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ABSTRACT During spermatogenesis, up to 75% of germ cells in the testes undergo
apoptosis and are cleared by Sertoli cells. X-linked XK blood group-related 8 (Xkr8) is
a plasma membrane protein that scrambles phospholipids in response to apoptotic
signals, exposing phosphatidylserine (PtdSer). Here, we found that Xkr8/— male
mice were infertile due to reduced sperm counts in their epididymides. Apoptotic
stimuli could not induce PtdSer exposure in Xkr8—/~ germ cells. Consistent with the
hypothesis that PtdSer functions as an “eat-me” signal to phagocytes, cells express-
ing phosphatidylserine receptor TIM4 and MER tyrosine kinase receptor efficiently
engulfed apoptotic wild-type male germ cells but not Xkr8—/— germ cells. Fluores-
cence and electron microscopy revealed Sertoli cells carrying engulfed and degener-
ated dead cells. However, many unengulfed apoptotic cells and residual bodies and
much cell debris were present in Xkr8/~ testes and epididymides. These results in-
dicate that Xkr8-mediated PtdSer exposure is essential for the clearance of apoptotic
germ cells by Sertoli cells. There was no apparent inflammation in Xkr8—/~ testes,
suggesting that the unengulfed apoptotic cells may have undergone secondary ne-
crosis, releasing noxious materials that affected the germ cells. Alternatively, failure
to engulf the apoptotic germ cells may have caused the Sertoli cells to starve and
lose their ability to support spermatogenesis.

KEYWORDS apoptosis, phospholipid scramblase, spermatogenesis, Sertoli cells, male
infertility, Xkr8

uring animal tissue development, many useless or harmful cells are generated
which eventually undergo apoptosis (1). In our daily life, cells infected by viruses
or bacteria may die via pyroptosis or necroptosis (2), but starved cells and cells
damaged by DNA-damaging agents die via apoptosis. Cytotoxic lymphocytes (CTL) and

natural killer (NK) cells kill target cells by inducing apoptosis (3). T e, SUE U e
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fragmentation, membrane blebbing, and phosphatidylserine (PtdSer) exposure (7).
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Apoptotic cells are efficiently eliminated by phagocytes to prevent the release of
noxious materials (8, 9). Phagocytes engulf apoptotic cells by recognizing PtdSer,
which serves as an “eat-me” signal (8). In living cells, PtdSer exists in the inner leaflet
of the plasma membrane but is exposed to the cell surface during apoptosis
(10-12). We previously showed that X-linked XK blood group-related 8 (Xkr8), a membrane
protein with 10 putative transmembrane segments, is cleaved by caspase 3 at its C-terminal
tail region and functions as a phospholipid scramblase, destroying the asymmetrical
distribution of phospholipids at the plasma membrane and exposing PtdSer (13). Caspase
3 also cleaves and inactivates the type IV-P-type ATPases, namely, ATP11A and ATP11C,
which are flippases that specifically translocate PtdSer from the outer leaflet of the plasma
membrane to the inner leaflet (14, 15). Thus, the PtdSer exposed by the scramblase activity
of Xkr8 in apoptotic cells cannot return to the inner leaflet and irreversibly remains on the
surface as an eat-me signal for phagocytes.

During spermatogenesis, 75% of germ cells undergo apoptosis at various stages and
are cleared by Sertoli cells in the testes (16-19). We therefore examined the effects of
Xkr8 knockout on spermatogenesis. In contrast to wild-type testes, which increased in
weight until 15 weeks of age, the testicular weights of Xkr8~/~ males increased only
until 5 weeks of age, and their sperm counts at 14 to 17 weeks of age were less than
25% of those of wild-type males. Xkr8-deficient male mice are infertile, and of the three
Xkr family members (Xkr4, Xkr8, and Xkr9) that function as caspase-dependent scram-
blases (20), only Xkr8 is expressed in male germ cells. Treatment of Xkr8~/~ male germ
cells with a BH3-mimetic activated caspase 3 but did not induce PtdSer exposure.
Sertoli cells in wild-type testes were observed carrying apoptotic cells, but most of the
apoptotic cells in Xkr8~/~ testes were outside Sertoli cells. The results indicate that
PtdSer-dependent engulfment of apoptotic germ cells during first-round spermatogen-
esis is essential for productive spermatogenesis.

RESULTS

Testicular dysgenesis in Xkr8—/— males. We previously established Xkr8-deficient
mice in the C57BL/6 background (13); the mice grew normally and had no apparent
abnormalities in appearance or behavior. However, although intercrossing Xkr8+/—
mice produced offspring as productively as wild-type B6 mice, intercrossing Xkr8—/—
mice produced almost no offspring. As shown in Fig. 1A, when 8- to 12-week-old
Xkr8—/~ female mice were crossed with wild-type B6 males, the number of offspring
was similar to the numbers obtained with Xkr8+/* or Xkr8+/~ female mice. Conversely,
when 10- to 12-week-old Xkr8—/~ male mice were crossed with 9-week-old wild-type
female ICR mice, which are known to be prolific (21, 22), they generated no offspring
in 10/12 challenges (Fig. 1A). In two cases, Xkr8~/~ mice produced offspring, but the
litters contained only two and six pups, respectively. The average number of offspring
obtained with Xkr8—/— males was extremely low (0.7) compared with the average
number of offspring obtained with Xkr8+/~ males (12.6).

Since the testes of 10-week-old Xkr8-null mice were significantly smaller than those
of wild-type mice, we examined their weights. Consistent with previous reports (23, 24),
the testicular weights of wild-type mice increased approximately 11-fold from 2 to
15 weeks of age (Fig. 1B). As expected, since there was little difference in fertility
between Xkr8+/* and Xkr8+/~ male mice, the weights of their testes were comparable.
The weights of Xkr8—/— testes increased similarly until 5 weeks of age but increased
little in subsequent weeks (Fig. 1B). The increase in testicular weight is due to the
spermatogenesis that occurs after birth. Accordingly, sperm counts in the cauda
epididymides of 14- to 17-week-old Xkr8 '~ mice were approximately 25% of those
observed in Xkr8+/~ mice (Fig. 1C), but their morphology was similar to that of the
Xkr8+/~ sperm (Fig. 1D).

Histological analysis indicated that the seminiferous tubules of Xkr8—/~ testes were
abnormal, containing aggregated cells and Sertoli cells with many vacuoles (Fig. 1E).
The number of germ cells was significantly reduced by Xkr8 knockout in a portion of
seminiferous tubules. This testicular abnormality was more pronounced in 30-week-old
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FIG 1 Impaired male fertility in Xkr8-null mice. (A) Male fertility. (Left) Male Xkr8+/~ and Xkr8—/~ mice (n = 5 for each) were mated with ICR female
mice. Plugged female mice (10 to 12 for each genotype) were kept isolated, and the number of pups obtained from each was plotted. Bars show
the average litter size. (Right) Female Xkr8+/~ (or Xkr8*/*) and Xkr8—/~ mice (n = 5 for each) were mated with wild-type C57BL/6 male mice. The
number of pups obtained from each female mouse was plotted. Bars show the average litter size. **, P < 0.01 (Student’s t test). (B) Weight of the
testes. (Left) The testes were removed from Xkr8+/~ and Xkr8—/— mice (n = 3 to 6 each) at the indicated ages, and the average weight was plotted
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mice than in 15-week-old mice. Immunohistostaining analysis revealed aggregated
vimentin-positive and Wilms' tumor 1 homolog (WT1)-positive Sertoli cells in the lumen
of testicular tubules of Xkr8~/~ (Fig. 1F). The epididymides of Xkr8*/~ males at
15 weeks were full of mature sperm (Fig. 1G), while the sperm counts in Xkr8—/—
epididymides were strongly reduced. Xkr8/~ epididymides showed more severe
reductions in sperm number at 30 weeks and contained large amounts of amorphous
eosinophilic materials, probably representing debris of dead cells or residual bodies
released from maturing sperm. From these results, we concluded that Xkr8 deficiency
caused a defect in spermatogenesis and that fertility was impaired as a consequence of
the reduced number of sperm.

Specific expression of Xkr8 in mouse testicular germ cells. Xkr8 is a member of
the XK protein family (13). Among the 8 family members, Xkr4, Xkr8, and Xkr9 possess
caspase-dependent scramblase activity (20). Real-time reverse transcription-PCR (RT-
PCR) indicated that the testes of 5-week-old mice expressed Xkr8 mRNA but not XKR4
or XKR9 at an extremely high level. That is, its expression level in the testis was 100 to
1,000 times greater than that in the thymus or ovary (Fig. 2A). The testes are composed
of germ cells, Sertoli cells, and Leydig cells, and the number of germ cells increases after
birth (24, 25). In W/W" mice, germ cells in the testes cannot proliferate due to mutation
of the KIT proto-oncogene receptor tyrosine kinase (26). The expression levels of WT1
and of hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-isomerase 1
(HSD3B1), which are specifically expressed in Sertoli cells (27) and Leydig cells (28),
respectively, were higher in W/W" testes than in wild-type testes at 5 weeks (Fig. 2B).
Conversely, the Xkr8 mRNA level in the testes of W/W" mice was <10% of that in
wild-type mice. This expression pattern is similar to that observed for DEAD box
polypeptide 4 (DDX4; also called mouse VASA homolog) (Fig. 2B), which is expressed in
germ cells (29), indicating that Xkr8 is more strongly expressed in testicular germ cells
than in somatic cells. The sharp increase in Xkr8 mRNA levels observed in the testes
from 2 weeks after birth (Fig. 2C) was consistent with this idea. To further characterize
Xkr8 gene expression in testicular germ cells, testes were analyzed by in situ hybrid-
ization. As shown in Fig. 2D, experiments employing the antisense probe for Xkr8
mRNA, but not the sense probe, resulted in strong signals in germ cells, while no
specific signals were detected in Sertoli or Leydig cells, confirming that Xkr8 is specif-
ically expressed in the germ cells, probably from the beginning of spermatogenesis.

Inefficient clearance of apoptotic cells in Xkr8—/— testes. During spermatogen-
esis, a large number of sperm progenitor cells undergo apoptosis and are engulfed by
Sertoli cells in a PtdSer-dependent manner (17, 30, 31). Since Xkr8 is responsible for
apoptotic PtdSer exposure in various cells (32), we hypothesized that Xkr8~/— apoptotic
germ cells may not be efficiently cleared in the testes. As shown in Fig. 3A, approxi-
mately 2% of 4',6-diamidino-2-phenylindole (DAPI)-positive cells in the testes of
Xkr8/— mice were positive by terminal deoxynucleotidyltransferase-mediated dUTP-
biotin nick end labeling (TUNEL) at 2 to 4 weeks (Fig. 3A); this proportion increased by
67% in Xkr8/— mice. Electron transmission microscopy demonstrated that most of the
dead cells in Xkr8+/~ testes were inside Sertoli cells and that their nuclei were swollen
and degenerated (Fig. 3B). Conversely, dead cells in Xkr8—/~ testes were outside Sertoli
cells and contained condensed nuclei, indicating the presence of unengulfed apoptotic
cells.

FIG 1 Legend (Continued)
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with the standard deviation (SD) for each genotype. (Right) The average weight of the testes of 16-week-old Xkr8*/+ and Xkr8*/~ mice (n =3
for each) was plotted with the SD (bars). **, P < 0.01 (Student’s t test). (C and D) Analysis of sperm. Sperm were recovered from the cauda
epididymides of Xkr8/— and Xkr8—/— mice (n = 9 to 10 each) at 14 to 17 weeks, and the average numbers were plotted with the SD (bars) (C)
and observed by microscopy (D). **, P < 0.01 (Student’s t test). (E and G) Histochemical analysis. Paraffin sections were prepared from the testes
(E) or cauda epididymides (G) of 15- or 30-week-old Xkr8+/~ and Xkr8 '~ mice, stained with PAS (E) or H&E (G), and observed by microscopy. In
panel E, Sertoli and Leydig cells are indicated by open and closed arrows, respectively. Aggregated cells and vacuoles are indicated by arrowheads.
In panel G, arrows indicate the debris of dead cells or residual bodies. (F) Cryosections were prepared from the testes of 8-week-old Xkr8+/~ and

Xkr8—/~ mice and were stained with antivimentin (green), anti-Wt1 (red), and DAPI (blue).
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FIG 2 Expression of Xkr8 mRNA in testicular germ cells. (A and B) Real-time RT-PCR. Using RNA prepared
from the testes, thymus, and ovary of 5-week-old wild-type or W/W" mice (n = 3 for each), the mRNA levels
of Xkr4, Xkr8, and Xkr9 (A) or of DDX4, WT1, and HSD3B1 (B) were measured by real-time RT-PCR. Ribosomal
protein L13A (Rpl13a) was used for normalization of relative expression levels. Values shown represent
averages of results from three mice and are presented with the SD (bars). (C) Age-dependent expression of
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When apoptotic cells are engulfed by phagocytes, their DNA is digested by DNase
Il in phagocyte lysosomes (33). We previously observed that a large amount of
undigested naked DNA accumulated in the macrophages of DNase ll-deficient mice
(33). To confirm that apoptotic germ cells were not engulfed by Sertoli cells in the
testes of Xkr8—/~ mice, Xkr8 and DNasell doubly deficient mice were established in an
interferon (alpha and beta) receptor 1 (Ifnar1)-deficient background (34). As shown in
Fig. 3C, many abnormal foci of various sizes were observed in Xkr8+/~ DNasell =/~ testes
at the peripheral regions of the testicular tubes, where the Sertoli cells localized.
Materials in the foci were weakly stained by hematoxylin but not by eosin, suggesting
that inclusions in the foci mainly represented protein-free DNA generated in DNase
I-deficient lysosomes. In Xkr8—/— DNasell~/~ testes, abnormal foci were less abundant
(Fig. 3C), but many clusters of hematoxylin-positive materials were present in the
peripheral regions of the testicular tubes, suggesting that these represented unen-
gulfed apoptotic bodies with condensed and fragmented nuclei.

Xkr8 is required for PtdSer exposure in apoptotic testicular germ cells. The
results described above suggested that Xkr8 is indispensable for the clearance of
apoptotic germ cells in the testes. To confirm this, germ cell-rich fractions were
prepared and treated with the apoptosis inducer ABT-737, a BH3 mimetic (35). Cells
were then stained with fluorescently labeled annexin V and analyzed by flow cytometry
to detect PtdSer exposure. Xkr8+/~ germ cells exposed PtdSer in a dose- and time-
dependent manner, and treatment with 10 uM ABT-737 for 60 min caused PtdSer
exposure in >80% of germ cells (Fig. 4A and B). Conversely, 10 uM ABT-737 did not
induce PtdSer exposure in Xkr8—/— germ cells, even after 90 min.

To confirm PtdSer exposure in apoptotic germ cells, germ cells were purified by a
Percoll density gradient procedure and treated with ABT-737. Confocal microscopy
indicated that most of the annexin V-positive cells were propidium iodide (PI) negative
and that PtdSer was uniformly distributed on the cell surface (Fig. 4C). However,
PtdSer-positive cells were rarely detected among ABT-737-treated Xkr8—/— germ cells
and, when detected, were Pl positive, indicating the presence of dead cells that had
already undergone secondary necrosis (Fig. 4C). Western blotting indicated that
caspase 3 was activated in Xkr8~/~ germ cells upon ABT-737 treatment as efficiently as
in Xkr8+/— cells (Fig. 4D). In addition, cleavage of poly(ADP-ribose) polymerase 1
(PARP1), a substrate of caspase 3 (36), was observed in ABT-737-treated Xkr8—/~ germ
cells at a level similar to that seen with the Xkr8/~ cells. These results indicated that
Xkr8+/— and Xkr8 '~ germ cells had the same sensitivity to the apoptosis inducer and
that Xkr8 functions downstream of caspase 3.

We previously established NIH 3T3 cell transformants expressing MER proto-oncogene
tyrosine kinase (MER) and T cell immunoglobulin and mucin domain-containing 4 (TIM4)
(TKO-TIM4/MER) and demonstrated that the transformants efficiently engulfed PtdSer-
presenting apoptotic cells (37). We therefore used this system to examine whether Xkr8~/—
apoptotic germ cells can be engulfed by phagocytes. Germ cell-rich fractions were labeled
with CellTracker Orange {9'-(4[and 5]-chloromethyl-2-carboxyphenyl)-7’-chloro-6"-oxo-
1,2,2A-tetramethyl-1,2-dihydropyrido[2’,3’-6]xanthene (CMRA)}, treated with ABT-737, and
incubated at 37°C for 60 min with TKO-TIM4/MER cells at a prey/phagocyte ratio of 3:1.
When the Xkr8+/~ apoptotic germ cells were used as prey, confocal microscopy revealed
that approximately 8.6% of the phagocytes contained CMRA-labeled materials (Fig. 4E). This
proportion of CMRA-positive phagocytes was reduced to 4.1% with Xkr8~/— apoptotic
germ cells, confirming that Xkr8-mediated PtdSer exposure plays an important role in the
clearance of apoptotic testicular germ cells.

FIG 2 Legend (Continued)

Xkr8 mRNA in the testes. Testes were prepared from wild-type mice at the indicated ages (n = 3 for each
age), and the Xkr8 mRNA level was measured by real-time RT-PCR. The average expression level of Xkr8,
relative to RPL13A, was plotted with the SD (bars). (D) In situ hybridization for Xkr8 mRNA. Paraffin sections
from the testes of 8-week-old wild-type mice were hybridized to DIG-labeled antisense or sense RNA,
counterstained with methyl green, and observed by microscopy. Sertoli cells and Leydig cells are indicated

by open and closed arrows, respectively.
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FIG 3 Inefficient clearance of apoptotic cells in Xkr8-null testes. (A) TUNEL staining of the testes. Results of TUNEL staining of testicular
sections from 3-week-old Xkr8*/~ and Xkr8—/— mice are shown at two magnifications. Green, TUNEL; blue, DAPI. (Left) Sections of the
testes of mice of the indicated ages (n = 4 to 6 for each genotype) were processed for TUNEL assays and stained with DAPI. The total
TUNEL-positive area was quantified from 3 to 5 sections per mouse, and the ratio of the DAPI-positive area and SD (bars) are shown. **,
P < 0.01; %, P < 0.05 (Student’s t test). (B) Electron microscopy of the testes. Sections of the testes of 3-week-old Xkr8+/~ and Xkr8—/— mice
were analyzed by transmission electron microscopy. Sertoli cells are indicated by dashed lines. SN, nuclei of Sertoli cells; AP, apoptotic
cells. (C) In vivo efferocytosis revealed with DNase II-null mice. (Left) Paraffin sections of the testes of 3-week-old Xkr8*/~ DNasell~/~
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DISCUSSION

Between embryonic day 10.5 (E10.5) and E11.5, primordial germ cells move into the
gonadal ridge and proliferate. Spermatogenesis begins in the testes in the second week
after birth and consists of spermatogonia proliferation, meiosis, spermatid formation,
elongation, and shedding of cytoplasmic portions as residual bodies (38). This process
absolutely depends on cell-cell contacts and paracrine interactions with Sertoli cells (39,
40). During spermatogenesis, up to 75% of germ cells undergo apoptosis, probably to
maintain the ratio between germ cells and Sertoli cells (41, 42). Apoptotic germ cells
display PtdSer and are engulfed by Sertoli cells and degraded in a PtdSer-dependent
manner (19).

Xkr8 is a phospholipid scramblase that is activated by caspase cleavage and is
responsible for apoptotic PtdSer exposure (10). Comparison of its mRNA levels in
wild-type and W/WV testes indicated that Xkr8 levels are at least 10 times higher in
germ cells than in somatic cells. Similarly to many housekeeping genes (43), the
promoter region of the mouse Xkr8 gene is rich in CpG, and contains several trans-
acting transcription factor 1 (SP1) binding sites. Two CpG islands are present near the
transcriptional start site, and the expression of the human Xkr8 gene is regulated by
methylation and demethylation (13). The chromosomal DNA in both primordial germ
cells and mature sperm is highly methylated. However, several germ line-specific genes
are transiently demethylated and expressed after the germ cells migrate into the
gonadal ridge (44). It is likely that Xkr8 is also demethylated in male germ cells
postmigration.

Apoptotic germ cells are engulfed by Sertoli cells in a PtdSer-dependent manner (19,
45). Scavenger receptor class B, member 1 (SCARB1) (46) and brain angiogenesis
inhibitor (BAIT; also called adhesion G-protein coupled receptor B1) (45) have been
proposed as receptors for exposed PtdSer on apoptotic germ cells. However, an
analysis of single-cell RNA sequencing data from developing testes (47) indicated that
BAI1 is not expressed in Sertoli cells, and both Bail- and Scarb1-deficient male mice are
fertile (48, 49). However, mRNAs of the TAM family tyrosine kinase receptors TYRO3
protein tyrosine kinase 3, MERTK, and AXL receptor tyrosine kinase are abundantly
expressed in Sertoli cells (50). These receptors play redundant roles in engulfing
apoptotic cells (37, 51, 52), and male mice lacking all three receptors are infertile (50),
similarly to Xkr8-null mice. These results indicate that apoptotic germ cells exposing
PtdSer through the actions of Xkr8 are engulfed by Sertoli cells via the TAM receptor
system.

Both blocking and exaggeration of apoptosis in germ cells inhibit spermatogenesis
and cause male infertility (53-57). As in the thymus, where more than 95% of thymo-
cytes undergo apoptosis (58), apoptotic cells were barely detected in the testes of the
wild-type mice, as they were efficiently engulfed and cleared by phagocytes in a
PtdSer-dependent manner. We previously reported that Xkr8 deficiency causes a
systemic lupus erythematosus-type autoimmune disease in a specific mouse strain
(MRL) (32). This phenotype was accompanied by activation of the immune system and
was observed only in aged female mice. Conversely, male infertility in Xkr8-deficient
mice was not dependent on aging. Furthermore, neither inflammatory cells nor inflam-
matory cytokines were observed in the testes of Xkr8-null mice, indicating that the
unengulfed dead cells themselves were responsible for infertility.

How can unengulfed apoptotic cells inhibit spermatogenesis? Unengulfed apoptotic
cells undergo secondary necrosis and release cellular materials (7, 59), which may
directly kill the germ cells. In addition, as some toxic substances are known to activate
FasL on Sertoli cells (60), the Fas-FasL system may play a role to killing Fas-expressing

FIG 3 Legend (Continued)
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Ifnar1~/=, Xkr8/~ DNasell='~ Ifnar1=/—, Xkr8+/= DNasell*/* Ifnar1*/+, or Xkr8=/~ DNasell*/* Ifnar1*/* mice were stained with H&E and
observed by microscopy. White arrowheads indicate Sertoli cells carrying undigested DNA (foci), while yellow arrowheads indicate
unengulfed apoptotic cells. (Right) Foci were counted in 15 sections or 5 sections obtained from three mice per genotype and are

expressed as a ratio to the total tissue area. The bars indicate average values. **, P < 0.01 (Student’s t test).
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FIG 4 Inefficient apoptotic PtdSer exposure in Xkr8-null male germ cells. (A) Time course of the apoptotic PtdSer exposure in
male germ cells. Germ cell-rich fractions prepared from the testes of Xkr8+/~ and Xkr8/— mice were treated for the indicated
time periods with 0, 2, or 10 uM ABT-737, stained with Cy5-annexin V and P, and analyzed by flow cytometry. Experiments
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SD (bars). **, P < 0.01 (Student's t test). (B) Flow cytometry. Cells from Xkr8*/— and Xkr8—/~ testes of 3-week-old mice were left
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germ cells. Alternatively, a more interesting possibility is that Sertoli cells, which use
engulfed apoptotic germ cells as energy sources (61, 62), starve because of failure to
engulf Xkr8-null apoptotic germ cells. These starved Sertoli cells may lose the ability to
support second-round spermatogenesis. We observed many large vacuoles in the
Sertoli cells of Xkr8-null testes, consistent with this notion. In addition to apoptotic
germ cells, residual bodies are engulfed by Sertoli cells in a PtdSer-dependent manner
(63). Residual body-like structures were observed in Xkr8-null epididymides, suggesting
that Xkr8 is also involved in the PtdSer exposure of residual bodies. Whether Xkr8 is
actually involved in the clearance of residual bodies remains to be confirmed.

MATERIALS AND METHODS

Mice. C57BL/6J mice were purchased from Japan CLEA or Japan SLC. W/W" mice and ICR mice were
purchased from Japan SLC. Xkr8—/~ mice in the C57BL/6 background (13) and DNasell~/~ Ifnar1=/~ mice
(34) have been previously described and were crossed to generate Xkr8—/— DNasell~/~ Ifnar1~/~ mice. All
mice were housed in a specific-pathogen-free facility at the Research Institute for Microbial Diseases at
Osaka University, and all mouse studies were approved by the Ethics Review Committee for Animal
Experimentation of Research Institute for Microbial Diseases, Osaka University.

Cell lines and reagents. Ax/=/~ Tyro3—/— Gas6—/~ NIH 3T3 cells expressing mouse TIM4 and MerTK
(TKO-TIM4/MER) (37) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal
calf serum (FCS). CMRA was purchased from Life Technologies, ABT-737 from Sellec, Cy5-annexin V from
Biovision, and iFluor 488-annexin V from AAT Bioquest.

Real-time RT-PCR. RNA was isolated using ISOGEN (Nippon Gene) and an RNeasy microkit (Qiagen)
and was subjected to RT with a High Capacity RNA-to-cDNA kit (Thermo Fisher Scientific). An aliquot of
the product was amplified by PCR in a reaction mixture containing LightCycler 480 SYBR green master
(Roche). The mouse primers used for real-time RT-PCR were as follows: for Xkr8, 5'-GCGACGCCACAGCT
CACACT-3" and 5'-CCCCAGCAGCAGCAGGTTCC-3'; for Xkr4, 5'-GCCAGTGACCGTGATCAGAA-3’ and 5'-T
CCTTGTACTGCAGCCTTGG-3'; for Xkr9, 5'-GGAAGGCTGCCCGCAACTCA-3" and 5'-TGGGCCAGAGTCCTCG
GAGAA-3’; for Ddx4, 5'-CTGTCAGACGCTCAACAGGA-3’ and 5'-CGCTGTATTCAACGTGTGCT-3’; for Wt1,
5'-TCCGGTCAGCATCTGAAACC-3" and 5'-GAGCTGGTCTGAGCGAGAAA-3’; for Hsd3b1, 5'-TCCAAGCTGCA
GACAAAGACC-3" and 5'-ACACAGGCCTCCAATAGGTTC-3'; and for Rpl13a, 5'-CCCTCCACCCTATGACAAG
A-3' and 5'-TTCTCCTCCAGAGTGGCTGT-3".

Isolation of male germ cells. Male germ cells were isolated as described previously (64, 65) with
some modifications. In brief, testes were dissected from 3-week-old mice and their tunica albugineae
were removed. These were placed in 15-ml conical centrifuge tubes containing 5 ml of Hanks’ balanced
salt solution (HBSS) containing 120 U/ml collagenase type 4 (Worthington) and 5 wg/ml DNase I. After
vigorous shaking at room temperature to loosen the seminiferous tubules, samples were incubated for
15 min at 37°C, washed twice with 5ml HBSS, and digested at 37°C for 15 min with 0.025% trypsin—
5 wg/ml DNase I-HBSS. After quenching was performed with 500 ul FCS, the cell suspension was passed
through a 40-um-pore-size nylon mesh strainer. The cells were then collected by centrifugation at
400 X g for 5 min and suspended in DMEM containing 10% FCS. For microscopic observation and assays
for engulfment of apoptotic cells (efferocytosis), germ cells were further purified by the use of a
discontinuous Percoll density gradient procedure (65, 66). Isotonic Percoll solutions with different
osmolarities were prepared from a stock solution consisting of 9 parts Percoll Il Plus (GE Healthcare) and
1 part 10X HBSS containing 2% FCS and 2 pg/ml DNase |. The Percoll stock solution (100%) was diluted
with HBSS containing 2% FCS and 2 ug/ml DNase | to 15, 22, 30, 36, and 40%. Gradients were prepared
in 15-ml conical centrifuge tubes by gently layering 1 ml of each, starting with the 40% fraction. Male
germ cell suspensions (1 ml) were applied to the top layers of the gradient tubes, and the tubes were
centrifuged at 800 X g for 20 min at 16°C. Cells between the 30 and 40% layers were collected, washed
with HBSS, and suspended in DMEM containing 10% FCS.

Induction of apoptosis, PtdSer exposure, and caspase activation. Male germ cells were induced
to undergo apoptosis with ABT-737 as described previously (32). In brief, cells (8 X 105/ml) were
incubated at 37°C for 60 min with 10 uM ABT-737-HBSS. The cells were washed with annexin V buffer
(10 MM HEPES-NaOH buffer [pH 7.4], 140 mM NaCl, and 1 mM CaCl,), stained on ice for 5min with
1,000-fold-diluted Cy5-annexin V and 5 ug/ml Pl, and analyzed on a FACSCanto flow cytometer (BD). In

FIG 4 Legend (Continued)

untreated or treated with 10 uM ABT-737, stained with Cy5-annexin V and PI, and analyzed by flow cytometry. Annexin
V-staining profiles in the Pl-negative germ cell fraction are shown. (C) Fluorescence microscopy. Germ cells from Xkr8*/~ and
Xkr8=/— mice were purified by density gradient centrifugation, treated with 5 uM ABT-737, stained with iFluor 488-annexin V
and PI, and observed by confocal fluorescence microscopy. (D) Activation of caspase 3. Testicular germ cells were incubated
with or without 10 uM ABT-737, and the cell lysates (16 ng protein) were analyzed by Western blotting. The arrowheads
indicate active caspase 3 (top) and cleaved PARP (bottom). (Lower panel) Membranes were stained with Coomassie brilliant
blue. (E) In vitro efferocytosis. Testicular germ cells were labeled with CMRA, treated with 5 uM ABT-737, and then incubated
with TKO-TIM4/MER cells. After incubation, TKO cells were observed by confocal fluorescence microscopy. (Right) CMRA-
positive engulfed cells were counted in 16 different fields obtained in three independent experiments, and data are expressed
as ratios to the number of phagocytes. The bars indicate the average values. **, P < 0.01 (Student’s t test).
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some cases, samples were stained with 200-fold-diluted iFluor 488-annexin-5 ug/ml Pl-annexin V buffer
and were observed on a FluoView FV1000 confocal microscope (Olympus).

To detect activated caspase 3, cells treated with ABT-737 were washed with phosphate-buffered
saline (PBS) and lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM HEPES-NaOH buffer [pH
8.0] containing 1% Nonidet P-40, 1% SDS, 0.5% sodium deoxycholate, and 150 mM NaCl) supplemented
with a mixture of protease inhibitors (cOmplete Mini; Sigma-Aldrich). The lysates were centrifuged at
20,000 X g for 20 min to remove debris, mixed with a 1/4 volume of 5X SDS sample buffer (200 mM
Tris-HCI buffer [pH 6.8], 10% [wt/vol] SDS, 25% [vol/vol] glycerol, 5% [vol/vol] B-mercaptoethanol, and
0.05% bromophenol blue), incubated at room temperature for 30 min, and subjected to 10-to-20%
gradient SDS-PAGE (Bio Craft). Proteins were transferred to polyvinylidene difluoride membranes (Merck),
blocked at room temperature for 1 h with blocking buffer (25 mM Tris-HCI buffer [pH 7.5] containing 5%
skim milk and 0.05% Tween 20), and incubated at 4°C overnight with rabbit anti-cleaved caspase 3 or
anti-cleaved PARP antibodies (Cell Signaling Technology). Membranes were then incubated with horse-
radish peroxidase (HRP)-labeled goat anti-rabbit IgG (Dako), and peroxidase activity was detected with
Immobilon Western chemiluminescent HRP substrate (Merck).

Efferocytosis. Efferocytosis assays were performed essentially as previously described (37). In brief,
germ cells were incubated with 2 uM CMRA-PBS at 37°C for 20 min and were treated with 5 uM
ABT-737-DMEM-10% FCS at 37°C for 60 min. The cells were collected by centrifugation at 400 X g for
5min and suspended in DMEM-10% FCS. CMRA-labeled prey cells (3 X 10° cells) were then incubated
with 1 X 10> TKO-TIM4/MER cells (37) in a mixture containing 500 ul of DMEM-10% FCS at 37°C for
60 min. After a washing with PBS, the phagocytes were detached with 0.25% trypsin-PBS-1 mM EDTA by
incubation at 37°C for 3 min, collected by centrifugation, suspended in 300 ul of PBS containing 2% FCS,
and analyzed by confocal microscopy on glass-bottom dishes (IWAKI).

In situ hybridization. To prepare a digoxigenin (DIG)-labeled probe for in situ hybridization, a
500-bp DNA fragment (nucleotides 1021 to 1520) of mouse Xkr8 cDNA (NP_95876) was prepared by
PCR using the primers 5'-GGGATCTCATTGCTGATGTG-3’ and 5'-GGGTAGGGAAGAGTTCTCCC-3" and
was inserted into pGEMT-Easy vector (Promega) in two orientations. DIG-labeled probes were
synthesized by in vitro transcription using T7 polymerase (Roche). In situ hybridization was per-
formed according to the method of Nomura et al. (67) using a kit from Genostaff. In brief, the testes
of 8-week-old mice was incubated in 0.1 M sodium phosphate buffer (pH 7.0) containing 10% neutral
buffered formalin (NBF) at room temperature for 2 days and gradually dehydrated by immersion in
70, 80, and 90% ethanol for 1.5 h each time and then twice in 100% ethanol for 1.5 h. After soaking
in a 1:1 mixture of ethanol and xylene for 1.5 h and three times in 100% xylene for 1.5 h, samples
were incubated in paraffin three times for 1.5 h each time at 60°C, sliced into 6-um-thick sections
using a microtome (RM2245; Leica), and mounted on MAS-coated slides (Matsunami). The sections
were deparaffinized with xylene and rehydrated with a graded series of ethanol (twice with 100%,
once each with 90, 80, and 70% ethanol, and then once with water), rinsed with PBS, refixed with
10% NBF at 37°C for 30 min, and washed three times with water. The sections were then incubated
in 0.08 N HCl at 37°C for 10 min, washed once with water and twice with PBS, and treated with
3 ng/ml proteinase K-PBS at 37°C for 10 min. After two washes with PBS, the sections were rinsed
with 1X G-WASH (Genostaff) and hybridized with 1 ug/ml RNA probe-G-HybolL (Genostaff) at 60°C
for 16 h. The sections were successively incubated at 60°C for 10 min each time in 1X G-WASH and
in 1X G-WASH containing 50% formamide, twice in 1X G-WASH, and twice in 0.1X G-WASH. After
two washes performed with Tris-buffered saline (TBS) containing 0.1% Tween 20 (TBST) at room
temperature for 5 min, sections were incubated at room temperature for 15 min in G-Block (Geno-
staff) and then with 2,000-fold-diluted alkaline phosphatase-conjugated anti-DIG antibody (Roche)
diluted in TBST containing 2% G-block for 60 min. The sections were washed twice with TBST for
10 min at room temperature, and the signals were visualized by incubation with 200 ng/ml nitro-
tetrazolium blue chloride (Sigma) and 50 ng/ml 5-bromo-4-chloro-3-indolylphosphate disodium salt
(Sigma) in a mixture containing 0.1 M Tris-HCI buffer (pH 9.5), 0.1 M NaCl, and 50 mM MgCl, at 4°C
overnight. After a washing with PBS, the sections were counterstained with 0.02% methyl green and
mounted with G-Mount (Genostaff).

Histological analysis. Testes and epididymides were fixed at room temperature for 24 h in Bouin
solution (Wako) and in PBS containing 4% paraformaldehyde (PFA), respectively. Samples were then
soaked overnight in 70% ethanol, dehydrated, embedded in paraffin, sectioned at 4 um, and
mounted on glass slides as described above. The sections were then deparaffinized, rehydrated,
stained with periodic acid-Schiff (PAS) stain or with hematoxylin and eosin (H&E), and observed on
a BioRevo BZ-9000 fluorescence microscope (Keyence).

Immunohistological staining. Testes were mounted in OCT embedding compound (Sakura
Finetek) and frozen at —-80°C. Tissues were sliced at 6 um and fixed with 4% PFA. The sections were
then permeabilized at room temperature for 30 min with PBS containing 0.1% Triton-X and 2% FCS
and incubated at room temperature for 60 min with chicken anti-vimentin (Merck Millipore) and
rabbit anti-Wt1 (Abcam). Sections were then incubated with Alexa Fluor 488-conjugated goat
anti-chicken 1gY and Alexa Fluor 555-conjugated goat anti-rabbit IgG (Invitrogen) and were ob-
served on a BioRevo BZ-9000 fluorescence microscope (Keyence).

TUNEL staining and quantification of phagocytes carrying undigested DNA. For TUNEL staining,
testes were fixed with 4% PFA, embedded in paraffin, and sliced in 6-um sections as described
above. TUNEL staining was performed using an ApopTag in situ apoptosis detection kit (Merck
Millipore). After staining, sections were counterstained with DAPI, mounted with FluorSave (Merck
Millipore), and observed by fluorescence microscopy (BioRevo BZ9000). TUNEL- and DAPI-positive
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areas were measured using a BZ-Il analyzer (Keyence). To detect phagocytes carrying undigested
DNA, the testes of 3-week-old mice were fixed with 4% PFA-PBS at room temperature for 24 h,
embedded in paraffin, and sliced into 6-um sections. Sections were stained with H&E and observed
by microscopy. Phagocytes carrying DNA were quantified for each genotype.

Sperm counts. Sperm from the cauda epididymides were collected in 1 ml PBS, diluted 10-fold with
water to stop their movement, and counted with a hemocytometer.

Electron transmission microscopy. Mice were anesthetized, and the testes were fixed by cardiac
perfusion with 50 ml of 2% glutaraldehyde-2% PFA-0.1 M sodium phosphate buffer (pH 7.4). The testes
were excised and subjected to additional fixation in the same solution at 4°C for 24 h, postfixed with 1%
0sO, at 4°C for 2h, and dehydrated by immersion in a graded ethanol series. After two 20-min
immersions in 100% ethanol, the samples were incubated at room temperature twice in propylene oxide
for 20 min, in a 3:1 mixture of propylene oxide and epoxide for 1 h, in a 1:3 mixture of propylene oxide
and epoxide for 1 h, and in epoxide overnight. They were then embedded in epoxide by incubation at
60°C for 3 days. Ultrathin sections (70 to 80 nm) were prepared with an Ultracut UCT ultramicrotome
(Leica), stained with uranyl acetate and lead citrate, and observed on a H-7650 microscope (Hitachi

Molecular and Cellular Biology

High-Technologies).
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