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LCRMP-1 is required for spermatogenesis and
stabilises spermatid F-actin organization via the

PI3K-Akt pathway
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Long-form collapsin response mediator protein-1 (LCRMP-1) belongs to the CRMP family
which comprises brain-enriched proteins responsible for axon guidance. However, its role in
spermatogenesis remains unclear. Here we find that LCRMP-1 is abundantly expressed in the
testis. To characterize its physiological function, we generate LCRMP-1-deficient mice
(Lermp-177). These mice exhibit aberrant spermiation with apoptotic spermatids, oligos-
permia, and accumulation of immature testicular cells, contributing to reduced fertility. In the
seminiferous epithelial cycle, LCRMP-1 expression pattern varies in a stage-dependent
manner. LCRMP-1 is highly expressed in spermatids during spermatogenesis and especially
localized to the spermiation machinery during spermiation. Mechanistically, LCRMP-1 defi-
ciency causes disorganized F-actin due to unbalanced signaling of F-actin dynamics through
upregulated PI3K-Akt-mTOR signaling. In conclusion, LCRMP-1 maintains spermatogenesis
homeostasis by modulating cytoskeleton remodeling for spermatozoa release.
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The male infertility rate has often been underestimated

because of ambiguous definitions of fertility and varying
cultural beliefs, and it often lacks general awareness!. It is known
that abnormal spermatogenesis causes male infertility. During
spermatogenesis, the spermatogonia differentiate into spermato-
cytes, which undergo meiosis to become spermatids. Spermatids
then undergo spermiogenesis to develop into mature spermatids.
Spermiogenesis comprises acrosome formation, chromatin con-
densation, and flagellum development. The mature spermatids
are then released from the Sertoli cells into the lumen of the
seminiferous tubules in the process of spermiation?~%, Two actin-
associated junctional cytoskeletal structures, ectoplasmic specia-
lizations (ESs) and tubulobulbar complexes (TBCs), appear near
elongated spermatids in the apical Sertoli cell cytoplasm to
accelerate the removal of the spermatid cytoplasm and the
separation of the spermatids from the Sertoli cells. Abnormal
spermiation can be attributed to the failure to start the process of
spermiation, premature release of spermatids, defective removal
of cytoplasm from spermatids, and unsuccessful disengagement,
which leads to phagocytosis of the spermatids.

In the clinical setting, the causes of defective spermiation
require a histological examination to identify and are difficult to
diagnose. In addition, the specific molecular mechanisms behind
spermiation are unclear. Successful spermiation depends on the
phosphorylation and dephosphorylation of various molecules’.
The process of spermiation is a crucial checkpoint in the pro-
duction of sperm and thus strongly affects fertility. Previous
studies have shown that F-actin and actin-associated cytoskeletal
structure remodeling regulates spermatogenesis and spermiation,
as in the case of apical ESs in spermiation and basal ESs in the
blood-testis barrier (BTB)®7. It is clear that the regulation of
actin polymerization and stabilization is critical for spermato-
genesis and spermiation. However, the role of some molecules,
such as collapsin response mediator proteins (CRMPs), in reg-
ulating cytoskeletal structures involved in spermiation has been
neglected.

The CRMP family has been well studied in terms of its role in
controlling axon guidance and neurite outgrowth by regulating
actin organization®-19. Long-form collapsin response mediator
protein-1 (LCRMP-1) was identified as an isoform of CRMP-1 in
the CRMP family!!. CRMP-1 regulates neuron dendrite collapse
and outgrowth in the brain, and cell migration generally, by
controlling the dynamics of the actin cytoskeleton!?13. LCRMP-1
and CRMP-1 have opposing effects in the regulation of cancer
invasion!:14, LCRMP-1 acts as an antagonist of CRMP-1, sta-
bilizing F-actin and promoting the formation of filopodia in lung
cancer metastasis. LCRMP-1 may have a function in spermato-
genesis and spermiation by promoting actin polymerization and
stabilization. A previous study found that 46 genes related to axon
guidance were significantly upregulated under hormone sup-
pression, which caused spermiation failure!>. CRMP-4, another
CRMP family member, is highly expressed in postmeiotic round
spermatids and plays a role in spermiogenesis!®. CRMP-1 is
highly expressed in the brain and testes and is thought to be
involved in spermatogenesis!’. Further, clinical research has
shown that CRMP-1 is downregulated in azoospermic males!8.
However, the physiological function of LCRMP-1 is still poorly
understood. Its role in spermatogenesis via the regulation of actin
cytoskeleton organization thus requires investigation.

Here, we generated mice deficient in LCRMP-1 (Lermp-1—/=) to
investigate its physiological functions. Although the Lermp-1-—/—
mice were viable and had no obvious abnormalities in the brain,
they had reduced fertility due to low quantities of spermatozoa in
the epididymis. Based on its relatively high expression level in the
testes, we were able to identify the role of LCRMP-1 in

G lobally, more than 30 million men suffer from infertility.

spermatogenesis. We discovered that it appears in a stage-
dependent pattern in the seminiferous epithelial cycle and is spe-
cifically located near the spermatids in stages VII-VIII, indicating
that its role is associated with the spermiation machinery. Further,
LCRMP-1 deficiency caused F-actin disorganization near the
lumen of the seminiferous tubules, leading to failed or delayed
spermiation. This resulted in feedback upregulation of the
PI3K-Akt-GSK3B/mTOR pathways and dysregulated actin
dynamics during spermiation.

Results

LCRMP-1 is highly expressed in the testes. Previous studies have
shown that CRMP-1, as well as other CRMPs, is highly expressed
in the brain. Similar to other CRMPs, the expression of CRMP-1
reaches its peak from the late embryonic stage to postnatal day
151920, However, the expression pattern of LCRMP-1 has not
previously been well characterized. Our results showed that both
CRMP-1 and LCRMP-1 are highly and ubiquitously expressed in
the brain (Supplementary Fig. la). During embryogenesis,
although the expression of LCRMP-1 is lower than that of
CRMP-1, its pattern over time is comparable to that of CRMP-1
(Supplementary Fig. 1b). In addition to the brain, we found that
among the other major organs, LCRMP-1 is most abundant in
the testes in mRNA and protein levels (Fig. 1a, upper panel). In
contrast with other organs, the expression level of LCRMP-1 in
the testes, as indicated by the mRNA ratio of Lcrmp-1/Crmp-1
and protein expression, is higher than that of CRMP-1, suggest-
ing its potential role in the male reproductive system (Fig. 1a,
lower panel). To investigate its physiological function, we gen-
erated mice deficient in LCRMP-1 (Lcrmp-1-/~) using a gene-
targeting strategy (Fig. 1b). Mice deficient in LCRMP-1 were
successfully identified via routine genotyping (Supplementary
Fig. 1c). LCRMP-1 and CRMP-1 are spliced from exon la and
exon 1b, respectively, using an identical C-terminus. For
expression tracing, exon la was replaced by enhanced green
fluorescent protein (eGFP). Lermp-1 was specifically deleted in a
dose-dependent manner in wild-type (Lcrmp-11/1), heterozygous
knockout (Lcrmp-17/-), and knockout (Lcrmp-1—/~) mice, while
CRMP-1 expression was intact, according to real-time quantita-
tive polymerase chain reaction (QPCR) and Western blot assays
(Fig. 1c, d). Lermp-1—/— mice were viable, suggesting that
LCRMP-1 has no impact on embryogenesis. In addition, based on
histopathological analysis, there were no obvious abnormalities in
the major organs of these mice (Supplementary Fig. 2). However,
there were more degenerating germ cells in the testis of Lcrmp-
17/~ mice than in Lermp-11/% mice by histopathological analysis
(Supplementary Table 1). By applying the reverse genetic strategy,
we compared Lermp-1-/= with Lermp-11/1 mice to investigate
the function of LCRMP-1 in spermatogenesis.

Lcrmp-1-deficient mice exhibit reduced fertility and epididy-
mal semen quality. Based on the abundance of LCRMP-1 in the
testes, we first assessed the fertility of Lermp-1—/~ mice by mating
them with female Lermp-11/+ mice. The fertility of male Lermp-
17/~ mice was significantly reduced, as indicated by litter num-
bers, compared to the control (Table 1). In addition, 40% (two
out of five) of the male Lermp-1—/ mice tested were infertile. In
order to elucidate the cause of this reduced fertility, we further
evaluated macroscopic and microscopic characteristics including
quantity and quality of testes and sperm based on previous his-
topathological analysis. There were no apparent differences in the
appearance, weight of the testes, sperm viability, and sperm
morphology of Lermp-1—'~ and Lermp-11/+ mice (Fig. 2a, b).
However, there were substantially fewer spermatozoa in adult
Lermp-1-/=, even in mice aged 6-7 months, this substantial
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Fig. 1 Expression profiling of LCRMP-1 and generation of LCRMP-1-deficient mice. a Upper panel: real-time gPCR analysis of LCRMP-1 and CRMP-1
mRNA expression profile and Western blot analysis of LCRMP-1 protein expression profile by LCRMP-1 specific antibody in wild-type (Lcrmp-1+/+) mice.
Relative expression of gPCR was calculated as target gene/TBP. Lower panel: ratio of the relative mRNA expression (LCRMP-1/CRMP-1) (n =6,

mean * SD, two-tailed Student's t-test, *p <0.05, **p < 0.01, ***p <0.001) and Western blot analysis of LCRMP-1 and CRMP-1 protein expression by
common CRMP-1 antibody. b The targeting strategy for Lcrmp-1. Exon 1a of the Lcrmp-1+/+ allele was replaced with a target vector composed of Ela-eGFP
(enhanced green fluorescence protein). Ex1aF and inlaR primer sets were used to detect the Lcrmp-1t/+ allele, and egfpF and in1aR primer sets for the
Lermp-1=/~ allele. ¢ Expression levels of LCRMP-1 and CRMP-1 mRNA in brain lysate from Lcrmp-1+/7+, Lermp-11/—, and Lermp-1—/— mice (n=3,

mean + SD). d Expression levels of LCRMP-1 and CRMP-1 protein in brain lysate from Lcrmp-17/+, Lermp-17/—, and Lcrmp-1-/— mice. CRMP-1 has two
forms: Long-form (L), is known as LCRMP-1, and short-form (S) is the same as CRMP-1. It had a dose-dependent effect on the expression of LCRMP-1. PFC

prefrontal cortex, Hippo hippocampus, Amy amygdala, Cere cerebellum.

reduction was significant (Fig. 2c). We further tested the function
of the spermatozoa. It was notable that the motility of the sperm
in Lermp-1—/~ was obviously lower (Supplementary Movie 1). By
using the OpenCASA software analysis, the sperm from Lcrmp-
17/~ exhibited fewer fast trajectories than Lcrmp-11/* sperm
(Fig. 2d). Except for motility, other velocity parameters including
curvilinear velocity (VCL), straight-line velocity (VSL), and
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average-path velocity (VAP) were comparable to those in Lermp-
1t/*. In conclusion, mice deficient in LCRMP-1 exhibited a
reduced number of spermatozoa. This led us to perform mole-
cular histopathological analysis. Hematoxylin-eosin (H&E)
staining revealed that the mean diameter of the seminiferous
tubules in Lermp-1—/~ mice was also significantly smaller than in
Lermp-1+/+ (154.93 + 18.68 um vs 186.51 + 23.15 um, p < 0.001)
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Table 1 Statistical analysis of fertility in Lcrmp-11/+ and Lcrmp-1-/— mice.

Male Female Litter number p-value? Pups p-value? Litter size® (mean + SD) p-value?
(n=5) (n=5)

+/+ +/+ 23 0.0089%4 165 0.0231 7.26 £0.80 0.0594
—/= +/+ 10 63 3.72+353

aTwo-tailed Student's t test.
bThe litter size was calculated by dividing the number of pups by the number of litters.

(Fig. 2e). In summary, these results suggested that the low fertility
of the Lcrmp-1—/— mice was possibly related to the reduced
number and activity of spermatozoa, and indicated that LCRMP-
1 deficiency may have impacts on the process after
spermiogenesis.

Spermatogonia and spermatocytes are more abundant in the
seminiferous tubules of Lcrmp-1-/— mice. We performed
immunohistochemical analysis to test our hypothesis that
LCRMP-1 deficiency affected late spermatogenesis. The target-
ing strategy we used enabled us to trace LCRMP-1 expression
via immunoblotting with eGFP antibodies. First, our Western
blotting analysis confirmed that the endogenous LCRMP-1 was
replaced by eGFP in Lermp-1—/~ mice, while Lermp-17/1 mice
exhibited no eGFP signal (Fig. 3a). The eGFP signal was found
to be most intense in the brain and testes among the major
organs, which was consistent with the RNA expression profiles
(Supplementary Fig. 3 and Fig. 3b). In the seminiferous tubules,
the eGFP signal (representing the localization of LCRMP-1) was
strong near the lumen suggesting that LCRMP-1 may be
involved in the later stages of spermatogenesis (Fig. 3b). We
further characterized subcellular localization of LCRMP-1 in
the seminiferous tubules by co-staining with LCRMP-1, phal-
loidin, and DAPI (Fig. 3c). The result showed that LCRMP-1
was majorly cytoplasmic localization and partially colocalized
with phalloidin. To test the staging of spermatogenesis in
Lermp-1—'/— mice, we identified the spermatogonia and sper-
matocytes via immunofluorescence staining with the specific
antibodies synaptonemal complex protein 3 (SCP3) and DEAD-
box helicase 4 (DDX4), respectively (Fig. 3d, e). The proportion
of cells that expressed a positive signal during the early stages of
spermatogenesis was significantly higher in Lermp-1—/= than in
Lermp-11/+ mice. Further, the seminiferous tubule sections of
all stages (I-XII) in Lcrmp-1-/~ mice exhibited a notable
increase in the abundance of early-stage germ cells(Supple-
mentary Fig. 4). Taken together, these results suggest that the
accumulation of early-stage germ cells may be caused by a
defect in the late spermatogenesis.

LCRMP-1 deficiency causes the accumulation of early-stage
germ cells in the adluminal compartment of the seminiferous
epithelium. Based on previous studies, DDX4 (VASA) is
expressed in early-stage germ cells such as spermatogonia,
spermatocytes, and round spermatids, but is undetectable in
elongated spermatids®l:?2. Since there were more DDX4-
positive cells in Lermp-1—/— mice than in the Lermp-17/1, we
further tested the distribution area and impact range of early-
stage germ cells during spermatogenesis. During spermatogen-
esis, spermatogonia can differentiate into spermatocytes and
spermatids as they move from the basal to the adluminal
compartment. Based on DDX4 staining and nucleus morphol-
ogy, we differentiated stages and classified specific cell types in
different areas, such as spermatogonia, pachytene spermato-
cytes, round spermatids, and elongating spermatids, according
to previous studies??~24 (Fig. 4a). To precisely analyze and

quantify DDX4-positive early-stage germ cells among hetero-
geneous cell types in seminiferous tubules, we isolated the
spermatids and spermatocytes via bovine serum albumin (BSA)
density gradient sedimentation for fractionation followed by
immunofluorescence staining. We obtained 28 fractions in total
and classified into four groups: elongating spermatids fractions
(E), round spermatids fractions (R), pachytene spermatocytes
fractions (P), and others fractions (O). We found that LCRMP-
1 was highly expressed in spermatids, while its expression was
relatively lower in spermatocytes (Fig. 4b). The result indicated
that DDX4-positive immature germ cells were significantly
increased in ES and RS fractions of the Lcrmp-1—/~ mice
compared with those of Lermp-17/% mice (Fig. 4c). Specifically,
these results suggest that the absence of LCRMP-1 affected the
late stages of spermatogenesis accompanied by the accumula-
tion of early-stage germ cells.

LCRMP-1 deficiency causes abnormal spermiation. Our results
suggested that LCRMP-1 may be involved in late spermato-
genesis, when spermatids undergo spermiogenesis and sper-
miation. These stages are part of the transformation of
spermatids to spermatozoa which are then released from the
Sertoli cells®. In mice, the complete process of spermatogenesis
takes about 35 days, which is four times longer than the period
of a single seminiferous epithelial cycle from stage I to stage XII
(8.6 days), and different stages of spermatogenesis occur in each
segment of the seminiferous tubules. This pattern is called the
“cycle of the seminiferous epithelium”, which is divided into
12 stages (I-XI1)2>-27. The percentage of tubule cross sections
that were in stages [V-VI was higher in Lcrmp-1-/~ mice than
in the wild type (Fig. 5a). Conversely, there were fewer tubules
in stages VII-VIIL. According to the morphology of each stage,
stages VII-VIII in Lermp-1—/~ mice exhibited excess cytoplasm
surrounding the sperm tails (Fig. 5b, arrowhead). In addition,
mature elongated spermatid heads were found after spermiation
(stages IX-XII) in Lcrmp—]f/* mice (Fig. 5b, dotted circles).
These results indicated that LCRMP-1 deficiency caused failed
or delayed spermiation. We also analyzed the localization of
LCRMP-1 during the cycle of the seminiferous epithelium.
Interestingly, there were dynamic changes in the eGFP signal,
which represented LCRMP-1 expression in seminiferous tubules
of various stages (Fig. 5c). In late stage VIII, spermiation is
completed and the preleptotene spermatocytes start transiting
the BTB. LCRMP-1 was expressed in spermatocytes (especially
primary and secondary) that were distributed in the adluminal
area surrounded by the BTB area (Fig. 5¢, stages VII-VIII). In
stages IX-XII, the expression of LCRMP-1 gradually moved to
the spermatids and residual bodies (Fig. 5¢c, stages IX-X and
stages XI-XII). It was strongly expressed in the residual bodies
during stages I-VI (Fig. 5c, stages I-III and stages IV-VI). In
early stage VII, LCRMP-1 expression gradually diffused from
the center of the lumen to the basement membrane site (Fig. 5c,
stages VII-VIII). At the same time, it was also highly expressed
along the dorsal curvature of the spermatid head (Fig. 5c, stages
VII-VIII, arrowheads). It was obvious that the changes in
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LCRMP-1 expression in the seminiferous tubules were cyclic
and stage-dependent (Fig. 5¢, and Supplementary Fig. 5a, b).
Specifically, during stages VII-VIII, spermiation was defective
and delayed in Lermp-1-/— mice relative to Lermp-11/1 mice
(Fig. 5d). We observed that the elongated spermatid heads were
localized near the Sertoli cell nuclei instead of undergoing
disengagement near the lumen in stages VII-VIII (Fig. 5d,
panels g, r, and s, arrowheads), and also observed large cells

with pyknotic nuclei and reddish cytoplasm in the spermatid
cell layer (Fig. 5d, panel k, arrowhead). Further, we observed
degenerated spermatids or atypical residual bodies (Fig. 5d,
panel t, arrowhead) and mature spermatids with excess cyto-
plasm (Fig. 5d, panels m, n, o, arrowheads). Taken together,
these findings indicated that mice deficient in LCRMP-1 exhibit
abnormalities in spermatogenesis, particularly the spermiation
phase.
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Fig. 2 Lcrmp-1-/— mice have fewer spermatozoa and reduced sperm motility. a The size of testes and epididymides and the ratio of their weights to body
weight (n =7, mean = SD). b The viability of sperm was analyzed using the eosin-nigrosin staining method. Viability was calculated as the number of white
sperm cells divided by the total number of sperm cells (200 sperm cells for each mouse sample; n =12, mean £ SD). Scale bars, 10 pm. € The concentration
of spermatozoa in male mice of different ages (6-8 weeks and 6-7 months). The numbers were counted with a hemocytometer (n =11 for 6-8 weeks,
n =5 for 6-7 months, mean + SD, two-tailed Student's t-test, **p < 0.01, ***p < 0.001). d Sperm motility measurement by OpenCASA software. Three 10 s
videos for each mouse were recorded. The trajectories of the spermatozoa were analyzed. White indicates slow trajectories, yellow indicates moderate-
speed trajectories, and red indicates fast trajectories. Scale bars, 50 pm. The following parameters of motility were also measured: motility rate, straight-
line velocity (VSL), curvilinear velocity (VCL), average-path velocity (VAP), linearity (LIN), straightness (STR), amplitude of lateral head displacement

(ALH), beat-cross frequency (BCF), and mean angular displacement (MAD). The original videos of the upper panel were showed in Supplementary movie 1
(n=9, mean = SD, two-tailed Student's t-test, *p < 0.05). e Left panel: H&E stain of the testes and epididymides of Lcrmp-T-/— and Lcrmp-1+/+ mice. Right
panel: diameter of the seminiferous tubules. Seminiferous tubules with round or nearly round were measured for each group. The diameters of 30 round
tubules from each mouse were measured, and the mean diameters were calculated by averaging the long diameter and short diameter (n = 6, mean £ SD,

two-tailed Student's t-test, ***p < 0.001). Scale bars, 100 pm.

LCRMP-1 deficiency leads to spermatid apoptosis as a result of
spermiation abnormalities caused by F-actin disorganization.
LCRMP-1 has been reported to stabilize F-actin structures, and
F-actin disorganization affects spermiation'%. Therefore, we
analyzed the organization of F-actin via phalloidin immuno-
fluorescence staining followed by confocal microscope analysis.
F-actin was located near the basal compartment, which harbored
retained spermatids, in stages VII-VIII, and was less structured
near the lumen of seminiferous tubules in stages IX-X, in Lcrmp-
17/~ mice than in Lermp-11/+ mice (Fig. 6a). In addition, the
F-actin exhibited a spoke-like pattern and a filamentous
appearance in the tubules of Lermp-1—/— mice (Fig. 6a, green
arrowheads). To further characterize the organization of F-actin
in Lermp-1~/~ mice, we performed immunofluorescence triple
staining of SOX9 (Sertoli cell), phalloidin (F-actin), and DAPI
followed by confocal microscope analysis (Fig. 6b). Our results
revealed that F-actin was well-organized forming a nest-like or
fence-like structure between the dorsal of spermatid head and the
nuclei of the Sertoli cell that facilitated the removal of the residual
bodies from spermatids in Lcrmp-11/+ mice in stages VII-VIII
while F-actin appeared wrapping around the heads and parts of
tails of spermatid in Lermp-1—/~ (Fig. 6b, arrowheads). Moreover,
in stages IX-X, the condensed and bundled F-actin appeared
surrounding the tails of elongating spermatids in Lcrmp-17/+
mice while the diffuse and disrupt F-actin organizations were
observed in Lcrmp-1—/— (Fig. 6b, arrowheads). These results
indicated that LCRMP-1 deficiency caused disorganization of
F-actin resulting in aberrant spermiation (Fig. 6c).

The imbalanced Akt-mTOR-p70S6K/GSK3p axis interferes
F-actin dynamics during spermatogenesis in mice deficient in
LCRMP-1. To further understand the mechanism by which
LCRMP-1 mediates the process of spermiation, we focused on
cytoskeletal arrangements in the late stages of spermatogenesis.
Based on previous studies, we hypothesized that the F-actin
dynamics and organization required for normal spermiation can
be stabilized by either ribosomal protein S6 kinase (p70S6K) or
LCRMP-1, regulated by protein kinase B (Akt)-downstream
mammalian target of rapamycin (mTOR) and glycogen synthase
kinase-3 beta (GSK3p), respectively?®2°, Based on a previous
finding that Akt is a key molecule regulating the ectoplasmic
specialization dynamics in the seminiferous tubules at various
stages3?, we initially tested the signaling involved in Akt-mediated
F-actin dynamics (Fig. 7a). The expression of LCRMP-1 as con-
trol, compared with Lcrmp-17/T mice, phosphorylated Akt
(p-Akt) and upstream phosphorylated phosphoinositide 3-kinase
(p-PI3K) signaling were significantly upregulated in the testes of
Lermp-1—/— mice. The expression of downstream molecules,
p-mTOR and p-GSK3p, was also enhanced as a result of Akt
activation. Furthermore, we observed increased levels of cleaved
caspase 3 in the testes of Lermp-1-/~ mice, suggesting that germ-

cell apoptosis may be the consequence of spermiation failure.
Considering all the effects on heterogenous cell populations in the
testis that are caused by LCRMP-1 deficiency, we separated tes-
ticular cells into high- and low-LCRMP-1-expressing fractions
(HEF and LEF, respectively), based on LCRMP-1 and eGFP
expression, for further validation (Fig. 7b). We found that p-Akt,
p-mTOR, p-GSK3p, and p-p70S6K were upregulated in the LEF
of Lermp-1~/— mice, while cleaved caspase 3 was significantly
upregulated in their HEF. Combined, these results suggest that
LCRMP-1 deficiency causes F-actin disorganization during late
spermatogenesis, followed by spermiation failure and germ-cell
apoptosis. This deficiency may lead to an imbalance in two Akt-
mediated signaling pathways, enhancing the mTOR-p70S6K
signal and resulting in the F-actin disorganization phenotype in
stages VII-X (Supplementary Fig. 6).

Discussion

Male infertility and subfertility are commonly caused by abnor-
mal spermatogenesis®!. Although the genetic and environmental
causes of abnormal spermatogenesis with reduced sperm quantity
and function have been widely investigated32-34, the molecular
mechanism of spermiation, a crucial process that functions as a
checkpoint determining the number of sperm produced, has been
less well characterized than processes such as meiosis, mitosis,
and spermiogenesis. This may be due to difficulties in defining
the impact of spermiation failure on the number of released
spermatids in the testes3®. In the current study, we demonstrated
that LCRMP-1 may play a role in consummating successful
spermiation.

Specifically, Lermp-1—/— mice have significantly reduced ferti-
lity, stemming from oligospermia. It has previously been reported
that decreased sperm count is associated with spermiation
defects®36, Due to the unstable actin organization caused by
LCRMP-1 deficiency, the process of spermiation was delayed and
not completely successful, ultimately resulting in a lower number
of spermatozoa being released. This led to excess cytoplasm
surrounding the tail of sperm cells, potentially contributing to
increased numbers of apoptotic spermatids in Lermp-1—/— mice.
In addition, the lack of LCRMP-1 caused increased DDX4 and
SCP3 positivity in the seminiferous tubules. The presence of more
DDX4-positive immature germ cells in the fractions where
LCRMP-1 should have been highly expressed suggested that
the accumulation of these cells overflowed into these fractions.
Androgen suppression, which often causes abnormal spermato-
genesis, contributes to the increased DDX4 expression associated
with early meiotic prophase?”. It is possible that numbers of
meijotic and early-stage germ cells, which are DDX4 positive,
accumulated due to abnormal spermiation in Lermp-1—/— mice.

F-actin dynamics, including the formation of bundled and
branched configurations, are important for spermiation38-40, The
previous study demonstrated that LCRMP-1 was able to promote

6 COMMUNICATIONS BIOLOGY | (2023)6:389 | https://doi.org/10.1038/542003-023-04778-2 | www.nature.com/commsbio


www.nature.com/commsbio

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/542003-023-04778-2 ARTICLE

a ’ c

Lcrmp-1+ * Lcrmp-1'/ )

12345 12345 kba)
GFP| - |_25

GAPDH| - — e e - [37

b

2 Lcrmp-1+ *

Phalloidin LCRMP-1

Merge

SCP3
AR, expression
g_ | g sk ok :
S i i @ 30- %
~l " = .
1 (¥] '.o
- °>’20- *
Q = 10-
g 2 10
S - a ol —
+/+ -/-
e - -
DAPI DDX4 Phalloidin Merge DDX4
$ o Sy expression
\T sk
Q 3 80- .
E o %80 0.0
5 24
Q : 20- o0
3 2
(3] e e e
- +/+ /-

Fig. 3 LCRMP-1 which is highly expressed near the lumen of seminiferous tubules affects immature germ cells. a LCRMP-1 expression in the testes, as
represented by eGFP, in a Western blotting analysis of Lcrmp-17/+ and Lcrmp-T—/— mice. The presence of the eGFP signal confirms that the Lcrmp-1 gene
locus had been replaced by the eGFP gene. b Immunohistochemical staining for LCRMP-1 expression patterns in the seminiferous tubules, as indicated by
eGFP signaling. LCRMP-1 was highly expressed in the late spermatogenesis. Scale bars, 100 pm. € Immunofluorescence staining for LCRMP-1 localization in
the seminiferous tubules using LCRMP-1 specific antibody (green), phalloidin-iFluor (red), and DAPI (blue) followed by confocal microscopy analysis. Scale
bars, 20 um. d SCP3 immunofluorescence staining of the testes of Lcrmp-1—/= and Lcrmp-1/+ mice. SCP3-positive cells were significantly more abundant
in Lermp-1—/= than in Lermp-1t/+ mice. The fluorescence signal was measured using ImageJ software and the ratio was calculated as the total number of
Alexa Fluor 488 Dye (green) cells divided by the total number of DAPI (blue) cells (triplicate, Lcrmp-17/+, n=5; Lcrmp-T-/=, n=5; mean + SD, two-tailed
Student's t-test, ***p < 0.001). Scale bars, 50 um. e DDX4 immunofluorescence staining of the testes of Lcrmp-1—/= and Lcrmp-1+/+ mice. DDX4-positive
cells were obviously more abundant in Lcrmp-1—/~ than in Lermp-17/+ mice. The fluorescence signal was measured using ImageJ software followed by the
calculation of the ratio as the total number of Alexa Fluor 488 Dye (green) cells divided by the total number of DAPI (blue) cells (triplicate, Lermp-1+/+,
n=>5; Lermp-1-/=, n="5; mean = SD, two-tailed Student's t-test, **p < 0.01). Scale bars, 50 um.

cancer metastasis by regulating actin polymerization via the compartment of the seminiferous tubules, LCRMP-1 was highly
WAVE-1-Arp2/3 complex pathway!4. It is possible that LCRMP-  expressed surrounding the spermatid head in stages VII-VIIL
1 deficiency thus removes the function of stabilizing F-actin This indicates that LCRMP-1 is associated with the cytoskeletal
structures, leading to abnormal spermiation with unstable F-actin  structures in the spermiation machinery, which promote the
dynamics. In addition to being localized in the adluminal release of spermatozoa from the Sertoli cells. The molecules
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Fig. 4 Deficiency of LCRMP-1 mainly expressed in spermatids causes DDX4-positive cells accumulation in the adluminal compartment. a DDX4
expression pattern in the seminiferous tubules, as revealed by immunofluorescence staining. Blue, green, and red signals represent the nucleus, DDX4, and
phalloidin (F-actin), respectively. P, pachytene spermatocytes; R, round spermatids, E, elongating spermatids. Scale bars, 100 pm. b Expression profiling of
LCRMP-1and DDX4 in fractionated testicular cells from seminiferous tubules. The testicular cells were isolated from the seminiferous tubules in the testes
followed by BSA density-gradient fractionation. In total, 28 fractions were collected and 10% of the volume of each fraction was loaded for Western
blotting. E1-E4, R1-R5, P1-P2, and O1-02 represent corresponding elongating spermatids (fractions 1-4), round spermatids (fractions 5-11), pachytene
spermatocytes (fractions 12-22), and others (fractions 23-28), respectively. We quantified GFP as an indicator to calculate the relative expression of
LCRMP-1, normalized to E1. ¢ Immunofluorescence staining of testicular cells from each cell fraction. Blue and green signals represent the nucleus and
DDX4, respectively. The fluorescence positive signal ratio was measured using Imagel. The ratio was calculated as the total number of Alexa Fluor 488
Dye-positive cells divided by the total number of DAPI-positive cells. Each cell fraction was analyzed in biological triplicate (n =3, mean = SD, two-tailed
Student's t-test, **<0.01; ***p < 0.007). ES elongating spermatids, RS round spermatids, PS pachytene spermatocytes part. Scale bars, 100 pm.

involved in spermiation can be recycled within the Sertoli cells via
cyclical molecule transport between the adluminal and basal
compartments®. Interestingly, the expression pattern of LCRMP-
1 in the seminiferous tubules was stage-dependent and cyclic,
suggesting that it may be involved in recycling the spermiation
machinery.

Mechanistically, our study indicated that a lack of LCRMP-1
leads to mTOR-p70S6K and PI3K-Akt-GSK3p phosphorylation.
Both the PI3K-Akt-GSK3f and Akt-mTOR-p70S6K pathways
have been reported to be involved in neurogenesis, spermato-
genesis, and tumorigenesis*!~48. GSK3p phosphorylates CRMP-2
to prevent it from inducing axon outgrowth in the
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hippocampus!?, and it may induce the formation of filopodia by
regulating the phosphorylation of LCRMP-1 at Thr-6284°. In
addition, the PI3K-Akt pathway controls GSK3p, which regulates
F-actin remodeling and polymerization and triggers feedback
regulations of its upstream pathway*$°0-52, Taken together,
PI3K-Akt-mTOR-p70S6K pathway is important in male repro-
duction, particularly in regulating the restructuring of apical

ESs actin

near the
cytoskeleton28:30-53-56 The previous study has shown that a local
regulatory feedback mechanism between the adluminal and basal
compartments controls early-stage cells and ES dynamics indu-
cing the next cycle of spermatogenesis by indirect signaling of
active peptides released from matrix metalloproteinase (MMP)
proteolysis reaction during spermiation®’. Therefore, in the case

sperm head by controlling the
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Fig. 5 LCRMP-1 is associated with spermiation and exhibits a stage-dependent pattern in the seminiferous tubule stages. a Statistical analysis of the
spermatogenesis stage. Testis sections were classified into 12 stages according to the histological morphology of cross sections of the seminiferous
tubules. The 12 stages were further divided into five phases: I-lll, IV-VI, VII-VIII, IX-X, and XI-XII. The percentages were calculated by dividing the number
of seminiferous tubules in each phase by the total number of tubules analyzed (random fields, Lcrmp-1—/—, n=15, 87 tubules; Lermp-17/+, n=5, 88
tubules). b Representative images of each phase. Sections of seminiferous tubules were prepared for H&E staining followed by morphological observation.
The arrowhead in stages VII-VIII indicate residual bodies and excess cytoplasm, while the dotted circles in stages IX-XII indicate mature spermatid heads.
Scale bars, 20 pm. € LCRMP-1 expression pattern during spermatogenesis in cycles of the seminiferous epithelium. Immunohistochemical staining of testis
sections was done using eGFP antibodies to reveal the pattern of LCRMP-1 expression. The pattern in each stage was further analyzed. LCRMP-1
expression was cyclical, stage-specific, changing according to the stage of the seminiferous tubules. Black arrowheads in the white frame showing a
magnified section indicate LCRMP-1 expression colocalized with cytoskeleton-like structures along the dorsal curvature of the spermatid head. Scale bars,
20 um. d The histopathology of stage VII-VIII seminiferous tubules in Lermp-1t/+ and Lcrmp-T-/— mice. The black arrowhead in (k) indicates a large cell
with a pyknotic nucleus and reddish cytoplasm in the spermatid cell layer. Black arrowheads in (m), (n), (o), and (r) indicate spermatids with excess
cytoplasm. Black arrowheads in (g), (r), and (s) indicate spermiation failure or delayed spermiation. The black arrowhead in (1) indicates degenerated
spermatids or atypical residual bodies (n=5 for Lcrmp-Tt/+ and Lcrmp-T-/— mice, 22 tubule cross sections showing stages VII-VIII). Scale bar, 20 pm.

of LCRMP-1 deficiency, spermatids in which LCRMP-1 should
have been highly expressed, which are associated with the sper-
miation machinery, may have a feedback mechanism enabling
them to upregulate the upstream molecules of LCRMP-1 in
spermatocytes in which LCRMP-1 should have been weakly
expressed. This is supported by a previous study showing that in
spermatogenesis, actin organization regulates the Akt-mTOR
pathway in a feedback loop>8. Based on previous studies, CRMPs
also served as either a cargo adapter transporting the Sra-1/
WAVEI1 and Arp2/3 complexes toward the adluminal compart-
ments for supporting assembly and recycling of actin-based
junctional structures or an actin-elongation factor binding pro-
tein facilitating actin polymerization and remodeling during
spermiation!4>°-61. Qur results indicated that LCRMP-1 may
promote the separation of sperm from the Sertoli cells by accel-
erating the conversion from the bundled actin microfilaments to
branched actin filaments38. Conversely, the transportation of
these complexes regulating actin assembly and stability becomes
less efficient leading to reduced rates of actin polymerization and
imbalanced F-actin/G-actin dynamics due to LCRMP-1 defi-
ciency. In order to rescue the unstable F-actin organization and
maintain the homeostasis of actin dynamics, the upregulated
phosphorylation of PI3K-Akt-mTOR-p70S6K pathway com-
pensates for this situation by inhibition of F-actin depolymer-
ization through regulating cofilin?86263, Furthermore, based on
previous studies, Ser9 phosphorylation of GSK3p can be an active
form to phosphorylate Gli3 downregulating the Hedgehog
pathway®4%>. The Hedgehog pathway may be regulated by the
actin cytoskeleton and PI3K-Akt-mTOR-p70S6K pathway, and
modulate cytoskeleton reorganization in axon guidance, and
contain a negative feedback loop®-70. From our perspective,
without the interaction between GSK3p and LCRMP-1 in Lcrmp-
17/~ mice, the level of phosphorylated GSK3p (Ser9) is increased,
which may induce feedback loop to regulate the Hedgehog
pathway promoting actin remodeling and affect the
PI3K-Akt-mTOR-p70S6K pathway. However, this complicated
network needs to be further investigated. In conclusion, LCRMP-
1 deficiency exhibits a homeostatic imbalance of the two path-
ways leading to unstable F-actin dynamics and spermiation
abnormalities.

There are some limitations to this study. First, it was difficult to
rescue the infertility of Lcrmp-1=/— mice by re-expressing
LCRMP-1. In addition, the difficulty of validating the role of
LCRMP-1 in human infertility has not yet been completely
overcome. Despite this, we identified an unclarified function of
LCRMP-1 in the F-actin organization during spermatogenesis.
Cytoskeleton organization is important not only for the anato-
mical architecture but also for normal physical functions.
Recently, infections and environmental contaminants have been

shown to cause male infertility via dysregulation of cytoskeleton
remodeling during spermatogenesis’!~73. Further, male post-
infection COVID-19 patients have been shown to have sig-
nificantly reduced sperm concentration, although the sperm have
normal morphology’4. It would be worth investigating whether
LCRMP-1-mediated spermiation machinery is involved in these
conditions. In summary, we first identify a specific function of
LCRMP-1 in spermiation and male fertility. In future studies,
LCRMP-1-deficient mice can serve as a model for investigating
spermiation and spermatogenesis, and LCRMP-1 may be studied
for therapeutic or diagnostic applications.

Methods

Animals. The LCRMP-1-deficient (Lcrmp-1—/—) mouse was generated using a
gene-targeting strategy based on the regular protocol. Briefly, exon 1a of LCRMP-1
was replaced in frame with enhanced green fluorescent protein (eGFP) in 129/sv
mouse embryonic stem cells. The cells containing the targeted alleles were
microinjected into blastocysts from C57BL/6 mice. These blastocysts were then
implanted into a surrogate mother which gave birth to chimeric pups. These mice
were mated with wild-type females, and the offspring were confirmed to be het-
erozygous (F1) mice via PCR genotyping. A syngeneic genetic background of
Lcrmp-1 was achieved by backcrossing with the C57BL/6 mouse strain over 10
generations. We performed PCR with corresponding primers (Supplementary
Table 2) to genotype LCRMP-1 homozygous knockout (Lcrmp-1-/=), hetero-
zygous knockout (Lcrmp-111=), and wild-type (Lermp-17/T) mice. All animal
experiments were approved by the Institutional Animal Care and Use Committee
(IACUC) of National Taiwan University College of Medicine (IACUC number:
20201058). The mice were bred and maintained in pathogen-free micro-isolator
cages with a standard light/dark cycle and free access to water and food.

Animal fertility and sample collection. For the fertility experiment, one male
Lermp-17/+ or Lermp-1—/~ mouse was paired with one female Lermp-17/+ mouse,
and this was repeated five times per genotype, yielding five replicates. The male
mice were at least two months old and the females were one month old at the start
of the experiment, and they were housed together for four months. The numbers of
pups and litters produced in each cage were recorded for calculating fertility.

For sample processing, the major organs of 6-8-week-old male mice were
collected for analysis. To collect embryos, pregnant mice were sacrificed and the
embryos were collected from the uterus under the dissecting microscope. For the
early embryonic stages (embryonic day 6.5 to 11.5 [E6.5-E11.5]), whole embryos
were collected, and for the later stages (E12-E18) the brains of the embryos were
isolated for further analysis. When collecting the major organs, the organs were
isolated from adult mice and then subjected to either 4% formaldehyde fixation for
tissue sectioning or RNA and protein extraction for analysis.

RNA extraction and quantitative analysis. Mouse organs were lysed in 1 ml TRI
reagent (Sigma-Aldrich, USA) and homogenized with TissueLyser II homogenizer
(QIAGEN, Germany). We added 200 pl chloroform to each sample and transferred
the upper aqueous layer to a tube containing 500 pl isopropanol. After centrifuga-
tion, the supernatant was removed and 500 ul 75% ethanol was added for washing.
We air-dried the pellet, then resuspended it in diethylpyrocarbonate (DEPC)-treated
water. For reverse transcription, we used High Capacity cDNA Transcriptase Kits
(Thermo Fisher Scientific, USA) according to the user’s manual. Briefly, we mixed
2 pug total RNA with 10x reverse transcriptase (RT) buffer, 25x deoxynucleotide
triphosphates (ANTP), 10x RT random primers, and RT, and performed RT-PCR
under the following conditions: 25 °C, 10 min; 37 °C, 120 min; 85 °C, 5 min; 4 °C. We
added 30 ng of cDNA products with 10x SYBR green master mix and primers to
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Fig. 6 Disorganized F-actin in Lcrmp-1-/— mice. a Testis sections were stained using DAPI and phalloidin and subjected to confocal microscope analysis.
Green arrowheads indicate retained spermatids near the basal compartment, while the white arrows in the white frames showing magnified sections
indicate mature elongated spermatids at stages VII-VIII. In stages XI-X, the white frames show magnified images of the elongating spermatids near the
lumen of the seminiferous tubules. The phalloidin results were shown as grayscale images. Scale bars, 20 pm. b Immunofluorescence staining of SOX9
(Sertoli cell), phalloidin (F-actin), and DAPI in stages VII-VIIl and [X-X of Lcrmp-1+/+ and Lcrmp-1-/— mice seminiferous tubules followed by confocal
microscope analysis. Arrowheads in stages VII-VIII indicate F-actin wrapping around mature spermatids, and arrowheads in IX-X show disorganized
F-actin in elongating spermatids. Scale bars, 20 pm. ¢ lllustration of disorganized F-actin in Lcrmp-1—/= mice in comparison to F-actin in wild-type mice. The
filamentous F-actin retains mature spermatids near the basal compartment of the seminiferous epithelium and surrounds the tails and heads of spermatids
during separation from the Sertoli cells in stages VII-VIII as shown in (a), (b). The disorganized F-actin appears near the tails of elongating spermatids in
stages IX-X in Lcrmp-T-/— mice as shown in (@), (b).

perform a qPCR analysis, using the Applied Biosystems QuantStudio 3 Real-Time
PCR System (Thermo Fisher Scientific, USA), under the following conditions: 50 °C,
2 min; 95 °C, 10 min; 40 cycles of 95 °C for 15 s and 60 °C for 1 min. The messenger
RNA (mRNA) expression level was normalized to the gene expression level of
TATA-binding protein (TBP). We performed three technical replicates for each
sample and calculated the values using the comparative threshold cycle method
(27ACY), The qPCR primers are listed in Supplementary Table 2.

Protein extraction and Western blotting. Testes and brain tissues were lysed in
T-PER Tissue Protein Extraction Reagent (Cat. #78510, Thermo Fisher Scientific,
USA) with Phosphatase Inhibitor Cocktail (Cat. #4906837001, Roche, USA) and
Protease inhibitor cocktail (Cat. #S8830, Sigma-Aldrich, USA). After the tissues had

been homogenized in a TissueLyser II (QIAGEN, Germany), the lysates were cen-
trifuged at 14,000 rpm for 20 min and the supernatant was sonicated. We then loaded
30 pg (whole-tissue lysate), 13 pg (fractionated testicular cells), and 200 ug (CRMP-1
and LCRMP-1 expression in testis) protein with 4x sample buffer into each well. The
samples were electrophoresed on 12% or 10% sodium dodecyl sulfate-polyacrylamide
gels and transferred onto polyvinylidene difluoride membranes (Millipore, USA).
These membranes were blocked with 1% nonfat milk or 1% BSA and incubated with
primary antibodies overnight at 4 °C (anti-CRMP-1, Cat. #sc-365348, Santa Cruz
biotechnology, 1:1000, Cat. #PA5-34768, Thermo Fisher Scientific, 1:1500; anti-
LCRMP-1, homemade!4, 1:10,000; anti-GSK3p, Cat. #9315, Cell Signaling Technol-
ogy, 1:1000; anti-phosphorylated GSK3p, Cat. #9336, Cell Signaling Technology,
1:1000; anti-GFP, Cat. #2956, Cell Signaling Technology, 1:1000; anti-cleaved caspase
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Fig. 7 Highly phosphorylated upstream molecules of LCRMP-1 in Lcrmp-1-/— mice. a Western blotting analysis and quantification of whole-testis lysate
for PI3K-Akt-mTOR/GSK3p signaling related to F-actin dynamics in Lcrmp-Tt/+ and Lermp-1-/— mice (n =5, mean £ SD, two-tailed Student's t-test,
*p<0.05, *p<0.01, ***p < 0.001). b Western blotting analysis and quantification of fractionated testicular cells (spermatids, spermatocytes, and others)

of Lermp-17/+ and Lermp-1-/— mice. HEF indicates pooled cell fractions 1-8,

which exhibit high expression of LCRMP-1, while LEF indicates pooled cell

fractions 9-20, which exhibit low expression of LCRMP-1 (n =3, mean + SD, two-tailed Student's t-test, *p < 0.05, **p < 0.01, ***p < 0.007).

3, Cat. #9661, Cell Signaling Technology, 1:1000; anti-mTOR, Cat. #2972, Cell Sig-
naling Technology, 1:1000; anti-phosphorylated mTOR, Cat. #2971, Cell Signaling
Technology, 1:1000; anti-Akt, Cat. #9272, Cell Signaling Technology, 1:1000; anti-
phosphorylated Akt, Cat. #9271, Cell Signaling Technology, 1:1000; anti-PI3K, Cat.
#4292, Cell Signaling Technology, 1:1000; anti-phosphorylated PI3K, Cat. #4228, Cell
Signaling Technology, 1:1000; anti-p70S6K, Cat. #2708, Cell Signaling Technology,
1:1000; anti-phosphorylated p70S6K, Cat. #9234, Cell Signaling Technology, 1:1000;
anti-a tubulin, Cat. #11224-1-AP, proteintech, 1:20,000; anti-GAPDH, Cat. #60004-
1-Ig, proteintech, 1:20,000; anti-DDX4, Cat. #ab13840, Abcam, 1:2000) followed by
incubation with horseradish peroxidase (HRP)-conjugated antibody for an hour at
room temperature. We used enhanced chemiluminescent substrates (ECL) (Milli-
pore, USA) and recorded the chemiluminescent signal using ChemiDoc XRS+ (Bio-
Rad, USA). We used Image] software for quantification.

Sperm analysis. After the mice had been sacrificed, we harvested the epididymides
and testes immediately. The epididymis was dissected and spermatozoa were
released in Krebs-Ringer medium’?. The spermatozoa suspension was collected for
counting using the counting chamber. To analyze viability, the spermatozoa were
collected for eosin-nigrosin staining (1% eosin and 10% nigrosin in normal saline,
[2:1] by volume, Sigma-Aldrich, USA). The spermatozoa suspension was incubated
for 15 min in two steps (swim-up and swim-out steps) at 37 °C. To evaluate the
motility of the sperm, high-motility spermatozoa were collected from the upper-
most 90% (by volume) of the spermatozoa suspension. We recorded videos of the
spermatozoa suspensions for OpenCASA analysis, which assessed motility, VSL,
VCL, VAP, linearity (LIN), straightness (STR), amplitude of lateral head dis-
placement (ALH), beat-cross frequency (BCF), and mean angular displacement
(MAD)76,
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Immunohistochemical staining, H&E staining, and histopathological analysis.
We performed immunohistochemical staining according to the standard pro-
cedure. Briefly, the 5um tissue slides were twice deparaffinized in a xylene bath
for 5 min. The slides were then sequentially rehydrated in 100%, 90%, 80%, 70%,
and 50% ethanol and retrieved in citrate buffer (pH 6.0) in a Bio SB TintoR-
etriever Pressure Cooker for 15 min. The tissues were quenched with 3% H,O,
and incubated with primary antibody (anti-GFP, Cell Signaling Technology,
1:200) diluted with Antibody Dilution Buffer (Ventana, Roche, USA) overnight
at 4 °C. The slides were then incubated in N-Histofine Simple Stain Mouse MAX
PO (M) or (R) secondary antibody (Nichirei Biosciences Inc., Japan) at room
temperature for 30 min. We stained the tissues using the Dako Liquid DAB +
Substrate Chromogen System (Agilent, USA) and hematoxylin (Sigma-Aldrich,
USA). The slides were then mounted using Micromount Mounting Medium
(Cat. #3801731, Leica, Germany) and images were acquired using an Olympus
DP70. The H&E staining and histopathological interpretation of mouse organs
were performed by the pathologist from the Taiwan Mouse Clinic and Labora-
tory Animal Center, College of Medicine, National Taiwan University Medical
College. Each organ section was examined at lower-power field and quantified
with a severity grading scheme (Grading scheme I) based on the previous
study’’. The diameter of the seminiferous tubule calculation was according to the
previous study’S. Briefly, only the round or nearly round cross sections of the
seminiferous tubules were chosen randomly and measured for each group. The
diameter of the seminiferous tubule was measured and averaged across the long
and short axes. Totally 180 round tubules from 6 mice in each group were
obtained for analysis.

Immunofluorescence staining. For immunofluorescence staining, slides were
deparaffinized and retrieved in citrate buffer (pH 6.0) or Tris-EDTA (pH 9.0) at
114-121 °C for 15 min and incubated in Rodent Block M (Biocare Medical, USA)
for an hour at room temperature. The slides were incubated in primary antibody
(anti-SCP3, Cat. #ab97672, Abcam, 1:100; anti-DDX4, Cat. #8761, Cell Signaling
Technology, 1:100, Cat. #ab13840, Abcam, 1:100; anti-LCRMP-1, homemade,
1:100; anti-SOX9, Cat. #H00006662-M01, Abnova, 1:100) diluted with Antibody
Dilution Buffer (Ventana, Roche, USA) or 1% BSA phosphate-buffered saline with
Tween 20 (PBST) overnight at 4 °C and then in secondary antibody conjugated to
Alexa Flour 488 (Cat. #A-11001, Cat. #A-11008, Thermo Fisher Scientific, 1:500)
for an hour at room temperature. The samples were stained with Phalloidin (Cat.
#ab176757, Abcam, UK) and Hoechst (DAPI) (Cat. #33342, Thermo Fisher Sci-
entific, USA) for an hour and mounted using Fluoromount Aqueous Mounting
Medium (Cat. #F4680, Sigma-Aldrich, USA). The results were quantified using
Image] software. Olympus IX83 and Olympus DP70 were used to capture the
images, and the confocal microscopy images were obtained with the Zeiss LSM 880
and Zeiss LSM 780.

Enrichment of testicular cells. To extract and enrich the testicular cells, we
dissected the mouse testes and removed the tunica albuginea. We used a pro-
cedure based on BSA density isolation”?. In brief, the testes were incubated in
Krebs buffer with type IV collagenase (Cat. #C5138, Sigma-Aldrich, USA) for
3 min at 37 °C with gentle agitation. After digestion of connective tissue, the
released tubules were washed and incubated with trypsin solution (trypsin, Cat.
#T1426, Sigma-Aldrich, USA; DNase I, Cat. #10104159001, Sigma-Aldrich,
USA) for 15 min at 34 °C at 15 rpm. The testicular cells were filtered through a
40 um cell strainer on ice. After centrifuging twice at 600 x g for 5 min at 4 °C,
the cells were filtered again and loaded into a BSA-gradient solution (5%, 4%,
3%, 2%, 1% BSA from the bottom to the top of the solution). The cells under-
went gravity sedimentation for 1.5h, and 28 fractions were then collected by
collecting 1 ml from each layer from the top to the bottom. The cells were
centrifuged and each fraction was washed. The cell pellets were then frozen for
Western blotting or fixed with 4% paraformaldehyde (PFA) for immuno-
fluorescence staining.

Statistics and reproducibility. The sample size was not predetermined but based
on previously conducted pilot tests. Based on the number of replicates required to
obtain consistent results, the experiments were repeated using independent mouse
replicates (biological replicates). All experiments were analyzed using two-tailed
Student’s t-tests conducted in Graphpad Prism 8. P-values of <0.05 were con-
sidered statistically significant. Grouped data are presented as mean + standard
deviation (SD).

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated or analyzed during this study are included in this article and the
supplementary Information. The raw data for Figs. 1-5 and Fig. 7 are available in
Supplementary Data 1. The original Western blotting images are available in
Supplementary Fig. 7.

Received: 8 October 2022; Accepted: 29 March 2023;
Published online: 10 April 2023

References

1. Agarwal, A,, Mulgund, A., Hamada, A. & Chyatte, M. R. A unique view on
male infertility around the globe. Reprod. Biol. Endocrinol. 13, 37 (2015).

2. Jan,S. Z. et al. Molecular control of rodent spermatogenesis. Biochim. Biophys.
Acta 1822, 1838-1850 (2012).

3. Cacciola, G., Chioccarelli, T., Fasano, S., Pierantoni, R. & Cobellis, G.
Estrogens and spermiogenesis: new insights from type 1 cannabinoid receptor
knockout mice. Int. J. Endocrinol. 2013, 501350 (2013).

4. Taloni, A. et al. Probing spermiogenesis: a digital strategy for mouse acrosome
classification. Sci. Rep. 7, 3748 (2017).

5. O’Donnell, L. Mechanisms of spermiogenesis and spermiation and how they
are disturbed. Spermatogenesis 4, €979623 (2014).

6. Sun, X,, Kovacs, T., Hu, Y. J. & Yang, W. X. The role of actin and myosin
during spermatogenesis. Mol. Biol. Rep. 38, 3993-4001 (2011).

7. Wan, H. T,, Mruk, D. D., Wong, C. K. & Cheng, C. Y. The apical ES-BTB-BM
functional axis is an emerging target for toxicant-induced infertility. Trends
Mol. Med. 19, 396-405 (2013).

8. Nakamura, F. et al. Amino- and carboxyl-terminal domains of Filamin-A
interact with CRMP1 to mediate Sema3A signalling. Nat. Commun. 5, 5325
(2014).

9. Nakamura, F., Ohshima, T. & Goshima, Y. Collapsin response mediator
proteins: their biological functions and pathophysiology in neuronal
development and regeneration. Front. Cell Neurosci. 14, 188 (2020).

10. Yoshimura, T. et al. GSK-3beta regulates phosphorylation of CRMP-2 and
neuronal polarity. Cell 120, 137-149 (2005).

11. Pan, S. H. et al. Long form collapsin response mediator protein-1 (LCRMP-1)
expression is associated with clinical outcome and lymph node metastasis in
non-small cell lung cancer patients. Lung Cancer 67, 93-100 (2010).

12. Takaya, R. et al. CRMP1 and CRMP4 are required for proper orientation of
dendrites of cerebral pyramidal neurons in the developing mouse brain. Brain
Res. 1655, 161-167 (2017).

13. Cai, G. et al. Collapsin response mediator protein-1 (CRMP1) acts as an
invasion and metastasis suppressor of prostate cancer via its suppression of
epithelial-mesenchymal transition and remodeling of actin cytoskeleton
organization. Oncogene 36, 546-558 (2017).

14. Pan, S. H. et al. The ability of LCRMP-1 to promote cancer invasion by
enhancing filopodia formation is antagonized by CRMP-1. J. Clin. Invest. 121,
3189-3205 (2011).

15. Nicholls, P. K. et al. Hormonal regulation of sertoli cell micro-RNAs at
spermiation. Endocrinology 152, 1670-1683 (2011).

16. Kato, Y. et al. Post-meiotic expression of the mouse dihydropyrimidinase-
related protein 3 (DRP-3) gene during spermiogenesis. Mol. Reprod. Dev. 51,
105-111 (1998).

17. Taketo, M. M. et al. Mapping of eight testis-specific genes to mouse
chromosomes. Genomics 46, 138-142 (1997).

18. Yang, B. et al. Expression and significance of RaplA in testes of azoospermic
subjects. Asian J. Androl. 6, 35-40 (2004).

19. Wang, L. H. & Strittmatter, S. M. A family of rat CRMP genes is differentially
expressed in the nervous system. J. Neurosci. 16, 6197-6207 (1996).

20. Su, K. Y. et al. Mice deficient in collapsin response mediator protein-1 exhibit
impaired long-term potentiation and impaired spatial learning and memory. J.
Neurosci. 27, 2513-2524 (2007).

21. Gassei, K. et al. DDX4-EGFP transgenic rat model for the study of germline
development and spermatogenesis. Biol. Reprod. 96, 707-719 (2017).

22. Kim, J. Y., Jung, H. J. & Yoon, M. J. VASA (DDX4) is a putative marker for
spermatogonia, spermatocytes and round spermatids in stallions. Reprod.
Domest. Anim. 50, 1032-1038 (2015).

23. Isoler-Alcaraz, J., Fernandez-Perez, D., Larriba, E. & Del Mazo, J. Cellular and
molecular characterization of gametogenic progression in ex vivo cultured
prepuberal mouse testes. Reprod. Biol. Endocrinol. 15, 85 (2017).

24. Kishi, K. et al. Spermatogonial deubiquitinase USP9X is essential for proper
spermatogenesis in mice. Reproduction 154, 135-143 (2017).

25. Endo, T., Freinkman, E., de Rooij, D. G. & Page, D. C. Periodic production of
retinoic acid by meiotic and somatic cells coordinates four transitions in
mouse spermatogenesis. Proc. Natl Acad. Sci. USA 114, E10132-E10141
(2017).

26. Hess, R. A. & Renato de Franca, L. Spermatogenesis and cycle of the
seminiferous epithelium. Adv. Exp. Med. Biol. 636, 1-15 (2008).

27. Okano, T. et al. Classification of the spermatogenic cycle, seasonal changes of
seminiferous tubule morphology and estimation of the breeding season of the
large Japanese field mouse (Apodemus speciosus) in Toyama and Aomori
prefectures, Japan. J. Vet. Med. Sci. 77, 799-807 (2015).

COMMUNICATIONS BIOLOGY | (2023)6:389 | https://doi.org/10.1038/542003-023-04778-2 | www.nature.com/commsbio 13


www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-04778-2

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Ip, C. K. & Wong, A. S. p70 S6 kinase and actin dynamics: a perspective.
Spermatogenesis 2, 44-52 (2012).

Crouch, M. F. Regulation of thrombin-induced stress fibre formation in Swiss
3T3 cells by the 70-kDa S6 kinase. Biochem. Biophys. Res. Commun. 233,
193-199 (1997).

Siu, M. K., Wong, C. H., Lee, W. M. & Cheng, C. Y. Sertoli-germ cell
anchoring junction dynamics in the testis are regulated by an interplay of lipid
and protein kinases. J. Biol. Chem. 280, 25029-25047 (2005).

Anawalt, B. D. Approach to male infertility and induction of spermatogenesis.
J. Clin. Endocrinol. Metab. 98, 3532-3542 (2013).

Tuttelmann, F., Ruckert, C. & Ropke, A. Disorders of spermatogenesis:
perspectives for novel genetic diagnostics after 20 years of unchanged routine.
Med. Genet. 30, 12-20 (2018).

Gianotten, J., Lombardi, M. P., Zwinderman, A. H., Lilford, R. J. & van der
Veen, F. Idiopathic impaired spermatogenesis: genetic epidemiology is
unlikely to provide a short-cut to better understanding. Hum. Reprod. Update
10, 533-539 (2004).

Guo, X. et al. Proteomic analysis of proteins involved in spermiogenesis in
mouse. J. Proteome Res. 9, 1246-1256 (2010).

O’Donnell, L., Nicholls, P. K., O’Bryan, M. K., McLachlan, R. I. & Stanton, P.
G. Spermiation: the process of sperm release. Spermatogenesis 1, 14-35 (2011).
Qian, X. et al. Deficiency of Mkrn2 causes abnormal spermiogenesis and
spermiation, and impairs male fertility. Sci. Rep. 6, 39318 (2016).

Stanton, P. G. et al. Proteomic changes in rat spermatogenesis in response to
in vivo androgen manipulation; impact on meiotic cells. PLoS ONE 7, e41718
(2012).

Qian, X. et al. Actin binding proteins, spermatid transport and spermiation.
Semin Cell Dev. Biol. 30, 75-85 (2014).

Chung, S. S. W,, Vizcarra, N. & Wolgemuth, D. J. Filamentous actin
disorganization and absence of apical ectoplasmic specialization disassembly
during spermiation upon interference with retinoid signalingdagger. Biol.
Reprod. 103, 378-389 (2020).

D’Souza, R. et al. Disruption of tubulobulbar complex by high intratesticular
estrogens leading to failed spermiation. Endocrinology 150, 1861-1869 (2009).
Takano, T., Funahashi, Y. & Kaibuchi, K. Neuronal polarity: positive and
negative feedback signals. Front. Cell Dev. Biol. 7, 69 (2019).

Zhang, H. H,, Lipovsky, A. I, Dibble, C. C., Sahin, M. & Manning, B. D. S6K1
regulates GSK3 under conditions of mTOR-dependent feedback inhibition of
Akt. Mol. Cell 24, 185-197 (2006).

Yoshimura, T. et al. Ras regulates neuronal polarity via the PI3-kinase/Akt/
GSK-3beta/CRMP-2 pathway. Biochem. Biophys. Res. Commun. 340, 62-68
(2006).

Ham, J., Lim, W., You, S. & Song, G. Butylated hydroxyanisole induces
testicular dysfunction in mouse testis cells by dysregulating calcium
homeostasis and stimulating endoplasmic reticulum stress. Sci. Total Environ.
702, 134775 (2020).

Wu, Y., Ma, ], Sun, Y., Tang, M. & Kong, L. Effect and mechanism of PI3K/
AKT/mTOR signaling pathway in the apoptosis of GC-1 cells induced by
nickel nanoparticles. Chemosphere 255, 126913 (2020).

Kitagishi, Y., Kobayashi, M., Kikuta, K. & Matsuda, S. Roles of PI3K/AKT/
GSK3/mTOR pathway in cell signaling of mental illnesses. Depress Res. Treat.
2012, 752563 (2012).

Gaikwad, S. M. & Ray, P. Non-invasive imaging of PI3K/Akt/mTOR
signalling in cancer. Am. J. Nucl. Med. Mol. Imaging 2, 418-431 (2012).
Hermida, M. A., Dinesh Kumar, J. & Leslie, N. R. GSK3 and its interactions
with the PI3K/AKT/mTOR signalling network. Adv. Biol. Regul. 65, 5-15
(2017).

Wang, W. L. et al. Phosphorylation of LCRMP-1 by GSK3beta promotes
filopoda formation, migration and invasion abilities in lung cancer cells. PLoS
ONE 7, €31689 (2012).

Tang, W. et al. A PLCbeta/PI3Kgamma-GSK3 signaling pathway regulates
cofilin phosphatase slingshot2 and neutrophil polarization and chemotaxis.
Dev. Cell 21, 1038-1050 (2011).

Romorini, L. et al. AKT/GSK3beta signaling pathway is critically involved in
human pluripotent stem cell survival. Sci. Rep. 6, 35660 (2016).

Kang, G. M. et al. Leptin elongates hypothalamic neuronal cilia via
transcriptional regulation and actin destabilization. J. Biol. Chem. 290,
18146-18155 (2015).

Wu, S, Yan, M., Ge, R. & Cheng, C. Y. Crosstalk between sertoli and germ
cells in male fertility. Trends Mol. Med. 26, 215-231 (2020).

Josselyn, S. A. & Frankland, P. W. mTORC2: actin on your memory. Nat.
Neurosci. 16, 379-380 (2013).

Huang, W. et al. mTORC2 controls actin polymerization required for
consolidation of long-term memory. Nat. Neurosci. 16, 441-448 (2013).
Moreira, B. P., Oliveira, P. F. & Alves, M. G. Molecular mechanisms controlled
by mTOR in male reproductive system. Int. J. Mol. Sci. 20, 1633 (2019).
Yan, H. H,, Mruk, D. D., Wong, E. W,, Lee, W. M. & Cheng, C. Y. An
autocrine axis in the testis that coordinates spermiation and blood-testis

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

barrier restructuring during spermatogenesis. Proc. Natl Acad. Sci. USA 105,
8950-8955 (2008).

Yang, T. & Yang, W. X. The dynamics and regulation of microfilament during
spermatogenesis. Gene 744, 144635 (2020).

Kawano, Y. et al. CRMP-2 is involved in kinesin-1-dependent transport of the
Sra-1/WAVEIL complex and axon formation. Mol. Cell Biol. 25, 9920-9935
(2005).

Yu-Kemp, H. C., Kemp, J. P. Jr. & Bricher, W. M. CRMP-1 enhances EVL-
mediated actin elongation to build lamellipodia and the actin cortex. J. Cell
Biol. 216, 2463-2479 (2017).

Namba, T., Nakamuta, S., Funahashi, Y. & Kaibuchi, K. The role of selective
transport in neuronal polarization. Dev. Neurobiol. 71, 445-457 (2011).

Ip, C. K,, Cheung, A. N, Ngan, H. Y. & Wong, A. S. p70 S6 kinase in the
control of actin cytoskeleton dynamics and directed migration of ovarian
cancer cells. Oncogene 30, 2420-2432 (2011).

Li, J. et al. NCAM regulates the proliferation, apoptosis, autophagy, EMT, and
migration of human melanoma cells via the Src/Akt/mTOR/cofilin signaling
pathway. J. Cell Biochem. 121, 1192-1204 (2020).

Trnski, D. et al. GSK3beta and Gli3 play a role in activation of Hedgehog-Gli
pathway in human colon cancer - Targeting GSK3beta downregulates the
signaling pathway and reduces cell proliferation. Biochim. Biophys. Acta 1852,
2574-2584 (2015).

Glibo, M. et al. The role of glycogen synthase kinase 3 (GSK3) in cancer with
emphasis on ovarian cancer development and progression: a comprehensive
review. Bosn. J. Basic Med. Sci. 21, 5-18 (2021).

Schneider, P. et al. Identification of a novel actin-dependent signal transducing
module allows for the targeted degradation of GLI1. Nat. Commun. 6, 8023
(2015).

Yam, P. T., Langlois, S. D., Morin, S. & Charron, F. Sonic hedgehog guides
axons through a noncanonical, Src-family-kinase-dependent signaling
pathway. Neuron 62, 349-362 (2009).

Carballo, G. B., Honorato, J. R., de Lopes, G. P. F. & Spohr, T. A highlight on
Sonic hedgehog pathway. Cell Commun. Signal 16, 11 (2018).

Lai, K., Robertson, M. J. & Schaffer, D. V. The sonic hedgehog signaling
system as a bistable genetic switch. Biophys. J. 86, 2748-2757 (2004).
Flemban, A. & Qualtrough, D. The potential role of hedgehog signaling in the
luminal/basal phenotype of breast epithelia and in breast cancer invasion and
metastasis. Cancers 7, 1863-1884 (2015).

Olaniyan, O. T. et al. Testis and blood-testis barrier in Covid-19 infestation:
role of angiotensin-converting enzyme 2 in male infertility. J. Basic Clin.
Physiol. Pharmacol. 31, https://doi.org/10.1515/jbcpp-2020-0156 (2020).
Wang, S., Zhang, K, Yao, Y., Li, J. & Deng, S. Bacterial infections affect male
fertility: a focus on the oxidative stress-autophagy axis. Front. Cell Dev. Biol. 9,
727812 (2021).

Selvaraju, V., Baskaran, S., Agarwal, A. & Henkel, R. Environmental
contaminants and male infertility: Effects and mechanisms. Andrologia 53,
13646 (2021).

Hamarat, M. B., Ozkent, M. S, Yilmaz, B., Aksanyar, S. Y. & Karabacak, K.
Effect of SARS-CoV-2 infection on semen parameters. Can. Urol. Assoc. . 16,
E173-E177 (2022).

Quill, T. A. et al. Hyperactivated sperm motility driven by CatSper2 is
required for fertilization. Proc. Natl Acad. Sci. USA 100, 14869-14874
(2003).

Alquezar-Baeta, C. et al. OpenCASA: a new open-source and scalable tool for
sperm quality analysis. PLoS Comput. Biol. 15, 1006691 (2019).
Shackelford, C., Long, G., Wolf, J., Okerberg, C. & Herbert, R. Qualitative and
quantitative analysis of nonneoplastic lesions in toxicology studies. Toxicol.
Pathol. 30, 93-96 (2002).

Tripathi, U. K. et al. Morphometric evaluation of seminiferous tubule and
proportionate numerical analysis of Sertoli and spermatogenic cells indicate
differences between crossbred and purebred bulls. Vet. World 8, 645-650
(2015).

Da Ros, M., Lehtiniemi, T., Olotu, O., Meikar, O. & Kotaja, N. Enrichment
of pachytene spermatocytes and spermatids from mouse testes using
standard laboratory equipment. J. Vis. Exp. https://doi.org/10.3791/60271
(2019).

Acknowledgements

We thank Prof. Pei-Shiue Tsai and Ms. Tse-En Wang from School of Veterinary Med-
icine National Taiwan University for providing technical assistance with sperm analysis.
We thank the imaging core at the First Core Labs, National Taiwan University College of
Medicine, for the technical support. We also thank National Taiwan University
Laboratory Animal Center for the histopathological examination and technical assis-
tance. This work was supported by grants MOST105-2628-B-002-051-MY3 (K.Y.S.),
MOST110-2314-B-002-269 (K.Y.S.), and MOST111-2628-B-002-029-MY3 (K.Y.S.) from
Ministry of Science and Technology, Taiwan.

COMMUNICATIONS BIOLOGY'| (2023)6:389 | https://doi.org/10.1038/s42003-023-04778-2 | www.nature.com/commsbio


https://doi.org/10.1515/jbcpp-2020-0156
https://doi.org/10.3791/60271
www.nature.com/commsbio

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-04778-2

ARTICLE

Author contributions

J.-H.C. performed all the experiments and analyses, and C.-H.C. provided the experi-
mental assistance. K.-Y.S. generated the Lermp-1—/~ mouse model. J.-H.C., K.-M.L,, and
W.-J.L. performed mice breeding. J.-H.C. and K.-Y.S. designed this study. S.-L.Y., P.-C.Y,,
and K.-Y.S. supervised the research. J.-C.W., W.-L.H., X.-R.C,, S.-L.Y., and S.-H.P.
provided the technical assistance, reagents, and equipment. J.-H.C. and K.-Y.S. wrote and
revised this manuscript. All the authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42003-023-04778-2.

Correspondence and requests for materials should be addressed to Kang-Yi Su.
Peer review information Communications Biology thanks Takehiko Ogawa and Fumio

Nakamura for their contribution to the peer review of this work. Primary Handling
Editor: Manuel Breuer. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

COMMUNICATIONS BIOLOGY | (2023)6:389 | https://doi.org/10.1038/542003-023-04778-2 | www.nature.com/commsbio 15


https://doi.org/10.1038/s42003-023-04778-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio
www.nature.com/commsbio

	LCRMP-1 is required for spermatogenesis and stabilises spermatid F-actin organization via the PI3K-Akt pathway
	Results
	LCRMP-1 is highly expressed in the testes
	Lcrmp-1-deficient mice exhibit reduced fertility and epididymal semen quality
	Spermatogonia and spermatocytes are more abundant in the seminiferous tubules of Lcrmp-1−/− mice
	LCRMP-1 deficiency causes the accumulation of early-stage germ cells in the adluminal compartment of the seminiferous epithelium
	LCRMP-1 deficiency causes abnormal spermiation
	LCRMP-1 deficiency leads to spermatid apoptosis as a result of spermiation abnormalities caused by F-actin disorganization
	The imbalanced Akt–mTOR–p70S6K/GSK3β axis interferes F-actin dynamics during spermatogenesis in mice deficient in LCRMP-1

	Discussion
	Methods
	Animals
	Animal fertility and sample collection
	RNA extraction and quantitative analysis
	Protein extraction and Western blotting
	Sperm analysis
	Immunohistochemical staining, H&E staining, and histopathological analysis
	Immunofluorescence staining
	Enrichment of testicular cells
	Statistics and reproducibility

	Reporting summary
	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




