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syntaxin family in phagocytosis by murine testicular
Sertoli cells
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Testicular phagocytosis by Sertoli cells (SCs) plays an essential role in the efficient clearance of apoptotic spermatogenic cells
under both physiological and pathological conditions. However, the molecular mechanism underlying this unique process is
poorly understood. Herein, we report for the first time that α-taxilin protein (TXLNA), a binding partner of the syntaxin family that
functions as a central player in the intracellular vesicle traffic, was dominantly expressed in SCs. Induction of apoptosis in murine
meiotic spermatocytes and haploid spermatids by busulfan treatment stimulated a significant increase of TXLNA in SCs at day
(d) 14 and d 24 after busulfan treatment, respectively. Consistently, TXLNA expression was steadily upregulated when SCs were
co-cultured with apoptotic germ cells (GCs). Moreover, using siRNA treatment, we found that ablation of endogenous TXLNA
significantly impaired the phagocytotic capacity of SCs and thereby resulted in defective spermiogenesis and reduced fertility
during the late recovery after testicular heat stress. Mechanistically, upregulation of TXLNA expression by apoptotic GCs was
associated with the stabilization of ATP-binding cassette transporter 1 (ABCA1), a transporter-mediated lipid efflux from SCs and
influencing male fertility. TXLNA acted as an upstream suppressor of ABCA1 ubiquitination and thus promoted ABCA1 stability
and accumulation following GC apoptosis. We further provide in vitro evidence that epidermal growth factor receptor (EGFR)-
mediated phosphorylation regulated ABCA1 ubiquitination and was enhanced by TXLNA deficiency during testicular
phagocytosis. Taken together, the TXLNA/ABCA1 cascade may serve as an important feedback mechanism to modulate the
magnitude of subsequent phagocytotic process of SCs in response to testicular injury.
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During mammalian spermatogenesis, more than 75% of
developing spermatogenic cells undergo apoptosis before
maturation.1 Moreover, under certain pathological conditions,
apoptosis is very likely to occur in specific germ cells (GCs).2

De facto the quantity of GCs is tightly regulated to match the
supportive capacity of Sertoli cells (SCs). Thus, the tight control
of ratio of GCs to SCs via apoptosis is required for spermatogen-
esis. Although the occurrence of apoptosis at various stages of
spermatogenesis is frequently observed, few apoptotic GCs are
histochemically detectable in normal adult testis. This is most
probably due to the rapid elimination by phagocytosis.3 This
phagocytic action is necessary for maintaining testicular home-
ostasis under both physiological and pathological conditions.4

Although the investigation of these phenomena has recently
become more intensive, most mechanisms still remain obscure.
The taxilin family, composed of at least three isoforms

including α-, β- and γ-taxilin, is a binding partner of the syntaxin
family, which functions as a central player in intracellular

vesicle traffic. Many researchers have shown that α-taxilin
protein (TXLNA) is overexpressed in various tumor cells and
its expression is correlated with metastatic potential.5 Besides
its malignancy-promoting effects, growing evidence strongly
suggests that peripheral actions of TXLNA are likely to take
place. In this sense, the involvement of TXLNA in cell
proliferation of murine gastrointestinal tract has been reported
recently.5 TXLNA is ubiquitously expressed.6 However, the
physiological relevance of TXLNA signaling in such peripheral
systems remains largely unknown.
ATP-binding cassette transporter 1 (ABCA1), a regulator of

choline-phospholipid and cholesterol efflux to high-density
lipoprotein (HDL), plays an essential role in hepatic metabo-
lism. Studies suggest that vesicular transport is associated
with ABCA1 function.7 ABCA1 interacts with syntaxin 13 and
flotillin-1, and this interaction enhanced phagocytosis in
Tangier cells.8 In testis, ABCA1 is predominantly expressed
in SCs. Loss of ABCA1 is associated with impaired male
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fertility due to the disruption of lipid efflux from SCs.9 These
data are indicative of a unique role of ABCA1 in SCs.
Phagocytotic action requires a lot of intracellular trafficking

events.10 The identification of TXLNA as an integral part of
intracellular vesicle traffic complexes prompted us to evaluate
whether this signal is functionally expressed in testis. A
systematic study comprising multiple analyses was next
designed to elucidate the potential role of this syntaxin partner
in SC phagocytosis. Furthermore, since TXLNAandABCA1 are
both strongly associated with syntaxin function, we evaluated
the potential functional link between TXLNA and ABCA1.

Results

Distinctive expression of TXLNA in mouse SCs. Immu-
noblotting analysis of protein lysates prepared from 3T3 cells,
revealed a single band with the predicted size of ~ 70 kDa in

the whole blot (Figure 1a). Targeted knockdown of Txlna in
3T3 cells by siRNA led to decreased expression of TXLNA
(Figures 1b and c), confirming the antibody specificity.
Immunohistochemistry evidenced the predominant presence
of the TXLNA signal in the SCs (black arrows in Figure 1d). In
another experimental setting, TXLNA was exclusively
expressed in primary SCs. In contrast, no signals were
detected in GCs, TM3 Leydig cell line, TM4 SC line or caudal
sperms (Figure 1e). The intermediate filament protein
cytokeratin 18 (CK18), a marker of immature SCs, decreased
markedly from peripubertal postnatal day (d) 23.11 Concomi-
tantly, TXLNA expression was initiated from postnatal d 23
onwards (Figure 1f), exhibiting a precisely controlled appear-
ance of TXLNA in functionally mature SCs.

Tight regulation of TXLNA expression by proper GC
associations. To elucidate the effect of GCs on the TXLNA
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Figure 1 TXLNA is predominantly expressed in functionally mature Sertoli cells (SCs). (a) Immunoblotting analysis demonstrated a single band of TXLNA protein in the
testicular lysates, which was absent when samples were incubated with preabsorbed primary antibody or without primary antibody. (b) The efficiency of the targeted knockdown of
Txlna in 3T3 cells was confirmed by western blotting at the translational level. Tubulin served as a loading control. (c) The efficiency of the targeted knockdown of Txlna in 3T3
cells was also confirmed by immunofluorescence staining. Arrows indicate positive signals of TXLNA protein. Scale bar, 10 μm. (d) Immunohistochemical analysis in murine
testes revealed a distinct cytoplasm localization of TXLNA in SCs (arrows). Replacement of the primary antibody with nonimmune IgG abolished the immunostaining, confirming
the specificity of the assay. Scale bar, 25 μm. (e) Expression profile of TXLNA was evaluated in different spermatogenic cell lines and in mouse testis using western blotting.
Tubulin served as a loading control. (f) Immunoblotting analysis of TXLNA and CK18 protein in mouse developing postnatal testis. Tubulin served as a loading control
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expression, we treated mice with busulfan. In line with the
previous report,12 most tubules were devoid of GCs by post-
treatment d 30 (Figure 2a). GC depletion occurred mainly
through the induction of apoptosis (Figure 2b), which
appeared from post-treatment d 7 and reached the maximum
level at 14 d (Figure 2c). To identify at which stage the
differentiation of GCs was blocked, we performed qRT-PCR
analyses using specific primers for mouse Sohlh2

(differentiating spermatogonia), for mouse Cana1 (late
pachytene spermatocytes) and for mouse Dbil5 (round/
elongating/elongated spermatid), respectively.13 The signifi-
cant decrease in different markers was observed at distinct
time points: d 7 for Sohlh2, d 14 for Cana1 and d 24 for Dbil5
(Figure 2d), indicative of a gradually developed cytotoxic
effect on specific GCs. Interestingly, TXLNA expression was
significantly augmented when apoptosis in pachytene
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Figure 2 Presence of TXLNA in SCs is required for proper contact between SCs and adjacent germ cells (GCs). (a) Tissue sections show morphology in control testes and
busulfan-treated testes 30 d after treatment. At this time point, seminiferous tubules were largely devoid of GCs. Scale bar, 25 μm. (b) TUNEL staining of testicular sections was
carried out at 14 d after busulfan treatment. Nuclear green signal indicates apoptotic cells (white arrows). IS, testicular interstitium. Scale bar, 25 μm. (c) Quantification of TUNEL-
positive cells. Results are expressed as mean± S.E.M.; n= 3 independent experiments (*Po0.05, when compared to the value at 0 d, Student’s t-test). (d) The deleterious
effects of busulfan treatment on the spermatogenic differentiation at different time points was evaluated by qRT-PCR analyses using specific primers for mouse Sohlh2
(differentiating spermatogonia), for mouse Ccna1 (pachytene spermatocytes) and for mouse Dbil5 (haploid spermatids), respectively. Gapdh served as an internal control.
Results presented as mean± S.E.M. of three independent experiments. (*Po0.05 or **Po0.01, when compared to the value at 0 d, Student’s t-test). (e) Effect of busulfan
treatment on testicular TXLNA expression was monitored using immunoblotting analyses. Tubulin served as a loading control. (f) Localization of testicular TXLNA protein at
different time points after busulfan treatment was evaluated using immunohistochemistry. Scale bar, 25 μm. (g) Western blotting analysis of TXLNA protein in cultured SCs at
different time points after incubation with freshly isolated GCs or with apoptotic GCs. Tubulin was used as a loading control
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spermatocytes and haploid spermatids began to occur at d
14 and 24, respectively. In contrast, TXLNA expression was
totally abolished when most tubules contained only SCs by d
30 (Figure 2e). Consistently, the TXLNA-positive staining in
the SCs, located in peritubular regions characterized by
dendritic processes extending toward the tubular center, was
enhanced at post-treatment d 14 and 24, when compared to
that at other time points (black arrows in Figure 2f). Efficient
phagocytic clearance of apoptotic GCs by adjacent SCs is
crucial for functional mature spermatogenesis.14 We incu-
bated primary cultured SCs with freshly isolated GCs or
apoptotic GCs. Subsequent immunoblotting analyses only
revealed a time-dependent increase in the TXLNA expres-
sion in the SCs co-cultured with apoptotic GCs (Figure 2g).
These data collectively confirmed the potential involvement of
TXLNA in testicular phagocytosis.

Requirement for TXLNA in apoptotic cell clearance. To
test whether TXLNA directly participates in SC phagocytosis,
we knocked down the expression of endogenous TXLNA in
adult testis by using a specific siRNA. Txlna siRNA and Ctrl
siRNA were daily administrated by intraperitoneal (i.p.)
injection during 10 d (Figure 3a), according to a previously
validated protocol.15 Txlna depletion was confirmed by
qRT-PCR (Figure 3b), western blotting (Figure 3c) and
immunohistochemistry (Figure 3d). An ~ 40% decrease of
Txlna/TXLNA was detected at the end of 25 d after siRNA
treatment. To study the effects of TXLNA ablation on
testicular phagocytic activity, we treated mice with a single,
mild, transient scrotal heat stress (HS).16 At post-HS 24 h or
14 d, testes were harvested and subjected to apoptotic
analyses. These two time points were chosen because
HS-induced apoptosis increases to the maximum level at
about 24 h, and then disappears by 14 d.17 Histological
examinations revealed a significant increase in the apoptotic
GCs at post-treatment 24 h (black arrows in Supplementary
Figure 1). In contrast, multinucleated giant cells (black
arrowheads in Supplementary Figure 1) and vacuolar spaces
(‘V’ in Supplementary Figure 1), instead of apoptotic GCs,
were frequently observed at post-treatment 14 d. Although
most of the GCs die by apoptosis in response to HS,18 very
low apoptotic wave was seen in the testes treated with Ctrl
siRNA at 14 d. In our study, the testes treated with Txlna
siRNA exhibited a significantly higher level of apoptosis at
both post-treatment 24 h and 14 d (Figures 3e and f). Most of
the apoptotic GCs were identified as primary spermatocytes

because TUNEL signals were perfectly overlapped with
cyclin A1 staining (Figure 3g). Because SCs show strong
phagocytic activities toward apoptotic GCs and residual
bodies (RBs),14 we next determined the requirement of
TXLNA for SC phagocytosis at the in vitro level. We knocked
down the expression of endogenous TXLNA using siRNA
(Figure 3h). We then incubated these SCs with biotin-labeled
RBs. Interestingly, the 6-h incubation of RBs elicited a
gradual and steady increase in the binding and phagocytic
activities in the Ctrl siRNA-treated SCs, but not in the Txlna
siRNA-treated SCs (Figures 3i and j). Thus, TXLNA
deficiency significantly impaired the ability of SCs to bind
and engulf apoptotic GCs.

Lack of TXLNA in SCs causes defective development
during recovery from HS. We carried out the mating
experiments at the end of 35 d (one spermatogenic cycle,
short-term effect) or at the end of 70 d (two spermatogenic
cycles, long-term effect)19 after HS (Figure 4a). The fertility
potential was both substantially impaired in Ctrl siRNA or
Txlna siRNA-treated mice 35 d after HS. However, the
impregnation rate of Txlna siRNA-treated mice remained
significantly reduced even after long-term recovery. Astheno-
zoospermia, not oligozoospermia, appeared to account for
this fertility impairment (Figure 4b). In addition, at 70 d after
HS, sperm from Txlna siRNA-treated mice was morphologi-
cally highly abnormal, with head and tail abnormalities in
40±11% and 13± 5% of sperm, respectively, whereas head
or tail defects were found in only 21± 6% of sperm from Ctrl
siRNA-treated mice (Figure 4c). Defects in sperm heads
included amorphous forms, head loss and lack of the usual
hook (Figure 4d; b′, c′ and d′). Tail defects manifested with
folded sperm or as bundled tails (Figure 4d; d′, e′ and f′).
These data suggest that TXLNA deficiency in SCs may
impede testicular restoration from HS, thereby causing
astheno-teratozoospermia. We then assessed body weights,
fasting plasma levels of serum cholesterol (total cholesterol),
triglycerides and glucose and serum levels of sex hormones
at fed state. None of these metabolic/hormonal parameters
differed significantly between two experimental groups
(Supplementary Figure 2), further excluding the toxicity of
the systemic administration of siRNA.

Inhibition of TXLNA promotes ubiquitination of ABCA1
during phagocytosis by SCs. Phagocytosis of apoptotic
spermatogenic cells results in the formation of lipids, which

Figure 3 Requirement of TXLNA for testicular phagocytosis. (a) Schematic representation of the experimental procedures used in the in vivo study. In vivo siRNA for ablation
of endogenous Txlna in testis was carried out as described in Materials and Methods. Animals were injected i.p. daily for 10 d with 100 μl of solution of siRNA in isotonic saline
solution (3 μg per mouse), followed by testicular heat treatment. At 24 h or 14 d after heat exposure, mice were killed and testicular samples were subjected to different
experimental assays. Effects of endogenous Txlna knockdown in testis by in vivo siRNA treatment were confirmed by qRT-PCR at transcriptional level (b) and by western blotting
at translational level (c);Gapdh and tubulin were served as internal controls. Data are presented as mean± S.E.M. of≥ 3 independent determinations. *Po0.05. (d) Localization
of testicular TXLNA protein at different time points after heat stress was evaluated using immunohistochemistry. Positive signals were denoted using black arrows. Scale bar,
25 μm. (e) TUNEL staining of testicular sections at different time points after heat stress. (f) Quantification of TUNEL-positive cells. *Po0.05 or **Po0.01 when compared to the
value of sham control. (g) Combined TUNEL (green, arrowheads) and double immunofluorescence labeling suggests apoptotic GCs at the end of 24 h after heat treatment were
pachytene spermatocytes as indicated by the overlapping staining of cyclin A1 signal (red, arrows). Scale bar, 20 μm. (h) Effect of endogenous Txlna knockdown in cultured SCs
by in vitro siRNA treatment were confirmed using western blotting. (i) Representative pictures of residual bodies (RBs) binding and phagocytized by Ctrl siRNA or Txlna siRNA-
treated SCs 4 h after addition of RBs. Arrowheads denote the ingested RBs, whereas empty arrowheads denote the plasma membrane-bound RBs. Scale bar, 10 μm. (j) Kinetics
of RBs binding and phagocytosis by SCs (the binding and phagocytosis index) were calculated as the ratio of positive green signals/nuclei number in each well. Values represent
the mean±S.E.M. of three independent experiments (*Po0.05 or **Po0.01, when compared to the value at 2 h)
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are further metabolized to produce ATP in SCs.4 Deregulated
metabolism of the lipid droplets is the hallmark of disrupted
SC function.20 At 35 d after HS, the number of lipid droplets in
SCs increased significantly in Txlna siRNA-treated males,
whereas lipid droplets were scarcely found inside the
seminiferous tubules from sham controls or Ctrl siRNA-
treated mice. Interestingly, the increase of lipid droplets
appeared to be reversely correlated to the ABCA1 expression
in SCs during recovery (Figure 5a). Because ABCA1 plays an
important role in lipid transport in SCs and influences male
fertility,9 we asked whether the above-mentioned phenotype
was caused by the deregulation of ABCA1 expression.
Six-hour incubation of SCs with apoptotic GCs significantly
stimulated ABCA1 expression at both transcriptional and
translational level (Figures 5b and c). Unexpectedly, the
upregulation of ABCA1 expression by apoptotic GCs required
the endogenous TXLNA in SCs (Figure 5d). ABCA1
degradation is mediated through ubiquitination,21 which was
evidenced in our study that 6-h incubation with apoptotic GCs
substantially abolished ABCA1 ubiquitination in SCs
(Figure 5e). However, in TXLNA-deficient SCs (Figure 5f),
ABCA1 ubiquitination was constantly observed regardless of
the presence of apoptotic GCs (Figure 5g). We next
investigated the effect of ablation of endogenous Abca1 on
SC phagocytosis. Immunoblotting analysis demonstrated that
si-2 was more effective in suppressing the expression of
ABCA1 (Figure 5h), and it was therefore selected for further
studies. Interestingly, selective knockdown of Abca1 in SCs
impaired the binding and phagocytic activity at the end of 6 h
after RB incubation (Figure 5i). Treatment with TO901317
selectively increases ABCA1 expression.22 We therefore
used TO901317 to rescue ABCA1 level in TXLNA-deficient
SCs (Figure 5j). TO901317 treatment of TXLNA (− /− ) SCs
to normalize ABCA1 expression substantially restored the
binding and phagocytic activity at the end of 6 h after RB
incubation (Figure 5k). Thus, it is very likely that the instability
of ABCA1 due to excessive ubiquitinated degradation may be
terminally responsible for the dyszoospermia caused by
TXLNA deficiency in SCs.

Epidermal growth factor receptor (EGFR)-mediated
phosphorylation regulates ABCA1 ubiquitination and is
enhanced by TXLNA deficiency. Recent advances have
shown that EGFR signaling plays a pivotal role during
autophagy.23 Although autophagy and phagocytosis are
activated by different mechanisms, their final steps converge
on similar pathways that are regulated by shared
molecules.24 In this context, we wonder whether EGFR is
involved in the regulation of ABCA1 stability by TXLNA. We
measured EGFR phosphorylation status during SC phago-
cytosis. Incubation of primary SCs with apoptotic GCs for
45min resulted in marked phosphorylation of multiple sites in
EGFR. Txlna ablation further stimulated the phosphorylation
of Thr-845 and Ser1046/1047 (Figure 6a), indicating that
these two sites may be the candidate sites for TXLNA-
mediated regulation of EGFR phosphorylation. We then
examined the colocalization of EGFR and ABCA1 in primary
cultured SCs upon GC incubation. In the absence of GC
stimulation, almost all EGFR localized to the cell surface and
cytoplasm, and did not colocalize with ABCA1. In contrast,

after GC stimulation, EGFR was observed in punctate
intracellular vesicles and colocalized with ABCA1
(Figure 6b). We next examined the direct association
between activated EGFR and ABCA1 during testicular
phagocytosis. Incubation of primary SCs with apoptotic
GCs for 6 h induced EGFR phosphorylation and thereafter
enhanced the interaction between EGFR and ABCA1. These
stimulatory effects were augmented in TXLNA-deficient SCs.
Interestingly, enhancement of EGFR phosphorylation/EGFR-
ABCA1 interaction could result in a dramatic decrease of
endogenous ABCA1. In contrast, treatment with EGFR
selective inhibitor PD168393 blocked EGFR activity, abol-
ished the EGFR-ABCA1 interaction and thereby partially
reversed ABCA1 reduction (Figure 6c). These data suggest
that the interaction of active EGFR and ABCA1 may be
responsible for the ABCA1 instability in TXLNA-deficient SCs
during phagocytosis. To further evaluate whether ligand-
dependent and -independent activation of EGFR results in
the formation of an EGFR-ABCA1 complex, we used HeLa
cells that express low levels of endogenous EGFR and were
negative for ABCA1 expression.25,26 HeLa cells were
transfected either with WT EGFR, which requires EGF
stimulation for EGFR phosphorylation and activation, or with
constitutively active mutants of EGFR (D790M;
Supplementary Figure 3). WT EGFR coimmunoprecipitated
with overexpressed ABCA1 only when activated by EGF
stimulation, whereas the constitutively active mutant EGFR
coimmunoprecipitated with ABCA1 in the absence of EGF
stimulation. As expected, supplement with PD168393
blocked EGFR phosphorylation and abolished the EGFR-
ABCA1 interaction (Figure 6d). Thus, both ligand-dependent
stimulation of WT EGFR and activating mutations in EGFR
could promote the formation of an EGFR-ABCA1 complex.
Subsequent efforts were focused on whether EGFR
increased phosphorylation of serine, threonine or tyrosine
residues in ABCA1 using phosphoamino acid-specific anti-
bodies, because these sites have been shown to target
signaling pathways that may alter ABCA1 stability or
activity.27–29 Immunoblots of immunoprecipitated ABCA1
showed that GC incubation increased phosphorylation of
serine but not threonine or tyrosine (Figure 6e). Because Ser-
2054 alone has been shown to be crucial for regulation of
ABCA1 transporter activity,29 we then focused on this
site and monitored its phosphorylation status using the
specific antibody. In HeLa cells, WT EGFR coimmunopreci-
pitated with overexpressed ABCA1 and phosphorylated
ABCA1Ser2054 only when activated by EGF stimulation.
In contrast, the constitutively active EGFR mutant coimmu-
noprecipitated with ABCA1 in the absence of EGF stimulation
and resulted in a more phosphorylated ABCA1Ser2054. The
EGFR selective inhibitor PD168393 blocked the EGFR-
ABCA1 interaction and abolished ABCA1Ser2054 phosphor-
ylation (Figure 6f). Thus, active EGFR interacts with ABCA1
and phosphorylated ABCA1Ser2054. We asked whether the
ABCA1 phosphorylation by EGFR contributes to the
ubiquitination-mediated ABCA1 degradation. HeLa cells
were transfected either with WT EGFR or with constitutively
active EGFR mutant, along with exogenous ubiquitin
(Ub; Supplementary Figure 4) and ABCA1. Both ligand-
dependent stimulation of WT EGFR and activating EGFR
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mutant could enhance the formation of Ub-ABCA1 complex,
with more dramatic effect being observed in the latter. In
contrast, inhibition of EGFR activation by PD168393
abolished the interaction between Ub and ABCA1

(Figure 6g). At last, treatment with PYR-41, an ubiquitin E1
inhibitor,30 or with PD168393, both markedly restored the
binding and phagocytic activity in TXLNA-deficient SCs, at
the end of 6-h incubation of apoptotic GCs (Figures 6h and i).
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Discussion

Paracrine signaling between GCs and SCs regulates the
homeostasis between these intimately associated cells.31

Intriguingly, upregulation of GC apoptosis failed to abolish
TXLNA expression but resulted in a dramatic increase in
TXLNA expression (Figures 2e and f). Progression of GCs
through the spermatogenic stages positively modulates
expression of specific genes in SCs, and loss of distinct GC
populations usually results in significant reduction of the
expression levels in the latter.20 Our results suggest that
TXLNA may not directly function in the Sertoli-GC adhesion
junction. Instead, it may be associated with testicular
phagocytosis because the latter is necessary for efficient
clearance of apoptotic GCs. In addition, the most effective
stimuli were apoptotic pachytene spermatocytes and haploid
spermatids (Figure 2e). These data were in favor of the
previous report that SC functions are crucially regulated by
meiotic spermatocytes and postmeiotic spermatids.32

Validation of the functional importance of TXLNA expres-
sion in phagocytic activity was carried out using a transient
mild testicular hyperthermia model. In control mice, a 20-min
HS at 43 °C resulted in a transient increase of meiotic
apoptosis by 24 h after treatment, which returned to the
normal level 14 d following heat exposure. Contrarily, TXLNA
depletion using siRNA could partially restore the apoptotic
wave during the recovery (Figures 3e and f), indicative of a
defect in SC phagocytosis caused by TXLNA deficiency.
Consistently in the in vitro analyses, the phagocytic activity of
SCs was substantially compromised when endogenous
TXLNA expression was inhibited (Figures 3h–j). Together,
our data suggest that normal occurrence of SC phagocytosis
requires normal level of TXLNA.
Another distinguishing feature is that at 70 d after HS, when

spermatogenesis is supposed to be mostly reconstituted,
TXLNA deficiency still caused a significant decrease in the
progressive motility of mature sperm and in the impregnation
rate (Figure 4b). Thus, SC-expressing TXLNA may have a
profound influence on the post-injury recovery of male fertility.
Previously, blockage of SC phagocytosis by annexin V delays
spermatogenic recovery in drug-treated mice and leads to the
number of epididymal sperm to decrease.33 In our study,
however, asthenozoospermia, not oligozoospermia, appeared
to be responsible for the fertility impairment following HS
(Figure 4b). Two reasons may help to explain this discrepancy.
(i) SC phagocytosis may play different roles in response to

various stimuli (e.g., drug stimulation versus HS). (ii) Our
siRNA treatment failed to completely abolish TXLNA expres-
sion in SCs, so the remaining TXLNA may still be functional in
phagocytic activity. An interesting study describes that
teratospermic cats have a higher sperm output achieved by
more GCs per SC, and reduced GC loss during
spermatogenesis.34 In this regard, stabilization of sperm
quantity in Txlna siRNA-treated testis may be produced at
the expense of sperm quality, such asmotility andmorphology.
Although apoptosis usually serves to remove unwanted or
potentially dangerous cells, there are some examples where
apoptosis-like events do not lead to death but rather the
unique differentiation of certain cell types.35,36 Therefore, once
the disturbed GC apoptosis arises out of compromised
phagocytosis in Txlna siRNA-treated testis, a morphologically
abnormal terminal differentiation of sperm is very likely
to occur.
Genes involved in appropriate regulation of lipid metabolism

is critical for male fertility.37ABCA1 is such a striking example.9

However, the transcriptional or post-translational mechanisms
responsible for controlling ABCA1 expression are poorly
understood. Our findings extend these understanding by
identifying ABCA1 as a downstream effector of TXLNA
pathway. Stabilization of ABCA1 protein level via repressing
its ubiquitination by TXLNAmay represent a novel mechanism
contributing to the maintenance of SC phagocytosis. Several
lines of evidence may support this assumption: (i) ABCA1
expression is abundant in SCs, whereas GCs express little
ABCA1. More importantly, Sertoli TM4 cells can not efflux
cholesterol to apoA1 due to the absence of ABCA1.9

These results are highly consistent with our data. (ii) ABCA1
is essentially involved in phagocytosis.38,39 (iii) Ubiquitination
has been associated with lysosomal degradation of cell
surface-resident ABCA1 in HuH-7 and THP-1 macro-
phages.21 (iv) Accumulated data evidence a frequent partici-
pation of ubiquitination in the metabolism of syntaxin.40

By using an antibody-based ubiquitome analysis, Na et al.41

have demonstrated that a large number of synaptic proteins
are modified by ubiquitination. In this context, TXLNA may
regulate the ubiquitination of ABCA1 via its interaction with
distinct syntaxin during phagocytosis.
It has been reported that autophosphorylation of EGFR by

ligand binding promotes its recognition by the ring-type E3,
casitas B-lineage lymphoma (Cbl).42 To this end, it is
attractively hypothesized that phosphorylation may serve as
an initial key event in ubiquitination of ABCA1 since the latter

Figure 5 Repression of ABCA1 ubiquitination by TXLNA is required for the maintenance of ABCA1 stability during testicular phagocytosis. (a) Upper panels: Oil Red O
staining of sham control, Ctrl siRNA or Txlna siRNA-treated testes at 35 d after heat treatment revealed lipid droplet accumulation in the last groups, with the much higher level
being observed in the Txlna siRNA-treated testes. Lower panels: immunohistochemical analysis in the above-mentioned testes revealed a significant increase of ABCA1
expression in Ctrl siRNA-treated testes following heat stress, which was substantially abolished in Txlna siRNA-treated testes. Positive ABCA1 signals were indicated by black
arrows. Scale bar, 25 μm. Effects of addition of apoptotic GCs on ABCA1 in cultured SCs were illustrated using qRT-PCR at transcriptional level (b) and western blotting at
translational level (c); Gapdh and tubulin were served as internal controls. Data are presented as mean±S.E.M. of ≥ 3 independent determinations. *Po0.05. (d) Effect of
TXLNA deficiency on apoptotic GC-induced ABCA1 level in cultured SCs was evaluated using western blotting. (e) After incubation with apoptotic GCs for 6 h, SCs were
harvested, and lysates were subjected to a Co-IP assay followed by immunoblotting analysis to demonstrate the stimulatory effects of apoptotic GCs on ABCA1 expression.
(f) Effects of Txlna knockdown in SCs by in vitro siRNA treatment were confirmed by western blotting. (g) TXLNA-deficient SCs were incubated with apoptotic GCs for 6 h,
followed by a Co-IP assay as described above. (h) Verification of Abca1 knockdown effect by siRNA treatment was performed using western blot analyses. (i) Effect of Abca1
knockdown on the binding and phagocytosis index. *Po0.05 when compared between Ctrl siRNA or Txlna siRNA-treated groups at the same time point. (j) Ctrl siRNA or Txlna
siRNA-treated SCs were treated with TO901317 (10 μM) for 24 h, followed by immunoblotting analysis of TXLNA and ABCA1 levels. (k) Effect of ABCA1 rescue by TO901317 on
the binding and phagocytosis index in TXLNA-deficient SCs. #P40.05 or *Po0.05 when compared between different groups at the end of 6 h

Unexpected role of α-taxilin in Sertoli cells
Y-s Dong et al

795

Cell Death and Differentiation



- - +
- +     -
- +     +

Txlna siRNA:
Ctrl siRNA:

Apoptotic GCs:

pEGFR Tyr845

pEGFR Tyr1068

pEGFR Tyr1173

pEGFR Ser1046/7

EGFR

EGFR ABCA1 DAPI Merge

A
po

pt
ot

ic
 G

C
s (-)

(+)

- - - +   
- - +    +
- +     - -
- +     +     +

Txlna siRNA:
Ctrl siRNA:

Apoptotic GCs:

PD 168393 :

IP: ABCA1 EGFR
ABCA1

TCL

pEGFR

EGFR
ABCA1
TUBULIN

- - - +   
- - +    +
+    +    - -
- +    - -EGF :

EGFR WT:
EGFR Δ 790M: 

PD 168393 :

IP: ABCA1 EGFR

TCL

pEGFR

EGFR

ABCA1

- - - +   
- - +    +
- + - -
- +     +    +

Txlna siRNA:
Ctrl siRNA:

Apoptotic GCs:

PD 168393 :

IP: ABCA1

pSer
pThr

pTyr

ABCA1

- - - +   
- - +    +
+    +    - -
- +    - -EGF :

EGFR WT:
EGFR Δ 790M:

PD 168393 :

IP: ABCA1

EGFR

pABCA1Ser2054

ABCA1

- - - +   
- - +    +
+    + - -
- +    - -EGF :

EGFR WT:
EGFR Δ 790M:

PD 168393 :

IP: ABCA1 Ub

ABCA1

Txlna siRNA: - +           +           +
Ctrl siRNA: + - - -

DMSO: - - +           -
PYR-41: - - - +

2 h

4 h

6 h

Txlna siRNA: - +           +           +
Ctrl siRNA: + - - -

DMSO: - - +           -
PD 168393 : - - - +     

2 h

4 h

6 h

P > 0.05 

P < 0.05 
P < 0.05 

P < 0.05 

P < 0.05 

P < 0.05 

Th
e 

bi
nd

in
g 

an
d

ph
ag

oc
yt

ic
 in

de
x 

Th
e 

bi
nd

in
g 

an
d 

ph
ag

oc
yt

ic
 in

de
x 

Figure 6 Epidermal growth factor receptor (EGFR)-mediated phosphorylation regulates ABCA1 ubiquitination and is enhanced by TXLNA deficiency during testicular
phagocytosis. (a) Primary cultured SCs were incubated with apoptotic GCs for 45 min. Subsequently, cells were harvested and whole-cell lysates were immunoblotted with
phospho-EGFR (Tyr845, Tyr1068, Tyr1173 and Ser1046/7) and EGFR. (b) SCs were incubated with apoptotic GCs for 45 min, followed by immunofluorescence analysis of
colocalization of EGFR and ABCA1. Nuclear are demonstrated using DAPI staining. (c) Ctrl siRNA or Txlna siRNA-transfected SCs were incubated with apoptotic GCs, in the
presence or absence of 10 μM EGFR inhibitor (PD168393), for 6 h. Cells were then harvested and subjected to immunoprecipitation of EGFR with ABCA1. Immunoblot analyses
of expression levels of ABCA1, pEGFR, EGFR and tubulin were also performed in the total-cell lysates (TCL). (d) Immunoprecipitation of EGFR with anti-ABCA1 in HeLa cells
cotransfected with His-ABCA1 and indicated EGFR plasmid. After O/N serum starvation, cells were treated ± EGF (50 ng/ml, 30 min). Cells transfected with EGFRD790M were
either treated with DMSO (PD168393 '-') or (10 μM, 6 h; PD168393 '+'). (e) Immunoprecipitation of ABCA1 with different phospho-specific antibodies in SCs in conditions shown
in (c). (f) Immunoprecipitation of ABCA1 with pABCA1Ser2054 in SCs in conditions shown in (d). (g) Immunoprecipitation of ABCA1 with Ub in SCs transfected with His-ABCA1,
HA-Ub as well as indicated EGFR plasmid in conditions shown in (d). (h) SCs transfected with Ctrl siRNA or Txlna siRNAwere pretreated with an Ub E1 inhibitor (PYR-41, 50 μM)
for 2 h, followed by analysis of the binding and phagocytic index as described in Materials and Methods. Values represent the mean±S.E.M. of three independent experiments.
(i) SCs transfected with Ctrl siRNA or Txlna siRNA were pretreated with PD168393 inhibitor (10 μM) for 6 h, followed by the binding and phagocytic analysis as described in (h)
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has serine phosphorylation sites that negatively regulate
ABCA1 expression.43 Here, we show that upon activation,
EGFR interacts with ABCA1, promoting its serine phosphor-
ylation and ubiquitination (Figures 6c and e–g). This effect
occurred in cells expressing WT EGFR upon EGF binding as
well as in cells with activating mutant EGFR (Figures 6d and g).
Therefore, EGFR signaling may regulate phagocytosis via its
interaction with ABCA1 during mitogenic signaling. The
mechanism by which EGFR promotes the ubiquitination-
mediated ABCA1 degradation involves EGFR interaction
with Ser-2054 of ABCA1 (Figure 6f). In favor of this, it
has been shown that Ser-2054 is the main phosphorylation
site for protein kinase A and a single mutation in Ser-2054
could significantly attenuate ApoA-I-dependent phospholipid
efflux.29 Therefore, phosphorylation of this site is crucial for the
regulation of ABCA1 transporter activity. In addition, our
results have direct implications for the regulation of EGFR
activity by TXLNA during testicular phagocytosis. Further
studies to explore in detail the interactions among TXLNA/
syntaxin cascade, EGFR signaling and the E3, which enables
it to ubiquitinate ABCA1, will expand the understanding of the
molecular mechanism of ubiquitination-mediated ABCA1
degradation in the phagosome.
In summary, we propose a novel role of SC-expressing

TXLNA (Figure 7). The TXLNA/ABCA1 cascade may serve as
an important feedbackmechanism to modulate the magnitude
of subsequent phagocytic process of SCs in response to
testicular injury.

Materials and Methods
Animal treatment. All animal work was approved by the Animal Care and Use
Committee of the Fourth Military Medical University and the protocols were strictly

conformed to the Guide for the Care and Use of Laboratory Animals published by
the National Institutes of Health (NIH publication No. 85–23, revised 1996). All
surgeries were performed under sodium pentobarbital anesthesia (0.04–0.05 mg/g
body weight, i.p.), and all efforts were made to minimize suffering. Pregnant C57BL/
6 mice at 14 d of gestation and sexually mature C57/BL6 male mice (10 weeks of
age) were obtained from the Animal Research Center of our university. They were
housed in plastic boxes individually and provided standard mouse food pellets and
water ad libitum throughout the study. At postnatal d 5, 10, 23 and 35, mice were
killed under diethyl ether anesthesia, followed by cervical dislocation. Testicular heat
stress model was induced according to our previous report.44 Briefly, after
anesthetization, the lower third of the body (hind legs, tail and scrotum) was
submerged in a water bath of 43 °C for 20 min. Animals were then dried and
returned to their cages. Control animals were anesthetized and left at room
temperature. Mice were killed at 24 h or 14 d after hyperthermal exposure. For
histological studies, some testes were fixed in Bouin’s solution for 24 h, embedded
in paraffin and processed into 5-μm-thick sections. For biochemical analysis, tissues
were stored at −80 °C until use.

Cell treatment. 3T3, TM3, TM4 and HeLa cell lines were obtained from the
American Type Culture Collection (Manassas, VA, USA) and maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Shanghai, China)
supplemented with 10% fetal calf serum (FCS; Invitrogen). Primary SCs were
prepared as described previously.44 Briefly, testes were decapsulated and
seminiferous tubules were dispersed in 0.1% collagenase (type IV) and 0.04%
DNase I (all from Sigma-Aldrich, Beijing, China) in 1 × Hanks fluid (pH 7.4) at 34 °C
for 10–15 min with constant shaking (100 oscillations per minute). The seminiferous
tubules were incubated in 1 × Hanks fluid (pH 7.4) containing 0.04% DNase I,
0.05% hyaluronidase, and 0.5% trypsin for at least 10 min at 34 °C with agitation.
The fragmented tubules were allowed to settle and cells were subsequently
centrifuged at 900 × g and at 700 × g (each for 3 min). Cells in the supernatant were
collected and cultured (in DMEM/F-12 medium containing 5% FCS) overnight. SCs
attached to the bottom and acquired an irregular shape, whereas the GCs did not
attach and could easily be removed by repeated washing. Cells were plated on 12-
well dishes coated with Matrigel (Collaborative Biochemical Products, Bedford, MA,
USA) in 1 : 1 (v/v) nutrient mixture F-12/DMEM and cultured for 48 h before being
subjected to the hypotonic treatment with 20 mM Tris (pH 7.4) for 2.5 min to further

Figure 7 Summary diagram of the possible mechanisms related to TXLNA function contributing to maintenance of the apoptotic balance during testicular phagocytosis. GC
apoptosis induces a significant increase in TXLNA expression, which inhibits ubiquitination and degradation of ABCA1 via suppression of EGFR phosphorylation, and then
facilitates phagocytic activity of SCs. Removal of defective GCs via SC phagocytosis is crucial for homeostasis maintenance during normal spermatogenesis. Conversely, ablation
of TXLNA, which causes EGFR hyperphosphorylated during phagocytosis, may result in the disruption of the ubiquitination of ABCA1 protein and the inevitable ABCA1 instability,
followed by an unusual inhibition of the SC phagocytosis. Disruption of SC phagocytotic function causes imbalance between GC death and development, and finally leads to
dyszoospermia

Unexpected role of α-taxilin in Sertoli cells
Y-s Dong et al

797

Cell Death and Differentiation



lyse residual GCs, followed by two successive washes with F-12/DMEM to remove
cell debris. The purity of these SC cultures was routinely analyzed by qRT-PCR
according to our previous report.12 GCs were prepared according to our previous
report.44 In brief, testes were decapsulated and digested for 15 min in 0.25% (w/v)
collagenase (type IX, Sigma-Aldrich) at room temperature with constant shaking.
Seminiferous tubules were then cut in pieces using a sterile blade and further
digested in minimum essential medium containing 1 mg/ml trypsin for 30 min at 30 °
C. Digestion was stopped by adding 10% FCS and the released GCs were collected
after sedimentation (10 min at room temperature) of tissue debris. GCs were
centrifuged for 10 min at 1,500 × g at 4 °C and the pellet was resuspended in 20 ml
of elutriation medium (120.1 mM NaCl, 4.8 mM KCl, 25.2 mM NaHCO3, 1.2 mM
KH2PO4, 1.2 mM MgSO4(7H2O), 1.3 mM CaCl2, 11 mM glucose, 1 × essential
amino acid (Life Technologies, Inc., Beijing, China), penicillin, streptomycin and
0.5% BSA). GCs were then cultured in minimum essential medium (Gibco, Beijing,
China) and supplemented with 0.5% BSA (Sigma-Aldrich), 1 mM sodium pyruvate
and 2 mM lactate at 32 °C in a humidified atmosphere containing 95% air and 5%
CO2. Subsequently, GCs were cultured alone for another 2 d to induce spontaneous
apoptosis.45 To determine the effect of EGFR and Ub on phagocytosis, cells were
treated with 10 μM EGFR inhibitor (PD168393, EMD Biosciences, San Diego, CA,
USA) and 50 μM Ub inhibitor (PYR-41, Sigma-Aldrich), respectively, for different
durations as indicated in figure legends. To rescue ABCA1 level, cells were treated
with 10 μM TO901317 (Cayman Chemical, Ann Arbor, MI, USA) for 24 h before
further analysis.

Cell transfection. EGFR WT-GFP was a gift from Alexander Sorkin (Addgene
plasmid # 32751; Cambridge, MA, USA).46 pBabe EGFR(DT790M) was a gift from
Matthew Meyerson (Addgene plasmid # 32070).47 pRK5-HA-Ubiquitin-WT was a gift
from Ted Dawson (Addgene plasmid # 17608).48 pPM-C-His-ABCA1 was
purchased from Applied Biological Materials Inc. (Richmond, BC, Canada). HeLa/
GFP-EGFR or EGFRD790M/His-ABCA1 cell lines were generated by sequential
transfection of EGFR WT-GFP/pBabe EGFR(DT790M) and pPM-C-His-ABCA1
followed by sequential selection with 50 μg/ml kanamycin/50 ng/ml puromycin and
0.5 μg/ml G418 (Invitrogen). The positive clones were collected as a pool for
subsequent transfection with pRK5-HA-Ubiquitin. Plasmid transfection was
performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions.

Western blotting. Western blotting was carried out as described in our
previous work.49 Protein samples were prepared in ice-cold RIPA buffer (Tris-HCl
50 mM, NaCl 150 mM, Triton X-100 1% (vol/vol), sodium deoxycholate 1% (wt/vol)
and SDS 0.1% (wt/vol), pH 7.5) supplemented with complete proteinase-inhibitor
cocktail tablets (Roche Diagnostic, Shanghai, China). Approximately, 20 μg of total
protein was separated on SDS-PAGE and transferred to nitrocellulose membrane
(Millipore, Bedford, MA, USA). Membranes were then incubated with different
primary antibodies, as indicated in Supplementary Table 1, in blocking solution
overnight at 4 °C. Final signals were detected using an ECL kit (Amersham
Biosciences, Shanghai, China).

In vitro small interfering RNA (siRNA) treatment. Specific knockdown
of endogenous α-taxilin was achieved by transfecting 3T3 or SCs with
corresponding siRNA against Txlna (sc-44830) or with a control siRNA
(sc-37007; Santa Cruz Biotechnology, Paso Robles, CA, USA). Briefly, 2 × 105

cells were cultured in six-well culture plates and transfected with siRNA against
Txlna (which consist of pools of three to five target-specific 19–25 nt siRNAs) or the
same amount of non-target control siRNA following the manufacturer’s protocol.
Forty-eight hours after transfection, cells were collected and subjected to other
experiments.
We designed and synthesized chemically two siRNA sequences targeting ABCA1

(GenBank accession number: NM_000313.3; Ruibo Co., Shanghai, China). The oligo
sequences used were as follows: si-1 (sense: 5′-gaaccucacuuucagaagaUU-3′;
antisense: 3′-UUcuuggagugaaagucuucu-5′); si-2 (sense: 5′-guggccuggccucuauuu
aUU-3′; antisense: 3′-UUcaccggaccggagauaaau-5′). ABCA1-siRNAs or a non-
silencing scrambled control siRNA (Altogen Biosystems, Las Vegas, NY, USA) were
transfected into SCs using Lipofectamine 2000 (Invitrogen). Forty-eight hours after
transfection, cells were collected and subjected to other experiments.

Immunofluorescence and immunohistochemistry. Immuno¯uores-
cence analysis was carried out as described elsewhere.50 Cells were fixed with 4%
paraformaldehyde for 20 min followed by incubation with blocking solution

(10% donkey serum, 0.5% BSA and 0.3% Triton X-100 in PBS). Cells were then
treated with TXLNA antibody for overnight at 4 °C. The immunoreactions were
revealed by incubation of the cells with goat anti-rabbit FITC 488-conjugated IgG
(Sigma-Aldrich) and DAPI (1 : 5000, Sigma-Aldrich) for 10 min. Staining was finally
analyzed by microscopy using an inverted microscope (Axio Imager M1
microscope, Zeiss, Germany).
Streptavidin-biotin complex (SABC) immunohistochemical method was conducted

as previously described.49 Briefly, after deparaffinization and rehydration, antigen
retrieval was performed by incubating slides in 0.01% citrate acid in a preheated
water bath (95–100 °C) for 30 min and then cooling to room temperature. Sections
were then exposed to 0.3% hydrogen peroxide in methanol for 10 min to destroy
endogenous peroxides activity, followed by incubation with primary antibodies at 4 °C
overnight in a moist box. Biotinylated secondary antibodies were incubated on the
sections for 1 h at room temperature and detected with streptavidin-peroxidase
complex. Peroxidases were detected with 0.7 mg/ml 3,3′-diaminobenzidine
tetrahydrochloride (Sigma-Aldrich, St. Louis, MO, USA) in 1.6 mg/ml urea hydrogen
peroxide. Control slides were incubated with a nonimmune serum (Sino Biological
Inc., Beijing, China) instead of primary antibody.

Measurement of apoptosis. TUNEL assay was done using in situ cell death
detection kit (Roche Applied Science, Mannheim, Germany) as described
previously.51 Slides were saturated with 50 μl of an equilibration buffer (EB: 200 mM
K-cacodylate, 25 mM Tris-HCl (pH 6.6), 0.2 mM DTT, 0.25 μg/μl BSA and 2.5 mM
CoCl2) under a plastic coverslip (Millipore, Beijing, China) to prevent evaporation for
10 min, followed by the incubation with the TUNEL reaction mixture and 1 μl of
25 U/μl of terminal deoxynucleotidyl transferase. The TUNEL reaction mixture was
evenly spread under a plastic coverslip, and slides were incubated at 37 °C for 1 h.
The reaction was terminated by immersing the slides in 2 × sodium chloride and
sodium citrate (2 × SSC: 300 mM NaCl and 30 mM Na-citrate, pH 7.4) for 15 min at
room temperature. Slides were finally mounted with 80% glycerol. Positive signals
were visualized on an inverted microscope (Axio Imager M1 microscope). Apoptotic
cells would exhibit a green nuclear stain under microscope and were quantitatively
counted manually in a masked manner, as described previously.52 Results were
presented as both TUNEL-positive cells per 103 cells.
The double-labeling assay for detecting apoptotic cells and cyclin A1-positive cells

was carried out as described elsewhere.13 Briefly, after slides had been stained with
TUNEL kit as described above, slides were washed three times in PBS for 10 min. In
order to reduce non-specific background, the sections were blocked with 2% sheep
and horse sera in PBS for 30 min at room temperature. The sections were then
incubated with the blocking solution containing cyclin A1 antibody (1 : 200, Santa
Cruz Biotechnology), at 4 °C overnight in a moist box. Slides were washed three
times in PBS for 10 min prior to addition of rhodamine-labeled antibodies (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA). The sections were mounted
in 80% glycerol and examined with an inverted microscope.

Quantitative RT-PCR. Total RNA was extracted from murine testes using
RNeasy Mini kit (Qiagen Inc., Valencia, CA, USA) according to the manufacturer’s
instructions. Routine DNase (Applied Biosystems/Ambion, Austin, TX, USA)
treatment (1 U of DNase I/μg of total RNA) was performed before reverse
transcription (RT). First-strand cDNA was synthesized with SuperScript III (RNase
H-reverse transcriptase; Invitrogen) and PCR was set up according to Promega's
reverse transcription system protocol. Primers used were: Txlna (GenBank:
NM_001005506.3), forward 5′-GTGGCATTCGGGAGAAAG-3′ and reverse 5′-AGA
AATCCCCAAATCTGACG-3′; Abca1 (NM_013454.3), forward 5′-TTTGAAAAACCA
GTTGGGAA-3′ and reverse 5′-AAACACTGTCCTCCTTTTTC-3′. Other primers
used were reported in our previous report. Amplification of Gapdh was served as
the internal control. PCR products were then quantified by SYBR green intercalation
using the MiniOpticon system (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Gapdh was used to obtain the DDCt values for the calculation of fold increases.

The binding and phagocytosis assay. RBs were isolated from testes of
70-d-old mice according to our previous work.14 RBs were then transferred into
labeling buffer (10 mM Na borate (pH 8.8), 150 mM NaCl), followed by incubation in
biotin labeling solution (50 μg/ml in DMSO) at 20 °C for 15 min. The labeling was
ended by adding 10 mM NH4Cl. To measure RBs phagocytic activity, SCs seeded
in eight-well Lab-Tek chambers (Sigma-Aldrich) were incubated with 1.2 × 107

biotinylated RBs for 2, 4 or 6 at 34 °C in a humidified atmosphere of 5% CO2.
Unbound RBs were washed away with DMEM, and cells were fixed for 5 min with
4% paraformaldehyde. Subsequently, RBs were labeled with avidin-FITC for 1 h at
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25 °C. The positive green cells were observed using an inverted microscope, and
the binding and phagocytic index was calculated as the ratio of positive green
signals/cell number in each well. Of note, we could not discriminate plasma
membrane-bound RBs from engulfed RBs, so the endpoint of this assay should be
considered as a combination of both binding and phagocytosis.

SiRNA treatment of adult mice. In vivo siRNA for ablation of endogenous
Txlna in testis was carried out according to the protocol established previously.15

Animals were injected i.p. with 100 μl solution of siRNA daily for 10 d in isotonic
saline solution (3 μg per mouse), followed by a 14-d break. This duration was
chosen because the inhibitory effect of siRNA on endogenous Txlna maintained a
relatively stable level of 2 weeks after administration (data not shown). Mice
received four cycles of in vivo siRNA treatment as indicated in Figure 4a.

Evaluation of reproductive capacity and characterization of
epididymal sperms after heat stress. Fertility tests were done at 35 or 70
d after heat stress, according to the method described previously.53 Males were
individually housed with different wild females for 9 d, and were then set up again
with other females for an additional 9 d. Females with the presence of copulation
plugs were observed for pregnancy and litter size. The cauda region of the right
epididymis was placed in 0.1 ml of motile buffer (120 mM NaCl, 5 mM KCl, 25 mM
NaHCO3, 1.2 mM KH2PO4, 1.2 mM MgSO4 and 1.3 mM CaCl2). Tissue was then
gently minced using sterilized scissors and incubated it at 37 °C for 5 min to allow
sperm dispersal. The supernatant was obtained as a sperm suspension, and the
motility of sperm in the suspension was visually monitored under phase-contrast
images (Olympus, Queens, NY, USA). After 25-fold dilution, the number of sperm in
the 0.1-μl suspension was counted by using cell counter plates (Invitrogen, Beijing,
China) under the microscope. Sperm morphology was assessed in concert with
trypan blue stain as described elsewhere.54

Oil Red O (ORO) staining. The lipid droplets inside seminiferous tubules
were visualized by ORO staining.4 Testes were harvested at 35 d after heat stress
and frozen sections of 8-μm thickness were sliced with a microtome (Leica, Wetzlar,
Germany). After 40-min fixation with 10% formalin, sections were stained with ORO
solution (Sigma-Aldrich, ORO-saturated solution in isopropanol : water, 3:2) for
15 min. The background staining was removed by rinsing the slides with 70%
alcohol. The lipid droplets were finally analyzed under a microscope (Axio Imager
M1 microscope).

Co-immunoprecipitation (Co-IP). Cells were collected at the end of 6 h
after addition of apoptotic GCs. Lysates were obtained by lysing cells in IP lysis
buffer (10 mM Tris, 0.15 M NaCl, 1% Nonidet P-40 (Sigma-Aldrich) and 10% glycerol,
pH 7.4 at 22 °C) supplemented with protease and phosphatase inhibitor mixtures
(Roche Diagnostic, Mannheim, Germany), sonicating and centrifuging at
15,000 × g for 20 min to obtain the clear supernatant. The lysates (~200 μg)
were incubated with primary antibodies or control IgG antibodies at 4 °C
overnight. On the following day, protein A-Sepharose (Pierce, Rockford, IL, USA)
was added into lystates and the compound was incubated at 4 °C for another 2 h.
Immunocomplexes were finally eluted from the Sepharose beads (Rockland
Immunochemicals Inc. Limerick, PA, USA) by boiling in Laemmli sample buffer
(Sigma-Aldrich) and subjected to SDS-PAGE of immunoblotting analysis with anti-
Ub antibody as described above.

Statistical analysis. Results are presented as mean±S.E.M. from at least
three independent experiments, and were analyzed for statistically significant
differences using Student’s t-test or analysis of variance (ANOVA). A P-value of
o0.05 was considered statistically significant. Statistical analyses were performed
by using SPSS 15.0 software (IBM, Somers, NY, USA).
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