng per well.

Cell Line Approaches—Treatments—For Chemodrug Alone Experiments:
24 h after the transfection cells were starved for 12 h and treated for 6-24
h later with either DMSO (1/1000) or busulfan (200 x 107 m), cyclophos-
phamide (75 x 1076 m), hepsulfam (3 x 1076 m), treosulfan (10 x 107°
m), NaCl 0.9% (1/1000) or cisplatin (5 x 1076 m).

Cell Line Approaches—Treatments—For TGR5 Agonists + Bu Experiments:
Cells were pretreated with vehicle (DMSO, 1/1000), INT-777 (12.5 uM ou
25 x 107¢ m; Sigma-Aldrich, St. Louis, MO) or OA (25 x 107° m; Sigma-
Aldrich, St. Louis, MO), and 24 h later with either DMSO (1/1000) or
busulfan (200 x 1076 m).

For each kind of experiments, cells were harvested at 6h, 12h, 24h or
48h later, and immunocytochemistry, mRNA or protein extractions were
performed.

Cell Line Approaches—Luciferase  Experiments: cAMP-response
element-luciferase (CAMP-RE-luc) reporter plasmid has been previously
described.[?0] GC1spghO-Ter> cells were transfected with jetPEIl (Ozyme) in
24-well plates. cAMP-RE-luc construct (360ng) was transfected together
with expression plasmid encoding for mouse TGR5 (40ng). The quantity
of DNA was maintained constant by addition of empty pCMX vector
to a total amount of 1000ng of DNA per well. Twenty-four hours after
transfection, cells were treated with vehicle, INT-777 (12.5 or 25 puM), or
OA (25 uM). Cells were harvested 24 h later and assayed for luciferase.
Luciferase values were normalized to protein quantity.

Cell Line Approaches—BrdU Incorporation: To define proliferation rate,
cells were pretreated with INT-777 (25 x 107 wm) or vehicle (1/1000)
for 24 h and then cells were exposed to vehicle (DMSO 1/1000) or Bu
(200 uM) for 24 h. Cells were then incubated with BrdU (10 x 1076 m)
for the one last hour. Then cells were washed with PBS1X and fixed
with methanol. The detection of BrdU was performed using primary an-
tibody anti-Bromodeoxyuridine (11170376001, Merck) revealed with spe-
cific Alexa488-coupled secondary antibody.

Cell Line Approaches—TUNEL: For TUNEL experiments, cells were
fixed with PFA 4% on 6 well plates and then the experiments were per-
formed as described above in the immunohistochemistry section. The rev-
elation of the staining was visualized by immunofluorescence.

Real-Time RT-PCR:  RNA were isolated using RNAzol. cDNA was syn-
thesized from total RNA with the MMLV and random hexamer primers
(Promega, Charbonniéres-les-Bains, France). The real-time PCR measure-
ment of individual cDNA was performed using SYBR green dye (Master
mix Plus for SYBR Assay, Takara Bio) to measure duplex DNA formation
with the Eppendorf-Realplex system. For each experiment, standard curves
were generated with pools of cDNA from cells with different genotypes
and/or treatments. The results were analyzed using the AAct method.
Primers sequences are reported in Table S5 in the Supporting Informa-
tion.

Western Blotting: ~ Proteins were extracted from tissues using RIPA ly-
sis buffer completed with protease inhibitors (Roche Diagnostics, Meylan,
France). Antibodies were suspended in Tris-buffered saline, 0.1% Tween,
and 5% BSA. The list of antibodies used is given in the Supporting Infor-
mation (Table S6, Supporting Information). For some analyses, the quan-
tifications of the protein accumulation were done either against houskeep-
ing gene (GAPDH) or against total stained proteins using stain-free imag-
ing technology from BIO-RAD. This allows to obtain quantitative western
blot data by normalizing bands to total protein in each lane. On each figure
of the present manuscript using stain-free gels, a representative image of
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total stained proteins on membrane is given with a highlight made with a
crop section at around 50kDa for each experiment.

RNA-Seq: The experiment was performed on GClspg cells transfected
with siRNA-Ctrl or siRNA-Tgr5 and treated with vehicle (1/1000) or busul-
fan (200 x 1078 wm). Starting from RNA, all preparations were made using
the IGBMC platform (lllkirch). The mRNA-seq libraries were sequenced
(1% 50 b).

Reads were mapped onto the mm10 assembly of the mouse genome
using Hisat2 v2.1.0l¢'] and the BoWtie2 v2.1.0 aligner.[®2] Only uniquely
aligned reads were retained for further analysis.

Quantification of gene expression was performed using HTSeq
v0.5.4p3[83] using gene annotations from Ensembl release 77.

Read counts were normalized across libraries with the method pro-
posed by Anders and Huber.[®*] Comparison between groups was per-
formed using the method proposed previously definel®] implemented in
the DESeq2 Bioconductor library (DESeq2 v1.0.19). Resulting p values
were adjusted for multiple testing using the method of Benjamini and
Hochberg.%¢]

We generated lists of genes (FC>1.25 and p < 0.01) that were differ-
entially expressed after Bu exposure in cells transfected with siCtrl or with
siTgr5.

The accession number for the RNA-seq data reported in this paper is
GSE164734.

Magnetic Cell Sorting:  Testis cell suspensions from adult Wt or Tgr5/~
males were used for THY1+ spermatogonia cell sortingl*%7] using anti-
bodies conjugated to MACS microbeads (CD90.2; Miltenyi Biotec) .

Statistical Analyses—Preprocessing of Data: For some in vivo experi-
ment raw number of positive cells is given for each vehicle groups in dedi-
cated graphs and then to analyze the impact of pharmacological molecules
compared to vehicle groups; vehicle groups of each genotype have been
arbitrarily set at 1.

Statistical Analyses—Data Presentation: ~All numerical data are repre-
sented as mean + SEM. Significant difference was set at P < 0.05.

Sample size (n) for each statistical analysis, Number and type of repli-
cates (e.g., technical replicates, independent experiment, number of mice,
and number of independent litters) are reported in the figure legends.

Statistical Analyses—Statistical Methods: Differences between groups
were determined by t-test or two-way ANOVA. Multiple comparisons were
made with Holm-Sidak’s test. Spearman correlation test was used for
some analysis.

Statistical analyses were done using Sigmastat3 software.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

The authors thank Sandrine Plantade, Khirredine Ouchen, and Philippe
Mazuel for their help at the animal facility. The authors also thank the Ani-
Path platform from the iGReD for histological analysis on mice. Sequenc-
ing was performed by the IGBMC Microarray and Sequencing platform, a
member of the “France Génomique” consortium (ANR-10-INBS-0009) ».
The authors would like to thank Pr. Castillon and Pr. Livera for giving the ac-
cess to Vasa-Cre mice and Pr. Schoonjans and Pr. Auwerx’s for Tgr5 mouse
models. The authors thank Dr. Benoit for his advice on CRispr/CAS9 ex-
periments. The study was funded by Inserm; CNRS; Université Clermont
Auvergne; Ligue contre le cancer (comité Puy de Déme); Laura Thirouard
and Manon Garcia received support from the Fondation Recherche Médi-
cale (FDT202001010780 and R17089CC). Volle's team received support by
the Cancer-Inserm (C20010CS) and by the French government IDEX-ISITE
initiative 16-IDEX-0001 (CAP 20-25). This article was amended on April 27,
2022, after first online publication, to correct the authors’ names.

Conflict of Interest

The authors declare no conflict of interest.

Adv. Sci. 2022, 9, 2200626

www.advancedscience.com

Author Contributions

All authors agree with this publication. T.L. and V.D.H. performed and de-
signed the experiments. T.L., H.H., M.M., G.M., d.H.A,, D.-S.C,, R.Y,, S.J.-
P, PA, and S.K. performed the experiments. T.L., H.H., R.Y,, B.C,, and
V.D.H. participated to write the paper.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

chemodrugs, germ cells, GLIS2, male fertility, stem cell regeneration,
TGRS, TP53

Received: February 1, 2022
Revised: March 9, 2022
Published online: April 18, 2022

[1] M. D. Griswold, J. M. Oatley, Stem Cells 2013, 31, 8.

[2] ). M. Oatley, R. L. Brinster, Physiol. Rev. 2012, 92, 577.

[3] D.G. de Rooij, L. D. Russell, J. Androl. 2000, 21, 776.

[4] A.V.Kaucher, M. ). Oatley, . M. Oatley, Biol. Reprod. 2012, 86, 164.

[5] T.Zhang, ). Oatley, V. ). Bardwell, D. Zarkower, PLoS Genet. 2016, 12,
1006293.

[6] T. Nakagawa, M. Sharma, Y. Nabeshima, R. E. Braun, S. Yoshida, Sci-
ence 2010, 328, 62.

[7] K. Zohni, X. Zhang, S. L. Tan, P. Chan, M. C. Nagano, Hum. Reprod.
2012, 27, 44.

[8] D.G.de Rooij, M. F. Kramer, Z Zellforsch Mikrosk. Anat. 1968, 92, 400.

[9] L.R.Bucci, M. L. Meistrich, Mutat. Res. 1987, 176, 259.

[10] L. Thirouard, H. Holota, M. Monrose, M. Garcia, A. De Haze, J.-P.
Saru, F. Caira, C. Beaudoin, D. H. Volle, Cells 2021, 10, 2403.

[11] X. Zhang, Q. Xia, R. Wei, H. Song, J. Mi, Z. Lin, Y. Yang, Z. Sun, K.
Zou, Free Radic. Biol. Med. 2019, 137, 74.

[12] X.Cai, ). Wei, Y. He, D. Yang, E. Jiang, Y. Huang, M. Han, S. Feng, Int.
J. Clin. Pharm. 2015, 37, 44.

[13] Y. Cai, T. Liu, F. Fang, S. Shen, C. Xiong, Andrologia 2016, 48, 37.

[14] B.Li, X. He, M. Zhuang, B. Niu, C. Wu, H. Mu, F. Tang, Y. Cui, W. Liu,
B. Zhao, S. Peng, G. Li, J. Hua, Antioxid. Redox Signaling 2018, 28, 385.

[15] L. Sédes, E. Martinot, M. Baptissart, S. Baron, F. Caira, C. Beaudoin,
D. H. Volle, Mol. Aspects Med. 2017, 56, 101.

[16] E. Martinot, L. Sédes, M. Baptissart, J.-M. Lobaccaro, F. Caira, C.
Beaudoin, D. H. Volle, Mol. Aspects Med. 2017, 2, 56.

[17] Y. Kawamata, R. Fujii, M. Hosoya, M. Harada, H. Yoshida, M. Miwa,
S. Fukusumi, Y. Habata, T. Itoh, Y. Shintani, S. Hinuma, Y. Fujisawa,
M. Fujino, J. Biol. Chem. 2003, 278, 9435.

[18] M. Zhong, Curr. Top. Med. Chem. 2010, 10, 386.

[19] T. Maruyama, K. Tanaka, J. Suzuki, H. Miyoshi, N. Harada, T. Naka-
mura, Y. Miyamoto, A. Kanatani, Y. Tamai, J. Endocrinol. 2006, 191,
197.

[20] G. Vassileva, A. Golovko, L. Markowitz, S. J. Abbondanzo, M. Zeng,
S. Yang, L. Hoos, G. Tetzloff, D. Levitan, N. J. Murgolo, K. Keane, H.
R. Davis, ). Hedrick, E. L. Gustafson, Biochem. J. 2006, 398, 423.

[21] M. Watanabe, S. M. Houten, C. Mataki, M. A. Christoffolete, B. W.
Kim, H. Sato, N. Messaddeq, ). W. Harney, O. Ezaki, T. Kodama, K.
Schoonjans, A. C. Bianco, J. Auwerx, Nature 2006, 439, 484.

[22] M. Baptissart, E. Martinot, A. Vega, L. Sédes, B. Rouaisnel, A. de
Haze, S. Baron, K. Schoonjans, F. Caira, D. H. Volle, Oncotarget 2016,
7, 19468.

2200626 (22 0‘F23) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

B1]
2]

(33]
(34]

35]

(36]

(37]
38]

(39]

[40]

[41]

Adv. Sci. 2022, 9, 2200626

H. Holota, L. Thirouard, M. Monrose, M. Garcia, A. De Haze, |.-P.
Saru, F. Caira, C. Beaudoin, D. H. Volle, Mol. Cell. Endocrinol. 2020,
518, 110995.

E. Martinot, L. Sédes, M. Baptissart, H. Holota, B. Rouaisnel, C.
Damon-Soubeyrand, A. De Haze, J.-P. Saru, C. Thibault-Carpentier,
C. Keime, ).-M. A. Lobaccaro, S. Baron, G. Benoit, F. Caira, C. Beau-
doin, D. H. Volle, Stem Cell Rep. 2017, 9, 315.

L. Sédes, C. Desdoits-Lethimonier, B. Rouaisnel, H. Holota, L. Thi-
rouard, L. Lesne, C. Damon-Soubeyrand, E. Martinot, J.-P. Saru, S.
Mazaud-Guittot, F. Caira, C. Beaudoin, B. Jégou, D. H. Volle, Stem
Cell Rep. 2018, 11, 944.

E. Martinot, M. Baptissart, A. Véga, L. Sédes, B. Rouaisnel, F. Vaz, J.-
P. Saru, A. de Haze, S. Baron, F. Caira, C. Beaudoin, D. H. Volle, Sci.
Rep. 2017, 7, 42182.

M. Baptissart, A. Vega, E. Martinot, A. . Pommier, S. M. Houten, G.
Marceau, A. de Haze, S. Baron, K. Schoonjans, ).-M. A. Lobaccaro, D.
H. Volle, Hepatology 2014, 60, 1054.

M. Baptissart, L. Sédes, H. Holota, L. Thirouard, E. Martinot, A. de
Haze, B. Rouaisnel, F. Caira, C. Beaudoin, D. H. Volle, Sci. Rep. 2018,
8, 16875.

V. Pataia, G. Papacleovoulou, V. Nikolova, A.-M. Samuelsson, S.
Chambers, E. Jansen, P. D. Taylor, L. Poston, C. Williamson, Int. J.
Obes. 2019, 43, 319.

B. P. Hermann, K. Cheng, A. Singh, L. Roa-De La Cruz, K. N. Mutoji,
I.-C. Chen, H. Gildersleeve, ). D. Lehle, M. Mayo, B. Westernstroer,
N. C. Law, M. J. Oatley, E. K. Velte, B. A. Niedenberger, D. Fritze, S.
Silber, C. B. Geyer, J. M. Oatley, ). R. McCarrey, Cell Rep. 2018, 25,
1650.

N. C. Law, M. J. Oatley, ). M. Oatley, Nat. Commun. 2019, 10, 2787.
A. Perino, L. A. Veldzquez-Villegas, N. Bresciani, Y. Sun, Q. Huang,
V. S. Fénelon, A. Castellanos-Jankiewicz, P. Zizzari, G. Bruschetta, S.
Jin, A. Baleisyte, A. Gioiello, R. Pellicciari, |. Ivanisevic, B. L. Schnei-
der, S. Diano, D. Cota, K. Schoonjans, Nature Metabolism 2021, 3,
595.

T. Gallardo, L. Shirley, G. B. John, D. H. Castrillon, Genes 2007, 45,
413.

L. A. Velazquez-Villegas, A. Perino, V. Lemos, M. Zietak, M. Nomura,
T. W. H. Pols, K. Schoonjans, Nat. Commun. 2018, 9, 245.

H. Sato, C. Genet, A. Strehle, C. Thomas, A. Lobstein, A. Wagner, C.
Mioskowski, J. Auwerx, R. Saladin, Biochem. Biophys. Res. Commun.
2007, 362, 793.

J. Yuan, L. Tan, Z. Yin, K. Tao, G. Wang, W. Shi, J. Gao, Oncol. Rep.
2019, 417, 191.

C. Jacobsen, F. Honecker, Andrology 2015, 3, 111.

M. H. ten Brink, J. Zwaveling, J. ). Swen, R. G. M. Bredius, A. C.
Lankester, H. ). Guchelaar, Drug Discovery Today 2014, 19, 1572.

D. P. Berger, B. R. Winterhalter, W. A. Dengler, H. H. Fiebig, Anticancer
Drugs 1992, 3, 531.

A. D. Rouillard, G. W. Gundersen, N. F. Fernandez, Z. Wang, C.
D. Monteiro, M. G. McDermott, A. Ma’ayan, Database 2016, 20176,
baw100.

“Gene Set — CREB1,” can be found under https://maayanlab.cloud/
Harmonizome/gene_set/CREB1/ENCODE+Transcription+Factor+
Targets, n.d.

(42]

(43]

(44]

[45]

[46]

(47)
(48]
(49]
[50]
(57]
(52]
(53]
(54]
(53]
(58]
(57]

(58]

[59]

(60]

(61]

(62]
(63]
(64]
(63]
(66]

(67]

www.advancedscience.com

M. Geddes, S. B. Kangarloo, F. Naveed, D. Quinlan, M. A. Chaudhry,
D. Stewart, M. L. Savoie, N. J. Bahlis, C. Brown, ]. Storek, B. S. Ander-
sson, J. A. Russell, Biol. Blood Marrow Transplant. J. Am. Soc. Blood
Marrow Transplant. 2008, 14, 220.

S. Takashima, M. Kanatsu-Shinohara, T. Tanaka, H. Morimoto, K. In-
oue, N. Ogonuki, M. Jijiwa, M. Takahashi, A. Ogura, T. Shinohara,
Stem Cell Rep. 2015, 4, 489.

A. Garbuzov, M. F. Pech, K. Hasegawa, M. Sukhwani, R. J. Zhang, K.
E. Orwig, S. E. Artandi, Stem Cell Rep. 2018, 10, 553.

K. Masaki, M. Sakai, S. Kuroki, J.-I. Jo, K. Hoshina, Y. Fujimori, K.
Oka, T. Amano, T. Yamanaka, M. Tachibana, Y. Tabata, T. Shiozawa,
O. Ishizuka, S. Hochi, S. Takashima, Stem Cell Rep. 2018, 10, 1782.
D. Lu, A. Rauhauser, B. Li, C. Ren, K. McEnery, J. Zhu, M. Chaki, K.
Vadnagara, S. Elhadi, A. M. Jetten, P. Igarashi, M. Attanasio, Kidney
Int. 2016, 89, 1307.

M. Mirhoseini, G. Saki, M. Hemadi, A. Khodadadi, ]. Mohammadi
Asl, Iran. Red Crescent Med. J. 2014, 16, 14463.

T. Iwamoto, Y. Hiraku, S. Oikawa, H. Mizutani, M. Kojima, S. Kawan-
ishi, Cancer Sci. 2004, 95, 454.

C. R. Sears, J. ). Turchi, J. Biol. Chem. 2012, 287, 24263.

T. R. Crook, R. L. Souhami, A. E. McLean, Cancer Res. 1986, 46, 5029.
J. A. Hartley, C. C. O'Hare, J. Baumgart, Br. J. Cancer 1999, 79, 264.
P.Zhang, Y. Feng, L. Li, W. Ge, S. Yu, Y. Hao, W. Shen, X. Han, D. Ma,
S.Yin, Y. Tian, L. Min, Z. Sun, Q. Sun, H. Zhang, Y. Zhao, Gut 2021,
70, 222.

E. Martinot, L. Thirouard, H. Holota, M. Monrose, M. Garcia, C.
Beaudoin, D. H. Volle, Gut 2022, 71, 844.

M. Balcerek, S. Reinmuth, C. Hohmann, T. Keil, A. Borgmann-Staudt,
Dtsch. Arzteblatt Int. 2012, 109, 126.

H. Beaud, A. R. Tremblay, P. T. K. Chan, G. Delbes, Adv. Exp. Med. Biol.
2019, 71166, 189.

S. Del-Pozo-Lérida, C. Salvador, F. Martinez-Soler, A. Tortosa, M. Pe-
rucho, P. Giménez-Bonafé, Oncol. Rep. 2019, 41, 2607.

E. Ward, C. DeSantis, A. Robbins, B. Kohler, A. Jemal, Ca-Cancer |.
Clin. 2014, 64, 83.

C. Thomas, A. Gioiello, L. Noriega, A. Strehle, J. Oury, G. Rizzo, A.
Macchiarulo, H. Yamamoto, C. Mataki, M. Pruzanski, R. Pellicciari, J.
Auwery, K. Schoonjans, Cell Metab. 2009, 10, 167.

F. A.Ran, P. D. Hsu, J. Wright, V. Agarwala, D. A. Scott, F. Zhang, Nat.
Protoc. 2013, 8, 2281.

A. Perino, L. A. Velazquez-Villegas, N. Bresciani, Y. Sun, Q. Huang, V.
S. Fénelon, A. Castellanos-Jankiewicz, P. Zizzari, G. Bruschetta, S. Jin,
A. Baleisyte, A. Gioiello, R. Pellicciari, J. Ivanisevic, B. L. Schneider, S.
Diano, D. Cota, K. Schoonjans, Nat. Metab. 2021, 3, 595.

D. Kim, J. M. Paggi, C. Park, C. Bennett, S. L. Salzberg, Nat. Biotech-
nol. 2019, 37, 907.

B. Langmead, S. L. Salzberg, Nat. Methods 2012, 9, 357.

S. Anders, P. T. Pyl, W. Huber, Bioinforma. Oxf. Engl. 2015, 31, 166.
S. Anders, W. Huber, Genome Biol. 2010, 11, R106.

M. I. Love, W. Huber, S. Anders, Genome Biol. 2014, 15, 550.

Y. Benjamini, Y. Hochberg, Journal of the Royal Statistical Society: Series
B (Methodological) 1995, 57, 289.

B. P. Hermann, K. N. Mutoji, E. K. Velte, D. Ko, J. M. Oatley, C. B.
Geyer, J. R. McCarrey, Biol. Reprod. 2015, 92, 54.

2200626 (23 0f23) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



