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Author summary

Androgens, known as “male” hormones, stimulate and activate their receptors in various
tissues, including testicular cells and skeletal muscle cells, thereby maintaining spermato-
genesis and muscle mass. Notably, androgens-dependent maintenance of male reproduc-
tion is of particular interest because the incidence of male infertility has increased in
recent decades. Previous studies revealed that Androgen receptor knockout in Sertoli cells
causes defective spermatogenesis, indicating a crucial role of androgens in Sertoli cells.
Another study suggested that fatherhood-dependent downregulation of androgens could
decrease male fertility, leading the male to concentrate on parenting existing offspring.
However, it remains largely unknown how androgen regulates Sertoli cell function for
male reproduction. In the present study, our results suggest that androgens regulate testic-
ular levels of Rubicon, a negative regulator of autophagy, to control autophagic degrada-
tion of GATA4 that is required for Sertoli cell function. Because autophagy and
androgens participate in various cellular processes, we anticipate that this study will pro-
vide a solid evidence for understanding such processes.

Introduction

Sertoli cells are the major somatic cells within the seminiferous tubules, and support germ cell
maintenance and development [1,2]. During spermatogenesis, spermatogonial stem cells
(SSCs), also called ‘A-single’ spermatogonia, continue self-renewal, and their progenitor sper-
matogonia differentiate into spermatocytes [3,4]. Spermatocytes divide meiotically twice into
haploid spermatids to generate mature spermatozoa [5]. Sertoli cells secrete niche factors such
as GDNF, FGF2, and CXCL12, all of which stimulate the self-renewal of SSCs by binding to
the corresponding receptors [6-8], whereas Neuregulin 1 and retinoic acid from Sertoli cells
promote spermatocyte meiosis [9,10]. Moreover, Sertoli cells maintain the blood-testis barrier
[11] and phagocytose apoptotic germ cells [12]. Sertoli cell function requires the evolutionarily
conserved transcription factor GATA4 [13,14], which upregulates the promoters of Sertoli
cell-specific genes by binding to the consensus sequence (A/T) GATA (A/G) [15]. However, it
remains unknown how GATA4 is regulated in Sertoli cells.

Autophagy is an intracellular membrane trafficking pathway that governs metabolic turn-
over via degradation of cytoplasmic constituents, thereby maintaining cellular homeostasis in
various cell types [16,17]. Notably in this regard, our recent studies showed that Rubicon nega-
tively regulates autophagy by interaction with PI3K complex that is essential for autophagy
[18,19], and that loss of Rubicon ameliorates a variety of age-related diseases by upregulating
autophagy [20,21]. As shown previously, autophagy regulates acrosome biogenesis and sper-
matid differentiation [22,23]. Autophagy in Sertoli cells is essential for ectoplasmic specializa-
tion assembly [24], and LC3-associated phagocytosis [25]. Although it is clear that autophagy
is required for Sertoli cell homeostasis, it remains to be determined how Sertoli cell autophagy
participates in spermatogenesis.

In this study, we found that Rubicon-null mice exhibited defective spermatogenesis and
male subfertility, accompanied by upregulation of autophagy in testes. Importantly, genetic
loss of Rubicon in Sertoli cells, but not in germ cells, caused defective spermatogenesis and pro-
moted autophagic degradation of GATA4, which is crucial for Sertoli cell function. Further-
more, an antagonist of androgens, which are male steroid hormones, significantly decreased
the levels of Rubicon and GATA4 in testes. On the basis of these findings, we propose that
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Rubicon inhibits autophagic degradation of GATA4 to promote Sertoli cell function, which
could be maintained by androgen.

Results
Rubicon is required for spermatogenesis and male fertility

In previous work, we showed that upregulation of autophagy by loss of Rubicon ameliorates
age-related diseases, such as fatty liver, neurodegeneration, and renal fibrosis [20,21]. On the
other hand, loss of Rubicon causes adipose tissue dysfunction due to excess autophagy [26].
Hence, to clarify the roles of Rubicon in other tissues, we examined systemic Rubicon knock-
out mice generated in a previous study [20]. Surprisingly, the knockout mice exhibited a sig-
nificant reduction in testis weight (Fig 1A), accompanied by loss of Rubicon in testis (S1A
Fig), suggesting an unexpected role of Rubicon in this organ. Histological analysis revealed
that systemic Rubicon knockout mice had defective spermatogenesis (Fig 1B and 1C). Some of
the knockout mice exhibited a more severe defect in testis (S1B Fig). In addition, the knockout
mice had higher levels of TUNEL-positive testicular cells (Fig 1D and 1E). These data indicate
that Rubicon maintains germ cell homeostasis. Consistent with this, Rubicon knockout caused
areduction in sperm motility (Fig 1F-1H and S1 and S2 Movies), but altered neither sperm
number nor sperm morphology (S1C and S1D Fig). Systemic Rubicon knockout mice also had
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Fig 1. Rubicon deficiency causes defects in spermatogenesis. (A) Testis weight in mice of the indicated genotypes.
WT, n = 10; KO, n = 8. (B) Representative images of H&E staining of testis sections from mice of the indicated
genotypes. Scale bars, 100 um. n = 5. (C) Quantification of defective tubules in (B). (D) Representative images of
TUNEL staining of testis sections from mice of the indicated genotypes. Red arrows indicate positive staining. Scale
bars, 100 um. n = 3. (E) Quantification of TUNEL-positive cells in (D). (F-H) Sperm motility at 10 min and 120 min
after sperm suspension. VAP, average path velocity (F); VCL, curvilinear velocity (G); and VSL, straight-line velocity
(H). WT, n = 8; KO, n = 9. (Iand J) Numbers of pups per litter (I) and of litters (J) in male fertility test. n = 5. Error
bars indicate means + SEM. Data were analyzed by two-tailed Student’s t-test (A, C, E-J). *P < 0.05, **P < 0.01,
P < 0.001, ****P < 0.0001. N.S., not significant.

https://doi.org/10.1371/journal.pgen.1009688.g001
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fewer pups per litter (Fig 11), but no decrease in the number of litters per male mouse (Fig 1]),
suggesting that Rubicon knockout decreases male fertility without affecting sexual behavior.
Importantly, systemic Rubicon knockout mice exhibited a significant reduction in the levels of
the autophagic substrates p62 and NBRI in testes (SIE-S1G Fig), suggesting that autophagy
was upregulated by Rubicon knockout. Our results indicate that Rubicon plays a crucial role in
germ cell homeostasis and male fertility that could be mediated by autophagy.

Rubicon in germ cells is dispensable for mouse spermatogenesis

To determine how Rubicon works in mouse testis, we performed in situ hybridization using
an antisense probe, which revealed ubiquitous expression of Rubicon in mouse testis (Fig 2A).
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Fig 2. Loss of Rubicon in germ cells has no impact on spermatogenesis. (A) Representative images of in situ
hybridization to detect Rubicon in testis sections from mice of the indicated genotypes. S, Sense oligo; AS, Anti-sense
oligo. Scale bars, 100 um. n = 3. (B) Uniform Manifold Approximation and Projection (UMAP) of eight testicular cell
types (from the published scRNA-seq data). (C) UMAP and Violin plots of Rubicon expression levels in eight testicular
cell types. (D) Representative images of H&E staining of testis sections from recipient W mice with transplanted germ
cells of the indicated genotypes. Scale bars, 100 pm. n = 8. (E) Quantification of seminiferous tubules with
spermatogenesis in (D). (F) Representative images of H&E staining of testis sections from mice of the indicated
genotypes. Scale bars, 100 um. n = 3. Error bars indicate means + SEM. Data were analyzed by two-tailed Student’s t-
test (E). N.S., not significant.

https://doi.org/10.1371/journal.pgen.1009688.9002
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This signal was abolished in knockout mice, indicating that it represented a bona fide Rubicon
signal. To further elucidate the expression pattern of Rubicon, we reanalyzed published single-
cell transcriptome data from mouse testes [27], and defined the clusters as each cell type (S2A
and S2B Fig). We found that Rubicon is expressed mainly in spermatocytes, but is expressed at
some level in all testicular cell types (Fig 2B and 2C). Hence, we sought to determine whether
Rubicon maintains germ cell homeostasis in a cell-autonomous manner. For this purpose, we
employed a transplantation assay in which the germ cells derived from donor knockout mice
were transplanted into the seminiferous tubules of germ cell-deficient W/Wv mice [28,29].
Surprisingly, Rubicon-deleted germ cells settled in the empty seminiferous tubules as efficiently
as wild-type cells (Fig 2D and 2E). We also generated germ cell-specific Rubicon knockout
mice (Rubicon"** mice) using Rubicon-floxed mice [21] and Vasa-Cre mice [30], and con-
firmed the decrease in the level of Rubicon in mouse testis (S2C Fig). Rubicon"**/~
exhibited no defect in spermatogenesis relative to control mice (Fig 2F). These data indicate
that Rubicon in germ cells is dispensable for the maintenance of germ cell homeostasis, i.e.,
Rubicon participates in the spermatogenesis in a non-cell-autonomous manner.

mice

Rubicon in Sertoli cells is crucial for SSC homeostasis

To determine which somatic cells are crucial for defective spermatogenesis in systemic Rubi-
con knockout mice, we examined gene expression profiles in the testis. The mRNA levels of
Sertoli cell-related genes were significantly reduced in the knockout mice (Fig 3A), whereas
those of Leydig cell-related genes (S3A Fig), somatic cell-related genes (S3B Fig), and germ
cell-related genes (S3C Fig) were not significantly affected. Consistent with this, systemic
Rubicon knockout did not affect plasma levels of testosterone (S4A Fig), an endogenous
androgen mainly produced by Leydig cells [31]. This result indicates an abnormality in Ser-
toli cells, but not Leydig cells. The mRNA levels of chemokine genes (S3D Fig) or other
endocrine-related genes (S3E Fig) were not significantly changed in the knockout mice.
Importantly, the knockout mice did not exhibit a reduction in plasma levels of FSH, which
regulates Sertoli cell function or proliferation (S4B Fig), suggesting that the Sertoli cell
abnormality in systemic Rubicon knockout mice is independent of endocrine effects. There-
fore, we hypothesized that Rubicon in Sertoli cells is crucial for germ cell homeostasis. To
test this idea, we crossed Rubicon-floxed mice with Amh-Cre mice [32] to generate Sertoli
cell-specific Rubicon knockout mice (Rubicon™™"~~mice). Strikingly, like systemic Rubicon
knockout mice, Rubicon®™"”"mice had reduced testicular weight (Fig 3B), defective sper-
matogenesis (Fig 3C and 3D), reduced male fertility (Fig 3E and 3F), and reduced levels of
Rubicon in testes (S4C Fig). This finding suggests that Rubicon in Sertoli cells is required for
normal spermatogenesis. Given that Sertoli cells maintain the niche for undifferentiated
spermatogonia, including SSCs [1,2], we hypothesized that Rubicon in Sertoli cells plays a
key role in the maintenance of undifferentiated spermatogonia. To test this, we performed
immunohistochemistry for PLZF and GFRal, which are markers of undifferentiated sper-
matogonia and SSCs, respectively [33-35]. PLZF-positive cells were significantly less abun-
dant in Rubicon™™"~"mice (Fig 3G and 3H), and the numbers of GFRa1-positive cells were
also reduced in the knockout mice (Fig 31 and 3]). A tight junction protein ZO-1 was not sig-
nificantly changed in Rubicon®™"~
maintained in the knockout mice. Consistent with these results, systemic Rubicon knockout
mice exhibited a reduction in the number of PLZF-positive cells (S4E and S4F Fig) and
GFRal-positive cells (S4G and S4H Fig), but not in the mRNA levels of tight junction genes
(S3F Fig). These results indicate that Rubicon in Sertoli cells contributes to spermatogenesis
and stem cell maintenance.

mice (54D Fig), suggesting that blood-testis barrier is
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Fig 3. Loss of Rubicon in Sertoli cells causes defective spermatogenesis. (A) Relative mRNA levels of Sertoli-cell-
related genes in testes from mice of the indicated genotypes. WT, n = 8; Rubicon KO, n = 6. (B) Testis weight in mice
of the indicated genotypes. Control, n = 8; Rubicon®™"~~, n = 6. (C) Representative images of H&E staining of testis
sections from mice of the indicated genotypes. Scale bars, 100 um. Control, n = 8; Rubicon*™"~, n = 6. (D)
Quantification of defective tubules in (C). (E and F) Numbers of pups per litter (E) and of litters (F) in male fertility
test. Control, n = 5; Rubicon®™"”~, n = 4. (G) Representative images of immunohistochemistry to detect PLZF in testis
sections from mice of the indicated genotypes. Red arrows indicate positive staining. Scale bars, 50 um. Control, n = 8;
Rubicon™™"~, n = 6. (H) Quantification of PLZE-positive cells in (G). (I) Representative images of
immunohistochemistry to detect GFRal in testis sections from mice of the indicated genotypes. Red arrows indicate
positive staining. Scale bars, 50 um. Control, n = §; Rubicon®™"~, n = 6. (J) Quantification of GFRol-positive cells in
(). Error bars indicate means + SEM. Data were analyzed by two-tailed Student’s t-test (A, B, D-F, H, J). *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001. N.S., not significant.

https://doi.org/10.1371/journal.pgen.1009688.9003

Rubicon prevents autophagic degradation of GAT A4 in Sertoli cells

Next, we sought to determine the mechanism by which Rubicon participates in Sertoli cell
function. We focused on the transcription factor GAT A4, which is essential for Sertoli cell
function including SSC maintenance [13,14]. Because GATA4 is degraded by autophagy [36],
we hypothesized that loss of Rubicon promotes autophagic degradation of GATAA4, leading to
a decline in Sertoli cell function. Notably, systemic Rubicon knockout mice had significantly
reduced levels of GATAA4 in testes (Fig 4A and 4B). Histological analysis revealed that
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Fig 4. Loss of Rubicon reduces the levels of GATA4 in Sertoli cells in mice. (A) Immunoblotting of the indicated
proteins in testes from mice with indicated genotypes. n = 5. (B) Quantification of the relative GATA4 levels in (A).
(C) Representative images of immunohistochemistry to detect GATA4 and SOX9 in adjacent testis sections from mice
of the indicated genotypes. Red arrows indicate GATA4 and SOX9 double-positive cells. Black arrows indicate
GATA4-negative and SOX9-positive cells. Scale bars, 100 um. Control, n = 8; Rubicon®™"~~, n = 6. (D) Quantification
of GATA4-positive rate in Sertoli cells in (C). (E) Quantification of Sertoli cells (SOX9-positive cells) in (C). (F)
Immunoblotting of the indicated proteins in testes from WT or Rubicon KO mice intraperitoneally injected with or
without 100 mg/kg chloroquine (CQ) for 8 h. n = 3-6. (G) Quantification of the relative GATA4 levels in (F). Error
bars indicate means + SEM. Data were analyzed by two-tailed Student’s t-test (B, D, E, G). *P < 0.05, **P < 0.01,

P < 0.001, ****P < 0.0001. N.S., not significant.

https://doi.org/10.1371/journal.pgen.1009688.9004

SOX9-positive Sertoli cells were less abundant in the testes of Rubicon™™"~mice, and that the

positive rate of GATA4 in Sertoli cells was also decreased in the knockout mice (Fig 4C-4E),
suggesting that Rubicon deletion leads to a reduction in the levels of GATA4 and in the Sertoli
cell number. The reduced number of Sertoli cells could lead to the reduction in SSC number
in the knockout mice. This is consistent with a reduction in mRNA levels of Sertoli cell-related
genes (Fig 3A). To test whether GATA4 is degraded by autophagy in Rubicon knockout mice,
we injected the mice with a lysosomal inhibitor chloroquine. We found that chloroquine treat-
ment clearly rescued the reduction of GATA4 levels in the testis of systemic Rubicon knockout
mice (Fig 4F and 4G). To further explore our hypothesis that Sertoli cell GATA4 is degraded
by autophagy, we used 15P-1 cells, which are derived from mouse Sertoli cells [37]. Rubicon
knockdown decreased the level of GATA4 protein in 15P-1 cells, whereas the lysosomal inhibi-
tor Bafilomycin A1 had the opposite effect (Fig 5A and 5B). Bafilomycin A1l increased the
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Immunoblotting to detect the indicated proteins in nuclear and cytoplasmic fractions of Luciferase or Rubicon
knockdown 15P-1 cells. Knockdown was carried out for 48 h. n = 3. (G) Quantification of relative GATA4 levels in (F).
(H) Immunoblotting to detect the indicated proteins in the nuclear and cytoplasmic fractions of 15P-1 cells. The cells
were treated with 125 nM bafilomycin Al for the indicated times. n = 3. (I) Quantification of relative GATA4 levels in
(H). Error bars indicate means + SEM. Data were analyzed by two-tailed Student’s t-test (G), one-way ANOVA
followed by Tukey’s test (B, D, E, I). “P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. N.S., not significant.

https://doi.org/10.1371/journal.pgen.1009688.g005

levels of GATA4, but no other proteins, in a time-dependent manner (Fig 5C-5E), suggesting
that GATA4 is specifically degraded by lysosomal pathways such as autophagy and endocyto-
sis. Because Rubicon negatively regulates both autophagic and endocytic pathways [18,19], we
evaluated its role in 15P-1 cells. Rubicon depletion in 15P-1 cells caused a substantial increase
in the autophagic degradation of LC3-II and p62 (S5A-S5C Fig), but no significant change in
the endocytic degradation of EGFR (S5D and S5E Fig). Collectively, these results indicate that
Rubicon prevents autophagic degradation of GATA4 in Sertoli cells. Furthermore, nuclear-
cytoplasmic fractionation assays revealed that Rubicon knockdown decreased the level of
GATAA4 protein not only in the cytoplasmic fraction, but in the nuclear fraction as well (Fig 5F
and 5G). This observation suggests that genetic loss of Rubicon can suppress the transcrip-
tional activity of GATA4. Because bafilomycin Al increased the level of GATA4 protein in the
cytoplasmic fraction earlier than in the nuclear fraction (Fig 5H and 5I), it is conceivable that
cytoplasmic GATA4 is degraded by autophagy in Sertoli cells.

Androgens maintain the levels of Rubicon and GATA4 in Sertoli cells

The results described above indicate that genetic suppression of Rubicon in Sertoli cells pro-
motes autophagic degradation of GATA4. However, it remains unknown whether Rubicon in
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Fig 6. An androgen antagonist decreases the levels of Rubicon and GATA4 in Sertoli cells. (A) Immunoblotting of
the indicated proteins in 15P-1 cells. The cells were treated with 100 uM bicalutamide for the indicated times. n = 3.
(B-D) Quantification of relative Rubicon (B), GATA4 (C), and WT1 (D) levels in (A). (E) Autophagic flux assay in
15P-1 cells, based on LC3-II and p62 degradation. The cells were treated with 100 uM bicalutamide for the indicated
times. n = 3. (F and G) Quantification of autophagic flux in (E) using LC3-II (F) and p62 (G). (H) Immunoblotting of
the indicated proteins in 15P-1 cells. The cells were subjected to starvation for the indicated times. n = 4. (I and J)
Quantification of relative GATA4 (I) and WTT1 (J) levels in (H). Error bars indicate means + SEM. Data were analyzed
by one-way ANOVA followed by Tukey’s test (B-D, F, G, L, J). “P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. N.
S., not significant.

https://doi.org/10.1371/journal.pgen.1009688.g006

Relative GATA4 levels
Relative WT1 levels

Sertoli cells could be downregulated under physiological conditions. In this regard, we focused
on previous reports showing that blockade of male hormones known as androgens increases
autophagic activity in prostate cancer cells with androgen receptors [38,39]. Moreover, Andro-
gen receptor knockout in Sertoli cells causes a severe defect in mouse spermatogenesis
[32,40,41], suggesting that androgens play pivotal roles in Sertoli cells. Therefore, we hypothe-
sized that androgens regulate the levels of Rubicon in Sertoli cells to promote spermatogenesis.
To test this, we treated 15P-1 Sertoli cells with an androgen antagonist. 15P-1 cells expressed
Androgen receptor (Fig 5C). We found that anti-androgen treatment caused a time-dependent
reduction in the levels of Rubicon and GATA4 in 15P-1 cells (Fig 6A-6C). Concomitant with
this, autophagic flux assays using the autophagic substrates LC3-II and p62, revealed that anti-
androgen treatment caused a time-dependent increase in autophagic activity (Fig 6E-6G).
Because anti-androgen treatment also reduced levels of another Sertoli-cell-related protein,
WT1 (Fig 6A and 6D), we examined whether GATA4 is specifically degraded by autophagy in
Sertoli cells. Unlike WT1, GATA4 was significantly reduced during starvation (Fig 6H-6]). In
addition, a lysosomal inhibitor bafilomycin A1 specifically increased levels of GATA4 (Fig
5C-5E); therefore, it is conceivable that anti-androgen treatment promotes specific degrada-
tion of GATA4. Also in mice, anti-androgen therapy decreased the testicular levels of Rubicon,
GATA4, and WT1 (Fig 7A-7D). Strikingly, prostate cancer patients receiving anti-androgen
therapy exhibited a significant decrease in the levels of testicular Rubicon and GATA4 relative
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Fig 7. Androgen blockade reduces Rubicon and GATA4 in mouse and human testis. (A) Immunoblotting of the
indicated proteins in testes from mice intraperitoneally injected with or without 100 mg/kg bicalutamide (BCT) for 6
days. n = 3. (B-D) Quantification of relative Rubicon (B), GATA4 (C), and WT1 (D) levels in (A). (E) Representative
images of immunohistochemistry to detect Rubicon in testis sections from the indicated patients. Scale bars, 100 um.

n = 3. (F) Representative images of immunohistochemistry for GATA4 in testis sections from the indicated patients.
Red and black arrows indicate positive and negative staining, respectively. Scale bars, 50 um. n = 3. (G) Quantification
of GATA4-positive cells in (F). Error bars indicate means + SEM. Data were analyzed by two-tailed Student’s t-test (B—
D, G). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. N.S., not significant.

https://doi.org/10.1371/journal.pgen.1009688.9007

to a tumor-free patient or prostate cancer patients who did not receive such treatment (Fig
7E-7G). Collectively, our findings suggest that androgen maintains the testicular levels of
Rubicon and GATA4 both in mouse and human.

Discussion

Androgens are male steroid hormone that stimulate cytosolic androgen receptors, which sub-
sequently translocate into the nucleus to promote cell type—specific expression in testis,
thereby maintaining spermatogenesis [42,43]. Among various testicular cell types, androgen
receptors in Sertoli cells are the most important for spermatogenesis and male fertility
[32,40,41]. Fatherhood decreases the levels of androgen in humans [44], suggesting that down-
regulation of androgens in fatherhood could decrease male fertility, leading the male to focus
on parenting existing offspring. These studies indicate that androgen plays a pivotal role in
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Sertoli cells to regulate male reproduction. Previously, however, it remained largely unknown
how androgen regulates Sertoli cell function in the context of spermatogenesis.

In this study, we found that androgen antagonists suppress testicular Rubicon, and that
genetic loss of Rubicon in Sertoli cells but not in germ cells promotes autophagic degradation
of GATAA4, thereby decreasing spermatogenesis and stem cell maintenance. Our results sug-
gest that androgens maintain the levels of Rubicon to control autophagic degradation of
GATAA4 to promote Sertoli cell function. Androgen receptor knockout in Sertoli cells caused
more severe phenotypes than Rubicon knockout, implying the existence of other androgen-
dependent pathways to be elucidated by future studies.

The lysosomal inhibitor bafilomycin Al increases the levels of GATA4 at the basal state
(Fig 5C and 5D), suggesting that GATA4 is constitutively degraded by autophagy. It remains
to be determined why this is the case. GATA4 is an evolutionarily conserved transcription fac-
tor that is crucial for development of the heart, liver, and pancreas [45-47]. GATAA4 is also
essential for genital ridge formation [48], sex determination and differentiation [49-51], and
Sertoli cell function [13,14]. Therefore, it is conceivable that Rubicon regulates autophagy in
order to control the amount of GATA4 in various organs or tissues during development. If so,
context-dependent regulators of Rubicon are of particular interest.

Our results suggest that genetic loss of Rubicon decreases male fertility. By contrast, we pre-
viously showed that Rubicon accumulates with age, and that loss of Rubicon extends lifespan
by upregulating autophagy [20]. Fertility is negatively correlated with longevity in animals
[52,53]; the regulation of autophagic degradation of GATA4 by Rubicon could be one of the
underlying mechanisms that reciprocally regulates fertility and longevity. Indeed, the worm
GATA homologs ELT-5 and ELT-6 accumulate with age, and knockdown of these genes
extends lifespan [54], supporting the idea that autophagic degradation of GATA proteins
could contribute to the longevity in Rubicon-ablated animals.

In summary, we propose that androgens maintain Rubicon levels in Sertoli cells to prevent
autophagic degradation of GATAA4 for spermatogenesis. In turn, excessive autophagy due to
loss of Rubicon could contribute to the pathogenesis of idiopathic male infertility. Therefore,
we anticipate that partial suppression of autophagy represents a promising therapeutic target
for such diseases.

Materials and methods
Ethics statement

The experimental procedures using mice were approved by the Institutional Committee of
Osaka University (Approval number 02-009-000). The human studies were approved by the
Institutional Review Board of Osaka University Hospital (IRB number 20225). We complied
with all of the relevant ethical regulations, and informed consent was obtained from all sub-
jects. Written consent was obtained from the participants.

Reagents and antibodies

The following antibodies were used for western blotting at the indicated dilutions: rabbit
monoclonal anti-Rubicon (CST, #8465, 1:1000), rabbit polyclonal anti-LC3 (MBL, PMO036,
1:2000), rabbit polyclonal anti-p62 (MBL, PM045, 1:5000), rabbit monoclonal anti-NBR1
(CST, #9891, 1:2000), sheep polyclonal anti-EGFR (Fitzgerald, 20-ES04, 1:2000), mouse mono-
clonal anti-GATA4 (Santa Cruz Biotechnology, sc-25310, 1:2000), rabbit polyclonal anti-
SOX9 (Sigma-Aldrich, AB5535, 1:2000), rabbit polyclonal anti-WT1 (Santa Cruz Biotechnol-
ogy, sc-192, 1:2000), mouse monoclonal anti-AR (Sigma-Aldrich, 06-680, 1:2000), mouse
monoclonal anti-B-actin (MBL, M177-3, 1:25000), mouse monoclonal anti-a-tubulin (Sigma-
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Aldrich, T5168, 1:25000), rabbit monoclonal anti-GAPDH (CST, #2118, 1:25000), goat mono-
clonal anti-Lamin B (Santa Cruz Biotechnology, sc-6217, 1/1000), HRP-conjugated goat anti-
rabbit IgG (Jackson ImmunoResearch, 111-035-003, 1:2000), HRP-conjugated goat anti-
mouse IgG (Jackson ImmunoResearch, 115-035-003, 1:2000), HRP-conjugated rabbit anti-
goat IgG (Jackson ImmunoResearch, 305-036-003, 1:2000), and HRP-conjugated rabbit anti-
sheep IgG (Invitrogen, 81-8620, 1:2000). The following antibody was used for immunohis-
tochemistry at the indicated dilution: rabbit polyclonal anti-Rubicon (MBL, PD027, 1:500),
mouse monoclonal anti-PLZF (Active Motif, 39987, 1:500), and goat polyclonal anti-GFRol
(R&D Systems, AF560, 1:500), mouse monoclonal anti-GATA4 (Santa Cruz Biotechnology,
sc-25310, 1:500), rabbit polyclonal anti-SOX9 (Sigma-Aldrich, AB5535, 1:200), rabbit poly-
clonal anti-ZO-1 (Invitrogen, 61-7300, 1:500), horse anti-rabbit InmPRESS (Vector Labora-
tories, MP-7401), horse anti—-mouse ImmPRESS (Vector Laboratories, MP-7402), and horse
anti-goat InmPRESS (Vector Laboratories, MP-7405). Bafilomycin A1 was purchased from
Cayman Chemical.

Animals

C57BL/6] mice were obtained from CLEA Japan. Rubicon™ mice [20] and Rubicon-floxed
mice [21] were previously generated in our laboratory. Vasa-Cre mice [30] and Amh-Cre mice
[32] were obtained from Dr. Diego Castrillon (University of Texas Southwestern Medical Cen-
ter) and Dr. Robert E. Braun (University of Washington School of Medicine), respectively.
Vasa-Cre mice and Amh-Cre mice were crossed with Rubicon-floxed mice [21] to produce
Rubicon™*""; Vasa-Cre mice (Rubicon"**”mice) and Rubicor/ /%, Amh-Cre mice (Rubico-
n™""mice), respectively. Hemizygous Cre mice were used to avoid phenotypes resulting
from homozygosity. Rubicon™*" mice and Rubicon™'*; Amh-Cre mice were used as controls
for Rubicon"™*~mice and Rubicon™™"~~mice, respectively. All mice used in this study, except
for W and B6D2F1 mice, were maintained on the C57BL/6] background. The following primer
sets were used for PCR genotyping: 5-ACAACGACAATCACACAGAC-3' and 5'-TGACGA
GGGGTAATGGATAG-3' for Rubicon WT and floxed allele; 5-ACAACGACAATCACAC
AGAC-3" and 5'-AATCCTTCGCCCCTTTTACC-3’ for Rubicon deletion allele; 5-GCATTA
CCGGTCGATGCAACGAGTGATGAG-3" and 5-GAGTGAACGAACCTGGTCGAAAT
CAGTGCG-3’ for Cre. Mice were maintained on a normal chow in 12-h light/12-h dark cycles.
Ambient temperature and humidity were 23 + 1.5°C and 45 + 15%, respectively. Food and
water were provided ad libitum. Samples were obtained from male mice at 5-7 months of age
for qRT-PCR, immunoblotting, or immunostaining. Testosterone EIA Kit (Cayman Chemi-
cal) was used to determine plasma testosterone levels. FSH ELISA Kit (Enzo) was used to
determine plasma FSH levels. To examine male fertility, a 12-month-old WT or Rubicon KO
male mouse was mated with three B6D2F1 females (CLEA Japan, 2-month-old) for 2 months,
and the number of pups was counted at the day of birth. 100 uM Chloroquine in PBS was
intraperitoneally injected into mice. 100 uM Bicalutamide in corn oil was intraperitoneally
injected into mice once a day for six days. Control mice were injected with solvent only.

Transplantation assay

Spermatogonial transplantation was carried out by microinjection into the seminiferous
tubules of infertile W mice via an efferent duct (Japan SLC) as previously described [55].
Briefly, the tunica albuginea was removed from the testis. The seminiferous tubules were incu-
bated in HBSS containing 1 mg/ml Type IV collagenase (Sigma) at 37°C, were then washed in
HBSS, followed by incubation at 37°C for 5 min in HBSS containing 1 mM EDTA and 0.25%
trypsin. The activity of trypsin was terminated by adding fetal bovine serum. Following
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digestion, the cell suspension was filtered through a nylon mesh. The filtrate was centrifuged
and the pellet was used as the donor cells. Approximately 4 pl of single-cell suspension from
WT and Rubicon KO mice were transplanted into the recipient’s left testis and right testis,
respectively. 4 x 10° cells/testis were injected. Each injection filled 75-85% of all seminiferous
tubules.

Human testis specimens

All testis specimens were obtained from living patients by surgery during the past 6 yr. A
tumor-free specimen was obtained from a patient with testis trauma. Patients with prostate
cancer were treated by castration for androgen deprivation therapy. The specimens were fixed
in formalin, paraffinized, and processed for immunostaining as described below.

Cells

15P-1 cells, originally derived from Sertoli cells [56], were cultured in Dulbecco’s modified
Eagle’s medium (Sigma-Aldrich, DMEM D6429) containing 10% fetal bovine serum (Gibco,
10270), 1% penicillin-streptomycin (Sigma-Aldrich, P4333) at 32°C with 5% CO,. The cell
line was routinely tested by the e-Myco Mycoplasma PCR detection Kit (iNtRON, 25235), and
confirmed as negative for mycoplasma contamination.

RNA interference

siRNA duplex oligomers were purchased from Sigma-Aldrich. The design is as follows: 5'- UC
GAAGUAUUCCGCGUACGATAT-3' (sense), 5-CGUACGCGGAAUACUUCGAdTAT-3
(antisense) for Luciferase; 5-GAGCUGAUGAAGUGCAACAUGAUGAGC-3' (sense),
5'-UCAUCAUGUUGCACUUCAUCAGCUCAA-3' (antisense) for Rubicon. A total of 50 nM
siRNA was introduced to cells using Opti-MEM (Gibco) and Lipofectamine RNAIMAX (Invi-
trogen). Expression levels were assessed after 48 h by immunoblotting or qRT-PCR.

Sperm motility assay

Sperm motility assays were obtained using samples from 18-month-old male mice. Spermato-
zoa were collected from the cauda epididymis and suspended in Toyoda, Yokoyama, and
Hoshi (TYH) medium [57]. Sperm motility was assessed at 10 min and 120 min after sperm
suspension. One epididymis was used for each experiment. Sperm motility was measured and
analyzed using a CEROS II sperm analysis system (software version 1.4; Hamilton Thorne Bio-
sciences). Sperm morphology was observed on an Olympus BX-53 microscope (Olympus).

Histology

Tissues were fixed in 4% paraformaldehyde overnight, and then held in 70% ethanol until pro-
cessing. Tissues were paraffinized and sectioned at 5 um by microtome (Leica). The slides
were stained with H&E. Immunohistochemical staining was performed on paraffin-embedded
sections. After deparaffinization and rehydration, antigen retrieval was performed by micro-
waving in sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) or Tris-
EDTA buffer (10 mM Tris, 1 mM EDTA, pH 9.0) for 15 min, or by incubation in proteinase K
solution (10 pug/ml in PBS) for 15 min at 37°C. The sections were incubated in 3% hydrogen
peroxide for 5 min at room temperature, and then blocked in 2.5% Normal Horse Serum
(Vector Laboratories, S-2012) for 30 min at room temperature. The blocked sections were
incubated with the primary antibody in 2.5% Normal Horse Serum for 60 min at room tem-
perature, followed by incubation for 60 min at room temperature with the secondary antibody.
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The sections were counterstained with hematoxylin. DAB staining was performed using the
DAB Peroxidase Substrate Kit, InmPACT (Vector Laboratories, SK-4015). TUNEL staining
was performed using the In situ Apoptosis Detection Kit (Takara Bio). Images were acquired
on a BZ-X700 microscope (Keyence). According to a previous report [58], defective tubules
were defined as loss of germ cells along a significant portion of the seminiferous epithelium,
germ cell sloughing, presence of large vacuoles, and tubular dilation.

In situ hybridization

Antisense and sense probes were generated from mouse Rubicon cDNA in pGBD using the
DIG RNA Labelling kit (Roche, 11175025910) and the following primers: 5'-TAATACGACT
CACTATAGGGCGTCCGGAGGGCGCGGGAATG-3' and 5'-ATTTAGGTGACACTATA
GAAGGCTGTGACGTGGGCGTCACTCAG-3'. In situ hybridization was performed using
the ISHR Starting Kit (Nippon Gene). Briefly, paraffin-embedded sections of mouse testis
were deparaffinized and rehydrated and incubated in proteinase K solution (5 pg/ml in PBS)
for 10 min at room temperature. The sections were acetylated with 0.25% acetic anhydride in
0.1 M triethanolamine hydrochloride (pH 8.0) for 15 min at room temperature. After prehy-
bridization with 50% formamide in 2x SSC buffer for 30 min at 45°C, the sections were
hybridized with the DIG-labeled probes in hybridization buffer (50% formamide, 2x SSC,

1 ug/ul tRNA, 1 pg/pl salmon sperm DNA, Denhardt’s solution, and 10% dextran sulfate)
overnight at 45°C. After two washes with 50% formamide in 2x SSC buffer for 30 min at 45°C,
the sections were incubated in RNase A solution (20 pg/ml RNase A in NTE buffer) for 30 min
at 37°C. The sections were incubated in blocking buffer [1% Blocking Reagent (Roche,
11096176001) in 100 mM Tris-HCI, pH 7.5, 150 mM NacCl] for 30 min at room temperature,
and then incubated with anti-DIG-AP antibody (Roche, 11093274910, 1:1000) in blocking
buffer for 60 min at room temperature. The sections were visualized with NBT/BCIP solution
[2% NBT/BCIP Stock Solution (Roche, 11681451001) in 100 mM Tris-HCl, pH 9.5, 100 mM
NaCl] overnight at room temperature, and then counterstained with Nuclear Fast Red (Vector
Laboratories, H-3403).

RNA isolation and quantitative PCR analyses

Mouse tissues were harvested in QIAzol (Qiagen) using a Precellys Evolution tissue homoge-
nizer (Bertin). Total RNA was extracted using RNeasy Plus Mini kit (Qiagen). cDNA was gen-
erated using iScript (Bio-Rad). qRT-PCR was performed using Power SYBR Green (Applied
Biosystems) on a QuantStudio 7 Flex Real-time PCR System (Applied Biosystems). Four tech-
nical replicates were performed for each reaction. Actb was used as an internal control.
Sequences of QRT-PCR primers are shown in S1 Table.

Single-cell transcriptome analysis

A single-cell transcriptome data of murine testis was obtained from the previous report [27].
Rubicon expression and UMAP visualization of the cell clusters was re-analyzed by Scanpy
[59]. The cell types of each cluster were identified manually by the expression of characteristic
marker genes used in the previous study [27].

Immunoblotting

Mouse tissues were harvested in RIPA buffer [50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1% w/v
Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate, protease inhibitor cocktail (Roche)]
using a tissue homogenizer Precellys Evolution (Bertin). Cultured cells were lysed in the same
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RIPA buffer. After centrifugation, the supernatants were subjected to protein quantification by
the Protein Assay BCA Kit (Nacalai Tesque). Protein lysates were mixed with 5x SDS sample
buffer and boiled for 5 min, separated by 7% or 13% SDS-PAGE, and transferred to PVDF
membranes. Membranes were stained with Ponceau-S, blocked with TBS-T containing 1%
skim milk, and incubated with primary antibodies in TBS-T containing 1% skim milk. Immu-
noreactive bands were detected using HRP-conjugated secondary antibodies, visualized with
Luminata Forte (Merck Millipore) or ImmunoStar LD (Wako), and imaged using ChemiDoc
Touch (Bio-Rad). a-tubulin, B-actin, GAPDH, or Lamin B was used as a loading control. For
quantification, the band intensity of each protein was normalized against the loading control.
Band intensity was quantified using the Image] software (NIH).

Autophagic flux assay

Cells were incubated in normal medium with or without 125 nM bafilomycin A1 (BafAl) for 4
h at 37°C in an atmosphere containing 5% CO,, and then lysed and immunoblotted for LC3
or p62. Autophagic flux was calculated by subtracting the densitometric values of LC3-II or
p62 in BafAl-untreated samples from those in BafA1-treated samples.

Nuclear/cytoplasmic fractionation assay

Cells were lysed with 0.1% NP-40 and protease inhibitor cocktail (Roche) in PBS. An aliquot
of each lysate was mixed with 5x SDS sample buffer and used as a whole-cell lysate. Another

aliquot was centrifuged; the resultant supernatant was mixed with 5x SDS sample buffer and
used as the cytoplasmic fraction. The pellet was washed once and lysed in SDS sample buffer,
and used as a nuclear fraction.

EGFR degradation assay

Cells were incubated in DMEM without serum for 4 h. The cells were treated with 100 ng/ml
EGF (Invitrogen, 53003-018) and lysed at 0, 15, 60, 120, and 180 min. Cell lysates were sub-
jected to immunoblotting for EGFR.

Statistical analyses

All results are presented as means + SEM. Statistical analyses were performed by two-tailed
Student’s t-test, one-way ANOVA followed by Tukey’s test, or two-way ANOVA using Excel
for Mac (Microsoft) and GraphPad Prism7 (GraphPad Software). Numerical data is available
in S2 Table.

Supporting information

S1 Fig. Rubicon is completely absent in testes of Rubicon knockout mice. (A) Immunoblot-
ting of Rubicon in testes from mice of the indicated genotypes. n = 3. (B) Representative
images of H&E staining of testis section from Rubicon KO mouse with a severe defect. Scale
bars, 100 pm. (C) Sperm counts from the cauda epididymis of WT or Rubicon KO mice. n = 4.
(D) Representative images of spermatozoa from mice of the indicated genotypes. Scale bars,
50 um. (E) Immunoblotting of the indicated proteins in testes from mice of the indicated
genotypes. n = 5. (F and G) Quantification of relative p62 (F) and NBR1 (G) levels in (E).
Error bars indicate means + SEM. Data were analyzed by two-tailed Student’s t-test (C, F, G).
*P < 0.05, **P < 0.01, ***P < 0.001. N.S., not significant.

(TTF)
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$2 Fig. Rubicon levels are significantly reduced in Rubicon ¥***~mice. (A) Uniform Mani-

fold Approximation and Projection (UMAP) plot representing 32 cell clusters from the pub-
lished scRNA-seq data. Dotplot depicting selected marker genes in cell clusters. (B) UMAP
and Violin plots of Etd and Nadsyn1 expression levels in eight testicular cell types. (C) Immu-
noblotting of Rubicon in testes from mice of the indicated genotypes. n = 3.

(TIF)

S3 Fig. Gene expression profiles in testes of Rubicon knockout mice. (A) Relative mRNA
levels of Leydig-cell-related genes in testes from mice of the indicated genotypes. WT, n = 8;
Rubicon KO, n = 6. (B) Relative mRNA levels of somatic-cell-related genes in testes from mice
of the indicated genotypes. WT, n = 8; Rubicon KO, n = 6. (C) Relative mRNA levels of germ-
cell-related genes in testes from mice of the indicated genotypes. WT, n = 8; Rubicon KO,

n = 6. (D) Relative mRNA levels of chemokine genes in testes from mice of the indicated geno-
types. WT, n = 8; Rubicon KO, n = 6. (E) Relative mRNA levels of endocrine-related genes in
testes from mice of the indicated genotypes. WT, n = 8; Rubicon KO, n = 6. (F) Relative
mRNA levels of tight junction genes in testes from mice of the indicated genotypes. WT, n = 8;
Rubicon KO, n = 6. Error bars indicate means + SEM. Data were analyzed by two-tailed Stu-
dent’s t-test (A-F). N.S., not significant.

(TTF)

$4 Fig. Rubicon levels are significantly reduced in Rubicon®™""mice. (A) Plasma testoster-

one levels in mice of the indicated genotypes. WT, n = 4; Rubicon KO, n = 5. (B) Plasma FSH
levels in mice of the indicated genotypes. WT, n = 4; Rubicon KO, n = 5. (C) Immunoblotting
of Rubicon in testes from mice of the indicated genotypes. n = 3. (D) Representative images of
immunohistochemistry to detect ZO-1 in testis sections from mice of the indicated genotypes.
Scale bars, 50 um. Control, n = 8; Rubicon™™"~'~
histochemistry to detect PLZF in testis sections from mice of the indicated genotypes. Red
arrows indicate positive staining. Scale bars, 50 um. n = 5. (F) Quantification of PLZF-positive
cells in (E). (G) Representative images of immunohistochemistry to detect GFRal in testis sec-
tions from mice of the indicated genotypes. Red arrows indicate positive staining. Scale bars,
50 um. n = 5. (H) Quantification of GFRal-positive cells in (G). Error bars indicate

means + SEM. Data were analyzed by two-tailed Student’s t-test (A, B, F, H). *P < 0.05,

**P < 0.01, ***P < 0.001, ****P < 0.0001. N.S., not significant.

(TIF)

,n = 6. (E) Representative images of immuno-

S5 Fig. Rubicon knockdown causes upregulation of autophagy, but not the endocytic path-
way, in Sertoli cells. (A) Autophagic flux assay using LC3-II and p62 degradation in Luciferase
or Rubicon knockdown 15P-1 cells. Knockdown was carried out for 48 h. n = 4. (B and C)
Quantification of autophagic flux in (A) using LC3-II (B) and p62 (C). (D) EGFR degradation
assay in Luciferase or Rubicon knockdown 15P-1 cells. Knockdown was carried out for 48 h.

n = 4. (E) Quantification of the relative EGFR level in (D). Error bars indicate means + SEM.
Data were analyzed by two-tailed Student’s t-test (B, C), two-way ANOVA (E). “P < 0.05,

**P < 0.01. N.S., not significant.

(TIF)

S1 Table. Sequences of QRT-PCR primers.
(XLSX)

S2 Table. Numerical data that underlies graphs.
(XLSX)
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S1 Movie. Spermatozoa from wild-type males were observed after incubation for 120 min
in TYH medium.
(MP4)

$2 Movie. Spermatozoa from Rubicon knockout males were observed after incubation for
120 min in TYH medium.
(MP4)

Acknowledgments

We thank Dr. Diego Castrillon (University of Texas Southwestern Medical Center) and Dr.
Robert E. Braun (University of Washington School of Medicine) for Vasa-Cre mice and Amh-
Cre mice, respectively.

Author Contributions

Conceptualization: Tadashi Yamamuro, Shuhei Nakamura, Masahito Ikawa, Tamotsu
Yoshimori.

Data curation: Tadashi Yamamuro.
Formal analysis: Tadashi Yamamuro, Hideto Mori.
Funding acquisition: Tadashi Yamamuro, Shuhei Nakamura, Tamotsu Yoshimori.

Investigation: Tadashi Yamamuro, Shuhei Nakamura, Yu Yamano, Tsutomu Endo, Kyosuke
Yanagawa, Ayaka Tokumura, Takafumi Matsumura, Kiyonori Kobayashi, Yusuke Enoki-
dani, Gota Yoshida, Hitomi Imoto, Tsuyoshi Kawabata, Maho Hamasaki, Akiko Kuma,
Sohei Kuribayashi, Kentaro Takezawa, Yuki Okada, Manabu Ozawa, Shinichiro Fukuhara,
Takashi Shinohara, Masahito Ikawa, Tamotsu Yoshimori.

Project administration: Tadashi Yamamuro, Shuhei Nakamura, Yu Yamano, Tamotsu
Yoshimori.

Supervision: Shuhei Nakamura, Tamotsu Yoshimori.
Visualization: Tadashi Yamamuro, Yu Yamano, Hideto Mori.
Writing - original draft: Tadashi Yamamuro.

Writing - review & editing: Shuhei Nakamura, Tsutomu Endo, Takafumi Matsumura,
Tsuyoshi Kawabata, Kentaro Takezawa, Yuki Okada, Manabu Ozawa, Shinichiro Fukuhara,
Masahito Tkawa, Tamotsu Yoshimori.

References

1. Chen S-R, Liu Y-X. Regulation of spermatogonial stem cell self-renewal and spermatocyte meiosis by
Sertoli cell signaling. Reproduction. Bioscientifica Ltd; 2015; 149: R159-67. https://doi.org/10.1530/
REP-14-0481 PMID: 25504872

2. Franca LR, Hess RA, Dufour JM, Hofmann MC, Griswold MD. The Sertoli cell: one hundred fifty years
of beauty and plasticity. Andrology; 2016; 4: 189—212. https://doi.org/10.1111/andr.12165 PMID:
26846984

3. SuzukiH, Sada A, Yoshida S, Saga Y. The heterogeneity of spermatogonia is revealed by their topol-
ogy and expression of marker proteins including the germ cell-specific proteins Nanos2 and Nanos3.
Developmental Biology. Elsevier Inc; 2009; 336: 222—231. https://doi.org/10.1016/j.ydbio.2009.10.002
PMID: 19818747

4. Nakagawa T, Sharma M, Nabeshima Y-I, Braun RE, Yoshida S. Functional hierarchy and reversibility
within the murine spermatogenic stem cell compartment. Science. American Association for the

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009688  August 5, 2021 17/20


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009688.s008
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009688.s009
https://doi.org/10.1530/REP-14-0481
https://doi.org/10.1530/REP-14-0481
http://www.ncbi.nlm.nih.gov/pubmed/25504872
https://doi.org/10.1111/andr.12165
http://www.ncbi.nlm.nih.gov/pubmed/26846984
https://doi.org/10.1016/j.ydbio.2009.10.002
http://www.ncbi.nlm.nih.gov/pubmed/19818747
https://doi.org/10.1371/journal.pgen.1009688

PLOS GENETICS

Rubicon prevents degradation of GATA4 for Sertoli cell function

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Advancement of Science; 2010; 328: 62—67. https://doi.org/10.1126/science.1182868 PMID:
20299552

Griswold MD. Spermatogenesis: The Commitment to Meiosis. Physiol Rev. 2016; 96: 1-17. https://doi.
org/10.1152/physrev.00013.2015 PMID: 26537427

Kubota H, Avarbock MR, Brinster RL. Growth factors essential for self-renewal and expansion of
mouse spermatogonial stem cells. Proc Natl Acad Sci U S A. National Academy of Sciences; 2004;
101: 16489—-16494. https://doi.org/10.1073/pnas.0407063101 PMID: 15520394

Meng X, Lindahl M, Hyvénen ME, Parvinen M, de Rooij DG, Hess MW, et al. Regulation of cell fate deci-
sion of undifferentiated spermatogonia by GDNF. Science. American Association for the Advancement
of Science; 2000; 287: 1489-1493. https://doi.org/10.1126/science.287.5457.1489 PMID: 10688798

Yang Q-E, Kim D, Kaucher A, Oatley MJ, Oatley JM. CXCL12-CXCR4 signaling is required for the
maintenance of mouse spermatogonial stem cells. J Cell Sci. 2013; 126: 1009-1020. https://doi.org/10.
1242/jcs. 119826 PMID: 23239029

Zhang J, Eto K, Honmyou A, Nakao K, Kiyonari H, Abé S-I. Neuregulins are essential for spermatogo-
nial proliferation and meiotic initiation in neonatal mouse testis. Development. 2011; 138: 3159-3168.
https://doi.org/10.1242/dev.062380 PMID: 21715427

Endo T, Freinkman E, de Rooij DG, Page DC. Periodic production of retinoic acid by meiotic and
somatic cells coordinates four transitions in mouse spermatogenesis. Proc Natl Acad Sci U S A. 2017,
114: E10132-E10141. https://doi.org/10.1073/pnas.1710837114 PMID: 29109271

Mruk DD, Cheng CY. The Mammalian Blood-Testis Barrier: Its Biology and Regulation. Endocr Rev.
2015; 36: 564-591. https://doi.org/10.1210/er.2014-1101 PMID: 26357922

Nakanishi Y, Shiratsuchi A. Phagocytic removal of apoptotic spermatogenic cells by Sertoli cells: mech-
anisms and consequences. Biol Pharm Bull. 2004; 27: 13—16. https://doi.org/10.1248/bpb.27.13 PMID:
14709891

Kyrénlahti A, Euler R, Bielinska M, Schoeller EL, Moley KH, Toppari J, et al. GATA4 regulates Sertoli
cell function and fertility in adult male mice. Molecular and Cellular Endocrinology. Elsevier Ireland Ltd;
2011; 333: 85-95. https://doi.org/10.1016/j.mce.2010.12.019 PMID: 21172404

Chen S-R, Tang J-X, Cheng J-M, Li J, Jin C, Li X-Y, et al. Loss of Gata4 in Sertoli cells impairs the sper-
matogonial stem cell niche and causes germ cell exhaustion by attenuating chemokine signaling. Onco-
target. Impact Journals; 2015; 6: 37012—37027. https://doi.org/10.18632/oncotarget.6115 PMID:
26473289

Tremblay JJ, Viger RS. GATA factors differentially activate multiple gonadal promoters through con-
served GATA regulatory elements. Endocrinology. 2001; 142: 977-986. https://doi.org/10.1210/endo.
142.3.7995 PMID: 11181509

Levine B, Kroemer G. Autophagy in the pathogenesis of disease. Cell. 2008; 132: 27—42. https://doi.
org/10.1016/j.cell.2007.12.018 PMID: 18191218

Mizushima N, Levine B, Cuervo AM, Klionsky DJ. Autophagy fights disease through cellular self-diges-
tion. Nature. Nature Publishing Group; 2008; 451: 1069—1075. https://doi.org/10.1038/nature06639
PMID: 18305538

Matsunaga K, Saitoh T, Tabata K, Omori H, Satoh T, Kurotori N, et al. Two Beclin 1-binding proteins,
Atg14L and Rubicon, reciprocally regulate autophagy at different stages. Nat Cell Biol. Nature Publish-
ing Group; 2009; 11: 385-396. https://doi.org/10.1038/ncb1846 PMID: 19270696

Zhong Y, Wang QJ, Li X, Yan Y, Backer JM, Chait BT, et al. Distinct regulation of autophagic activity by
Atg14L and Rubicon associated with Beclin 1-phosphatidylinositol-3-kinase complex. Nat Cell Biol.
Nature Publishing Group; 2009; 11: 468—476. https://doi.org/10.1038/ncb1854 PMID: 19270693

Nakamura S, Oba M, Suzuki M, Takahashi A, Yamamuro T, Fujiwara M, et al. Suppression of autopha-
gic activity by Rubicon is a signature of aging. Nature Communications. Nature Publishing Group; 2019;
10: 847. https://doi.org/10.1038/s41467-019-08729-6 PMID: 30783089

Tanaka S, Hikita H, Tatsumi T, Sakamori R, Nozaki Y, Sakane S, et al. Rubicon inhibits autophagy and
accelerates hepatocyte apoptosis and lipid accumulation in nonalcoholic fatty liver disease in mice.
Hepatology. John Wiley & Sons, Ltd; 2016; 64: 1994-2014. https://doi.org/10.1002/hep.28820 PMID:
27637015

Wang H, Wan H, Li X, Liu W, Chen Q, Wang Y, et al. Atg7 is required for acrosome biogenesis during
spermatogenesis in mice. Cell Res. Nature Publishing Group; 2014; 24: 852—-869. https://doi.org/10.
1038/cr.2014.70 PMID: 24853953

Shang Y, Wang H, Jia P, Zhao H, Liu C, Liu W, et al. Autophagy regulates spermatid differentiation via
degradation of PDLIM1. Autophagy. Taylor & Francis; 2016; 12: 1575-1592. https://doi.org/10.1080/
15548627.2016.1192750 PMID: 27310465

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009688  August 5, 2021 18/20


https://doi.org/10.1126/science.1182868
http://www.ncbi.nlm.nih.gov/pubmed/20299552
https://doi.org/10.1152/physrev.00013.2015
https://doi.org/10.1152/physrev.00013.2015
http://www.ncbi.nlm.nih.gov/pubmed/26537427
https://doi.org/10.1073/pnas.0407063101
http://www.ncbi.nlm.nih.gov/pubmed/15520394
https://doi.org/10.1126/science.287.5457.1489
http://www.ncbi.nlm.nih.gov/pubmed/10688798
https://doi.org/10.1242/jcs.119826
https://doi.org/10.1242/jcs.119826
http://www.ncbi.nlm.nih.gov/pubmed/23239029
https://doi.org/10.1242/dev.062380
http://www.ncbi.nlm.nih.gov/pubmed/21715427
https://doi.org/10.1073/pnas.1710837114
http://www.ncbi.nlm.nih.gov/pubmed/29109271
https://doi.org/10.1210/er.2014-1101
http://www.ncbi.nlm.nih.gov/pubmed/26357922
https://doi.org/10.1248/bpb.27.13
http://www.ncbi.nlm.nih.gov/pubmed/14709891
https://doi.org/10.1016/j.mce.2010.12.019
http://www.ncbi.nlm.nih.gov/pubmed/21172404
https://doi.org/10.18632/oncotarget.6115
http://www.ncbi.nlm.nih.gov/pubmed/26473289
https://doi.org/10.1210/endo.142.3.7995
https://doi.org/10.1210/endo.142.3.7995
http://www.ncbi.nlm.nih.gov/pubmed/11181509
https://doi.org/10.1016/j.cell.2007.12.018
https://doi.org/10.1016/j.cell.2007.12.018
http://www.ncbi.nlm.nih.gov/pubmed/18191218
https://doi.org/10.1038/nature06639
http://www.ncbi.nlm.nih.gov/pubmed/18305538
https://doi.org/10.1038/ncb1846
http://www.ncbi.nlm.nih.gov/pubmed/19270696
https://doi.org/10.1038/ncb1854
http://www.ncbi.nlm.nih.gov/pubmed/19270693
https://doi.org/10.1038/s41467-019-08729-6
http://www.ncbi.nlm.nih.gov/pubmed/30783089
https://doi.org/10.1002/hep.28820
http://www.ncbi.nlm.nih.gov/pubmed/27637015
https://doi.org/10.1038/cr.2014.70
https://doi.org/10.1038/cr.2014.70
http://www.ncbi.nlm.nih.gov/pubmed/24853953
https://doi.org/10.1080/15548627.2016.1192750
https://doi.org/10.1080/15548627.2016.1192750
http://www.ncbi.nlm.nih.gov/pubmed/27310465
https://doi.org/10.1371/journal.pgen.1009688

PLOS GENETICS

Rubicon prevents degradation of GATA4 for Sertoli cell function

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Liu C, Wang H, Shang Y, Liu W, Song Z, Zhao H, et al. Autophagy is required for ectoplasmic speciali-
zation assembly in sertoli cells. Autophagy. Taylor & Francis; 2016; 12: 814—832. https://doi.org/10.
1080/15548627.2016.1159377 PMID: 26986811

Panneerdoss S, Viswanadhapalli S, Abdelfattah N, Onyeagucha BC, Timilsina S, Mohammad TA, et al.
Cross-talk between miR-471-5p and autophagy component proteins regulates LC3-associated phago-

cytosis (LAP) of apoptotic germ cells. Nature Communications. Nature Publishing Group; 2017; 8: 598.

https://doi.org/10.1038/s41467-017-00590-9 PMID: 28928467

Yamamuro T, Kawabata T, Fukuhara A, Saita S, Nakamura S, Takeshita H, et al. Age-dependent loss
of adipose Rubicon promotes metabolic disorders via excess autophagy. Nature Communications.
Nature Publishing Group; 2020; 11: 4150. https://doi.org/10.1038/s41467-020-17985-w PMID:
32811819

Grive KJ, Hu Y, Shu E, Grimson A, Elemento O, Grenier JK, et al. Dynamic transcriptome profiles within
spermatogonial and spermatocyte populations during postnatal testis maturation revealed by single-cell
sequencing. PLoS Genet. Public Library of Science; 2019; 15: €1007810. https://doi.org/10.1371/
journal.pgen.1007810 PMID: 30893341

Ohta H, Tohda A, Nishimune Y. Proliferation and differentiation of spermatogonial stem cells in the w/
wv mutant mouse testis. Biol Reprod. 2003; 69: 1815-1821. https://doi.org/10.1095/biolreprod.103.
019323 PMID: 12890724

Ogawa T, Dobrinski I, Avarbock MR, Brinster RL. Transplantation of male germ line stem cells restores
fertility in infertile mice. Nat Med. Nature Publishing Group; 2000; 6: 29—34. https://doi.org/10.1038/
71496 PMID: 10613820

Gallardo T, Shirley L, John GB, Castrillon DH. Generation of a germ cell-specific mouse transgenic Cre
line, Vasa-Cre. Genesis. John Wiley & Sons, Ltd; 2007; 45: 413—417. https://doi.org/10.1002/dvg.
20310 PMID: 17551945

Zirkin BR, Papadopoulos V. Leydig cells: formation, function, and regulation. Biol Reprod. 2018; 99:
101-111. https://doi.org/10.1093/biolre/ioy059 PMID: 29566165

Holdcraft RW, Braun RE. Androgen receptor function is required in Sertoli cells for the terminal differen-
tiation of haploid spermatids. Development. 2004; 131: 459—467. hitps://doi.org/10.1242/dev.00957
PMID: 14701682

Buaas FW, Kirsh AL, Sharma M, McLean DJ, Morris JL, Griswold MD, et al. Plzf is required in adult
male germ cells for stem cell self-renewal. Nat Genet. 2004; 36: 647—652. https://doi.org/10.1038/
ng1366 PMID: 15156142

Costoya JA, Hobbs RM, Barna M, Cattoretti G, Manova K, Sukhwani M, et al. Essential role of Plzf in
maintenance of spermatogonial stem cells. Nat Genet. 2004; 36: 653—659. https://doi.org/10.1038/
ng1367 PMID: 15156143

Hofmann M-C, Braydich-Stolle L, Dym M. Isolation of male germ-line stem cells; influence of GDNF.
Developmental Biology. 2005; 279: 114—124. https://doi.org/10.1016/j.ydbio.2004.12.006 PMID:
15708562

Kang C, Xu Q, Martin TD, Li MZ, Demaria M, Aron L, et al. The DNA damage response induces inflam-
mation and senescence by inhibiting autophagy of GATA4. Science. American Association for the
Advancement of Science; 2015; 349: aaa5612. hitps://doi.org/10.1126/science.aaa5612 PMID:
26404840

Wang H, Wen L, Yuan Q, Sun M, Niu M, He Z. Establishment and applications of male germ cell and
Sertoli cell lines. Reproduction. Bioscientifica Ltd; 2016; 152: R31—40. https://doi.org/10.1530/REP-15-
0546 PMID: 27069011

Bennett HL, Fleming JT, O’Prey J, Ryan KM, Leung HY. Androgens modulate autophagy and cell death
via regulation of the endoplasmic reticulum chaperone glucose-regulated protein 78/BiP in prostate can-
cer cells. Cell Death Dis. Nature Publishing Group; 2010; 1: e72—e72. https://doi.org/10.1038/cddis.
2010.50 PMID: 21364676

Jiang Q, Yeh S, Wang X, Xu D, Zhang Q, Wen X et al. Targeting androgen receptor leads to suppres-
sion of prostate cancer via induction of autophagy. J Urol. 2012; 188: 1361-1368. https://doi.org/10.
1016/j.juro.2012.06.004 PMID: 22906664

De Gendt K, Swinnen JV, Saunders PTK, Schoonjans L, Dewerchin M, Devos A, et al. A Sertoli cell-
selective knockout of the androgen receptor causes spermatogenic arrest in meiosis. Proc Natl Acad
SciU S A. 2004; 101: 1327-1332. https://doi.org/10.1073/pnas.0308114100 PMID: 14745012

Chang C, Chen Y-T, Yeh S-D, Xu Q, Wang R-S, Guillou F, et al. Infertility with defective spermatogene-
sis and hypotestosteronemia in male mice lacking the androgen receptor in Sertoli cells. Proc Natl Acad
SciU S A. 2004; 101: 6876—6881. https://doi.org/10.1073/pnas.0307306101 PMID: 15107499

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009688  August 5, 2021 19/20


https://doi.org/10.1080/15548627.2016.1159377
https://doi.org/10.1080/15548627.2016.1159377
http://www.ncbi.nlm.nih.gov/pubmed/26986811
https://doi.org/10.1038/s41467-017-00590-9
http://www.ncbi.nlm.nih.gov/pubmed/28928467
https://doi.org/10.1038/s41467-020-17985-w
http://www.ncbi.nlm.nih.gov/pubmed/32811819
https://doi.org/10.1371/journal.pgen.1007810
https://doi.org/10.1371/journal.pgen.1007810
http://www.ncbi.nlm.nih.gov/pubmed/30893341
https://doi.org/10.1095/biolreprod.103.019323
https://doi.org/10.1095/biolreprod.103.019323
http://www.ncbi.nlm.nih.gov/pubmed/12890724
https://doi.org/10.1038/71496
https://doi.org/10.1038/71496
http://www.ncbi.nlm.nih.gov/pubmed/10613820
https://doi.org/10.1002/dvg.20310
https://doi.org/10.1002/dvg.20310
http://www.ncbi.nlm.nih.gov/pubmed/17551945
https://doi.org/10.1093/biolre/ioy059
http://www.ncbi.nlm.nih.gov/pubmed/29566165
https://doi.org/10.1242/dev.00957
http://www.ncbi.nlm.nih.gov/pubmed/14701682
https://doi.org/10.1038/ng1366
https://doi.org/10.1038/ng1366
http://www.ncbi.nlm.nih.gov/pubmed/15156142
https://doi.org/10.1038/ng1367
https://doi.org/10.1038/ng1367
http://www.ncbi.nlm.nih.gov/pubmed/15156143
https://doi.org/10.1016/j.ydbio.2004.12.006
http://www.ncbi.nlm.nih.gov/pubmed/15708562
https://doi.org/10.1126/science.aaa5612
http://www.ncbi.nlm.nih.gov/pubmed/26404840
https://doi.org/10.1530/REP-15-0546
https://doi.org/10.1530/REP-15-0546
http://www.ncbi.nlm.nih.gov/pubmed/27069011
https://doi.org/10.1038/cddis.2010.50
https://doi.org/10.1038/cddis.2010.50
http://www.ncbi.nlm.nih.gov/pubmed/21364676
https://doi.org/10.1016/j.juro.2012.06.004
https://doi.org/10.1016/j.juro.2012.06.004
http://www.ncbi.nlm.nih.gov/pubmed/22906664
https://doi.org/10.1073/pnas.0308114100
http://www.ncbi.nlm.nih.gov/pubmed/14745012
https://doi.org/10.1073/pnas.0307306101
http://www.ncbi.nlm.nih.gov/pubmed/15107499
https://doi.org/10.1371/journal.pgen.1009688

PLOS GENETICS

Rubicon prevents degradation of GATA4 for Sertoli cell function

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

O’Hara L, Smith LB. Androgen receptor roles in spermatogenesis and infertility. Best Practice &
Research Clinical Endocrinology & Metabolism. Elsevier Ltd; 2015; 29: 595-605. https://doi.org/10.
1016/j.beem.2015.04.006 PMID: 26303086

Miyagawa Y, Tsujimura A, Matsumiya K, Takao T, Tohda A, Koga M, et al. Outcome of gonadotropin
therapy for male hypogonadotropic hypogonadism at university affiliated male infertility centers: a 30-
year retrospective study. J Urol. 2005; 173: 2072—-2075. https://doi.org/10.1097/01.ju.0000158133.
09197.f4 PMID: 15879837

Gettler LT, McDade TW, Feranil AB, Kuzawa CW. Longitudinal evidence that fatherhood decreases
testosterone in human males. Proc Natl Acad Sci U S A. 2011; 108: 16194—16199. https://doi.org/10.
1073/pnas.1105403108 PMID: 21911391

Molkentin JD, Lin Q, Duncan SA, Olson EN. Requirement of the transcription factor GATA4 for heart
tube formation and ventral morphogenesis. Genes Dev. Cold Spring Harbor Lab; 1997; 11: 1061-1072.
https://doi.org/10.1101/gad.11.8.1061 PMID: 9136933

Kuo CT, Morrisey EE, Anandappa R, Sigrist K, Lu MM, Parmacek MS, et al. GATA4 transcription factor
is required for ventral morphogenesis and heart tube formation. Genes Dev. Cold Spring Harbor Lab;
1997; 11: 1048—1060. https://doi.org/10.1101/gad.11.8.1048 PMID: 9136932

Watt AJ, Zhao R, Li J, Duncan SA. Development of the mammalian liver and ventral pancreas is depen-
dent on GATA4. BMC Dev Biol. BioMed Central; 2007; 7: 37—11. https://doi.org/10.1186/1471-213X-7-
37 PMID: 17451603

Hu Y-C, Okumura LM, Page DC. Gata4 is required for formation of the genital ridge in mice. PLoS
Genet. Public Library of Science; 2013; 9: €1003629. https://doi.org/10.1371/journal.pgen.1003629
PMID: 23874227

Bouma GJ, Washburn LL, Albrecht KH, Eicher EM. Correct dosage of Fog2 and Gata4 transcription fac-
tors is critical for fetal testis development in mice. Proc Natl Acad Sci U S A. 2007; 104: 14994—14999.
https://doi.org/10.1073/pnas.0701677104 PMID: 17848526

Manuylov NL, Zhou B, Ma Q, Fox SC, PuWT, Tevosian SG. Conditional ablation of Gata4 and Fog2
genes in mice reveals their distinct roles in mammalian sexual differentiation. Developmental Biology.
Elsevier Inc; 2011; 353: 229-241. hitps://doi.org/10.1016/j.ydbio.2011.02.032 PMID: 21385577

Tevosian SG, Albrecht KH, Crispino JD, Fujiwara Y, Eicher EM, Orkin SH. Gonadal differentiation, sex
determination and normal Sry expression in mice require direct interaction between transcription part-
ners GATA4 and FOG2. Development. 2002; 129: 4627-4634. PMID: 12223418

Kenyon C. A pathway that links reproductive status to lifespan in Caenorhabditis elegans. Ann N 'Y
Acad Sci. John Wiley & Sons, Ltd; 2010; 1204: 156—162. https://doi.org/10.1111/j.1749-6632.2010.
05640.x PMID: 20738286

Partridge L, Gems D, Withers DJ. Sex and death: what is the connection? Cell. 2005; 120: 461-472.
https://doi.org/10.1016/j.cell.2005.01.026 PMID: 15734679

Budovskaya YV, Wu K, Southworth LK, Jiang M, Tedesco P, Johnson TE, et al. An elt-3/elt-5/elt-6
GATA transcription circuit guides aging in C. elegans. Cell. 2008; 134: 291-303. https://doi.org/10.
1016/j.cell.2008.05.044 PMID: 18662544

Ogawa T, Aréchaga JM, Avarbock MR, Brinster RL. Transplantation of testis germinal cells into mouse
seminiferous tubules. Int J Dev Biol. 1997; 41: 111-122. PMID: 9074943

Paquis-Flucklinger V, Michiels JF, Vidal F, Alquier C, Pointis G, Bourdon V, et al. Expression in trans-
genic mice of the large T antigen of polyomavirus induces Sertoli cell tumours and allows the establish-
ment of differentiated cell lines. Oncogene. Oncogene; 1993; 8: 2087—-2094. PMID: 8393161

Toyoda Y, Yokoyama M, Hoshi T. Studies on the fertilization of mouse eggs in vitro. Jpn J Anim Reprod.
1971;16: 147-151.

Dai MS, Hall SJ, Vantangoli Policelli MM, Boekelheide K, Spade DJ. Spontaneous testicular atrophy
occurs despite normal spermatogonial proliferation in a Tp53 knockout rat. Andrology. John Wiley &
Sons, Ltd; 2017; 5: 1141-1152. https://doi.org/10.1111/andr.12409 PMID: 28834365

Wolf FA, Angerer P, Theis FJ. SCANPY: large-scale single-cell gene expression data analysis.
Genome Biol. BioMed Central; 2018; 19: 15. https://doi.org/10.1186/s13059-017-1382-0 PMID:
29409532

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009688  August 5, 2021 20/20


https://doi.org/10.1016/j.beem.2015.04.006
https://doi.org/10.1016/j.beem.2015.04.006
http://www.ncbi.nlm.nih.gov/pubmed/26303086
https://doi.org/10.1097/01.ju.0000158133.09197.f4
https://doi.org/10.1097/01.ju.0000158133.09197.f4
http://www.ncbi.nlm.nih.gov/pubmed/15879837
https://doi.org/10.1073/pnas.1105403108
https://doi.org/10.1073/pnas.1105403108
http://www.ncbi.nlm.nih.gov/pubmed/21911391
https://doi.org/10.1101/gad.11.8.1061
http://www.ncbi.nlm.nih.gov/pubmed/9136933
https://doi.org/10.1101/gad.11.8.1048
http://www.ncbi.nlm.nih.gov/pubmed/9136932
https://doi.org/10.1186/1471-213X-7-37
https://doi.org/10.1186/1471-213X-7-37
http://www.ncbi.nlm.nih.gov/pubmed/17451603
https://doi.org/10.1371/journal.pgen.1003629
http://www.ncbi.nlm.nih.gov/pubmed/23874227
https://doi.org/10.1073/pnas.0701677104
http://www.ncbi.nlm.nih.gov/pubmed/17848526
https://doi.org/10.1016/j.ydbio.2011.02.032
http://www.ncbi.nlm.nih.gov/pubmed/21385577
http://www.ncbi.nlm.nih.gov/pubmed/12223418
https://doi.org/10.1111/j.1749-6632.2010.05640.x
https://doi.org/10.1111/j.1749-6632.2010.05640.x
http://www.ncbi.nlm.nih.gov/pubmed/20738286
https://doi.org/10.1016/j.cell.2005.01.026
http://www.ncbi.nlm.nih.gov/pubmed/15734679
https://doi.org/10.1016/j.cell.2008.05.044
https://doi.org/10.1016/j.cell.2008.05.044
http://www.ncbi.nlm.nih.gov/pubmed/18662544
http://www.ncbi.nlm.nih.gov/pubmed/9074943
http://www.ncbi.nlm.nih.gov/pubmed/8393161
https://doi.org/10.1111/andr.12409
http://www.ncbi.nlm.nih.gov/pubmed/28834365
https://doi.org/10.1186/s13059-017-1382-0
http://www.ncbi.nlm.nih.gov/pubmed/29409532
https://doi.org/10.1371/journal.pgen.1009688

