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Abstract

Spermatogenesis is a complicated process of germ cell differentiation that occurs within the seminiferous tubule in the
testis. Peritubular myoid cells (PTMCs) produce major components of the basement membrane that separates and ensures
the structural integrity of seminiferous tubules. These cells secrete niche factors to promote spermatogonial stem cell (SSC)
maintenance and mediate androgen signals to direct spermatid development. However, the regulatory mechanisms underly-
ing the identity and function of PTMCs have not been fully elucidated. In the present study, we showed that the expression
of pancreatic lipase-related protein 2 (Pnliprp2) was restricted in PTMCs in the testis and that its genetic ablation caused
age-dependent defects in spermatogenesis. The fertility of Pnliprp2 knockout animals (Pnliprp2~'~) was normal at a young
age but declined sharply beginning at 9 months. Pnliprp2 deletion impaired the homeostasis of undifferentiated spermato-
gonia and severely disrupted the development and function of spermatids. Integrated analyses of single-cell RNA-seq and
metabolomics data revealed that glyceride metabolism was changed in PTMCs from Pnliprp2~~ mice. Further analysis
found that 60 metabolites were altered in the sperm of the Pnliprp2~~ animals; notably, lipid metabolism was significantly
dysregulated. Collectively, these results revealed that Pnliprp2 was exclusively expressed in PTMC:s in the testis and played
anovel role in supporting continual spermatogenesis in mice. The outcomes of these findings highlight the function of lipid
metabolism in reproduction and provide new insights into the regulation of PTMCs in mammals.
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Introduction

Spermatogenesis is a coordinated process of germ cell
differentiation that relies on regulatory signals from tes-
ticular somatic cells [1]. Peritubular myoid cells (PTMCs)
enclose the seminiferous tubules in the testis and act as
the major contributor of the basement membrane that cre-
ates a unique microenvironment for spermatogenic cells
[2]. PTMCs play essential roles in spermatogenesis by
providing structural integrity to the seminiferous tubule,
contracting to transport spermatozoa, and secreting key
regulatory factors [3—5]. PTMCs and Sertoli cells secrete
proteins and other substances to form the basal lamina in
the testis [6]. These two somatic cell populations supply
niche factors that promote the maintenance of spermato-
gonial stem cells (SSCs) and metabolize retinol to direct
spermatogonial differentiation [7—10]. In addition, PTMCs
are targets of androgen signaling that is indispensable for
spermatid differentiation and fertility [11]. Understanding
the genetic mechanisms underlying the development and
function of PTMCs is of great significance for tackling
fertility problems in males.

PTMC:s are smooth muscle-like cells that originate from a
mesenchymal stem cell population in the embryonic gonad,
which also gives rise to fetal Leydig cells. The formation of
PTMC:s and Leydig cell lineages relies on multiple signaling
pathways, including Wingless-related integration site (Wnt)
[12], Desert hedgehog (Dhh) [13], and Platelet-derived
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growth factor (Pdgf) [14]. These factors are likely derived
from Sertoli cells because the identities of differentiated
PTMC:s and Leydig cells are lost upon induced depletion of
Sertoli cells in neonatal testes [15]. The fate-specification
of PTMCs is marked by the expression of smooth mus-
cle alpha (a)-2 actin (Acta2) and myosin heavy chain 11
(Myhl11) [16]. At the transcriptional level, PTMCs contain
two clusters with distinctive molecular signatures [12]. Only
a limited number of genes have been identified to be spe-
cific to PTMCs in the testis. For example, the transcriptional
repressor hypermethylated in cancer 1 (Hicl) is expressed in
a proportion of PTMCs in the neonatal testis, and its deletion
causes dilation of seminiferous tubules in mice [17]. The
G protein-coupled receptor Lgr4 is selectively expressed in
PTMC:s and is essential for meiosis progression in mice [18].
Despite these important findings, our understanding of this
cell type is still incomplete compared to germ cells and other
somatic lineages in the testis.

Pancreatic lipase-related protein 2 (Pnliprp2) is a triglyc-
eride lipase, and its expression was originally identified in
the pancreas [19] and in enterocytes of the small intestine
[20]. Unlike its closely related family member Pnliprpl,
Pnliprp2 possesses lipase activity that can catalyze the
hydrolysis of galactose ester [21], phospholipid [22], and
retinyl ester [23, 24]. Pnliprp2 expression is transiently
increased in the pancreas of newborns, and its genetic abla-
tion causes problems with absorption and digestion of milk
fat in suckling pups. Interestingly, Pnliprp2-deficient mice
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Fig.1 Relative mRNA expression and protein localization of
PNLIPRP2 in PTMCs. A. Pnliprp2 mRNA was expressed in different
tissues. From left to right, the collected tissues were the heart, liver,
spleen, lung, kidney, small intestine, epididymis, testis and ovary. The
total template volume was 1 pg. f-Actin was used as a loading control
for total RNA; B. Localization of PNLIPRP2 in testis. A single strand
of DNA that was complementary to the hybridization in situ probe

show normal fat absorption after weaning [25]. It is worth
noting that the expression of Pnliprp2 is not restricted to
the pancreas and intestine in adult animals, and this gene
likely has important actions in a tissue-specific manner
under specific physiological or pathological conditions.
Pnliprp2 expression is induced in the liver of mice after
feeding a vitamin A-deficient diet or in cytotoxic T cells
after interleukin stimulation [23, 26]. Several lines of evi-
dence have indicated that Pnliprp2 may play functional roles
in reproduction. Pnliprp2 protein is enriched in developing
oocytes, and its downregulation affects egg hatching in an
insect species [27]. In goats, Pnliprp2 is present and dis-
plays enzyme activities (lipase and phospholipase) that can
hydrolyze triglycerides, oleic acid and other fatty acids in
semen [28]. Pnliprp2 expression is associated with testos-
terone levels [28]; however, its localization and function in
the testis remain unclear.

In the present study, we showed that Pnliprp2 was specifi-
cally expressed in PTMCs in mouse testes. Using a Pnliprp2
knockout line, we demonstrated that Pnliprp2 regulates
spermatogenesis in an age-dependent mechanism. Histo-
logical, single-cell transcriptomic and metabolomic analyses
revealed that Pnliprp2 deletion severely affected function
and gene expression of PTMC in the testis. Consequently,

and labeled with digoxin was used as a negative control. The green
arrow indicates Pnliprp2-positive cells after color rendering. Scale
bars=100 pm; local magnification scale bars=50 pm; NC negative
control. C. Representative images of immunofluorescent costaining
of PNLIPRP2 and ACTA2. Scale bars=50 pm; green fluorescence is
PNLIPRP2; ACTA2 marks peritubular myoid cells (PTMCs) with red
fluorescence; blue fluorescence marks the nucleus of DAPI

homeostasis of the undifferentiated spermatogonial lineage
was affected, and spermatid development was disrupted.
Taken together, our study adds to the understanding of
the molecular mechanism of Pnliprp2 and confirms the
important role of PTMCs in spermatogenesis and testicular
function.

Results

Relative mRNA expression and protein localization
of PNLIPRP2 in PTMCs

First, we examined the expression and abundance of
Pnliprp2 mRNA in various tissues of 8-week-old mice using
gRT—PCR. Previous studies identified Pnliprp2 expression
in at least two tissues: pancreas and small intestine [20,
26]. Our results showed that transcripts were also highly
expressed in the testes of adult mice (Fig. 1A). We then
examined the presence and cellular localization of Pnliprp2
mRNA in the testis using in situ hybridization (ISH). Tissues
from the small intestine were used as a positive control (Sup-
plemental Fig. 1A). Pnliprp2-positive cells were spindle-
shaped cells surrounding the seminiferous tubules (Fig. 1B),
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Fig.2 Pnliprp2 deletion leads to age-dependent fertility loss. A.
Schematic diagram of Pnliprp2~'~ mice generated by using CRISPR/
Cas9 technology. B Knockout efficiency was identified at the protein
level, and green fluorescence was PNLIPRP2. ACTA2 marked peri-
tubular myoid cells with red fluorescence. Scale bar=50 pm. C The

indicating that this gene was likely specifically expressed in
the cells around the basement membrane. Immunofluores-
cence (IF) staining of PNLIPRP2 and ACTA?2, which marks
PTMC:s in the testis, revealed that these two proteins were
colocalized (Fig. 1C). Together, these data revealed that the
Pnliprp2 transcript was exclusively present in PTMCs in
the testis.

Pnliprp2 deletion leads to age-dependent fertility
loss and spermatogenic defects

Next, we examined the function of Pnliprp2 in spermato-
genesis using a knockout approach. Because an efficient Cre
mouse line that specifically targets the PTMC lineage in the
testis is not available [29, 30], we generated a global Pnliprp2
knockout model (Pnliprp2~~) using CRISPR/Cas9 tech-
nology (Fig. 2A). Genotyping results showed that Pnliprp2
was successfully deleted, and IF staining failed to detect its
expression in PTMCs in the testes of Pnliprp2~~ male mice
(Fig. 2B and Supplemental Fig. 1B-D). The knockout mice
were born at the expected Mendelian ratio and developed
normally after reaching adulthood (Supplemental Fig. 1E,
F). While Pnliprp2~'~ females exhibited normal fertility and
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testes and epididymis of 9-month-old Pnliprp2*'= and Pnliprp2~/~
mice. D Testis/body weight of Paliprp2~~ and Pnliprp2*'~ mice
at 6 days, 35 days, 3 months, 6 months, 9 months and 11 months
(n=3). (E) Quantification of the average litter size of Pnliprp2+/ ~and
Pnliprp2~~ male mice (n=3)

ovarian function (Supplemental Fig. 2), the males displayed
an age-dependent decline in fertility with reduced testis size
(Fig. 2C-E and Supplemental Fig. 1G). Specifically, we
noticed that the testis weight of Pnliprp2~~ began to decline
at 9 months of age (Supplemental Fig. 1G). Although the
body weight was similar between adult Pnliprp2~~ and lit-
termate controls (Supplemental Fig. 1F), the testis to body
weight ratio was reduced by 21.8% at 9 months (3.94 +£0.25
vs. 3.08+0.63, P=0.27) and by 31.3% at 11 months
(3.62+0.12 vs. 2.54 +0.30, P <0.05) compared to litter-
mate controls (Fig. 2D). The fertility test revealed that the
litter sizes of knockout and control mice were comparable at
4 months but decreased at 6 months of age and continued to
decline at 9 and 11 months. At 11 months of age, the average
litter size of the Pnliprp2~~ males was only 1.5, which was
significantly different from the 6.39 litter size of the controls
(n=3, P<0.05) (Fig. 2E).

To determine the reason for reduced fertility, we conducted
histological analysis on cross-sections from testes of 1-, 3-,
6-,9-, and 11-month-old control and Pnliprp2~~ mice. H&E
staining revealed that seminiferous tubules of control animals
contained completed spermatogenesis; in sharp contrast,
spermatogenesis in Pnliprp2~~ testis was severely disrupted
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Fig.3 Pnliprp2 deletion in PTMCs leads to testicular structure and
spermatogenic defects. A Representative images of hematoxylin
and eosin (H&E)-stained testicular cross-sections of Pnliprp2™/~
and Pnliprp2+/‘ mice at 35 days, 3, 6, 9, and 11 months. Scale
bar=100 um. B Representative images of abnormal seminifer-
ous tubules of Pnliprp2~~ mice at 11 months. Scale bar=50 pm,
100 pym. C Statistical analysis of abnormal seminiferous tubules
from 6 to 11 months. n=3, 500 seminiferous tubules were counted
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in each group, ****P <(0.0001. D Number of cells in the abnormal
seminiferous tubules. ****P <0.0001 E Statistical diagram of sper-
matogenic tubule diameter (n=3). Three sections were used for each
mouse, and 100 seminiferous tubules were used for diameter meas-
urement. *P <0.05. F Representative TEM images of testis PTMCs.
Scale bar=2 pm. G Statistical analysis of the width of the intercel-
lular space from PTMCs. n=3, 5 TEM images were counted in each
sample, *P <0.05
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Fig.4 Pnliprp2 deletion affected spermatid development
sperm function. A H&E staining of 9-month cauda epididymides in
Pnliprp2™~ and Pnliprp2*/~ mice. Scale bars=100 ym. B Sperm
count of Pnliprp2™~ and Pnliprp2*/~ mice at 3, 6 and 9 months.
##%P <(0.001. C H&E images of normal and abnormal sperm. Scale
bars=25 um. D Abnormality rate of Pnliprp2~~ and Pnliprp2*/~
mice at 3, 6 and 9 months. ***P <(0.001. E Representative TEM
images of epididymal sperm from 9-month-old Pnliprp2~~ and
Pnliprp2*/~ mice. Scale bars=5 pm. (F-G) Representative images

at 11 months with disorganized spermatogenic cells and the
presence of vacuoles (Fig. 3A). Detailed analysis revealed that
the affected tubules contained a smaller number of spermato-
gonia, spermatocytes and misoriented spermatids (Fig. 3B,
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F and rate G of acrosome reaction (AR) induced by A23187 from
9-month-old sperm in Pnliprp2~~ and Pnliprp2*~ mice. At least 800
sperm were counted for each genotype. Scale bars=25 pm, White
*indicates no AR, and red *indicates AR, ***P<(.001, n=3. (H)
Representative images of IVF from Pnliprp2~'~and Pnliprp2*’~ mice
at 9 months. Scale bars =200 pm. (I) Fertilization, cleavage and blas-
tocyst rates of Pnliprp2~~ and Pnliprp2*~ mice at 6 and 9 months.
*##%P <0.001,n=3

D). Spermatogenic defects did not appear in the testes of
PnliprpZ_/ ~ males at 6 months of age; however, the diameter
of seminiferous tubules was marginally decreased at 9 months
of age (179.51 pm=+1.84 pm vs. 152.35 pm+5.74 pm,
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P <0.05). The number of abnormal seminiferous tubules was
significantly increased (Fig. 3C, E). A total of 7.86% of semi-
niferous tubules contained detectable abnormal spermatogen-
esis at 9 months (3.194+1.68 vs. 39.3+6.54, P<0.001), and
this number was increased to 70.09% at 11 months (1.47+1.01
vs. 350.30+20.76, P <0.001) (Fig. 3C). The seminiferous epi-
thelial cycle was also disordered at this stage. For example,
the percentage of seminiferous tubules in stages [V-VI was
increased (21.45+2.02% vs. 29.92+1.96%, P <0.05), while
the percentage of tubules in stages VII-VIII was decreased
(39.27% +1.95% vs. 33.42% +0.72%, P <0.05) (Supplemen-
tal Fig. 3). The testis structure was further analyzed by TEM
(transmission electron microscope), and normal PTMCs sur-
rounded the outer layer of the basement membrane of the
seminiferous tubules, with flat or elongated cells. The cyto-
plasm contained abundant mitochondria and a smooth endo-
plasmic reticulum, and there was a layer of telocytes (TCs)
with beaded protrusions on the outer layer. Compared with the
controls, the Pnliprp2~~ animals had significantly deformed
PTMC nuclei, condensed cytoplasm, and significant vacu-
oles in the cytoplasm. In addition, the intercellular space was
significantly broadened (Fig. 3F, G). TEM analysis of sper-
matocytes revealed a coarse meshwork of nuclear chromatin
in spermatocytes, and some spermatocytes from knockout
mice exhibited necrosis with vacuoles at the cytoplasmic
rim, exacerbated mitochondrial swelling, and nuclear enve-
lope dissolution (Supplemental Fig. 4A, B). The Sertoli cell
structure of the Pnliprp2~/~ animals was still normal, but the
density of the cytoplasm was reduced (Supplemental Fig. 4C,
D). Together, these data suggested that spermatogenesis was
disrupted by Pnliprp2 deletion; as a result, fertility declined
in an age-dependent manner.

Pnliprp2 deletion affected spermatid development
and sperm function

To dissect the reasons for the reduced fertility, we meas-
ured the concentration, morphology, and fertilization
capacity of sperm from control and Pnliprp2~'~ mice.
Compared with the controls, the sperm concentration of
Pnliprp2~'~ animals was significantly reduced at 9 months
of age (8.32x 107 vs. 4.00x 107, P <0.001) (Fig. 4A, B),
while the number of abnormal sperm reached 85.23%
(25.32% +4.85% vs. 85.23% +£4.56%, P <0.001) (Fig. 4C,
D). TEM analysis of sperm ultrastructure showed broken
microtubule structures and mitochondrial myelin sheaths in
sperm from Pnliprp2~'~ mice (Fig. 4E). We also found that
the sperm motility of Pnliprp2~'~ mice was impacted. The
occurrence of the acrosome reaction (AR) was assessed
using the ionophore A23187, which induces calcium influx
in sperm and ARs [31]. At 6 months, the incidence of

spontaneous and induced ARs was similar; however, the
incidence of induced ARs in Pnliprp2~~ mice decreased
significantly (75.89 £6.64% vs. 36.22 +2.69%, P <0.01) at
9 months (Fig. 4F, G). The in vitro fertilization results fur-
ther confirmed that Pnliprp2 deletion affected the cleav-
age rate (58.67 £5.81% vs. 94.95+2.54%, P<0.01) and
blastocyst rate (36.65 +3.17% vs. 73.88 £3.89%, P <0.01)
of sperm from Pnliprp2~~ mice (Fig. 4H, I). We also
examined meiotic progression using spermatocyte nuclear
spreading, and the results indicated that the percentages
of germ cells in leptotene, zygotene, pachytene, diplotene
and diakinesis were similar in the testes of Pnliprp2~~ and
control animals, indicating that meiosis progression was
not impacted by Pnliprp2 deletion (Supplementary Fig. 5).
Taken together, these observations indicated that Pnliprp2
deficiency impacted sperm quantity and function, therefore
causing a decline in fertility.

Pnliprp2 function is crucial for sustaining
the undifferentiated spermatogonial lineage

Because we noticed that the total number of spermatogenic
cells was reduced in Pnliprp2~~ mice as early as 9 months
of age, we next examined whether the homeostasis of the
spermatogonial lineage that contains the foundational SSCs
and progenitor spermatogonia was influenced in these mice
(Fig. 3D). Quantification of the germ cell/Sertoli cell ratio
using immunofluorescence co-staining of the germ cell
marker TRA98 and the Sertoli cell marker SOX9 revealed
that the number of germ cells decreased in Pnliprp2~~ mice
at 9 months (6098.43 +440.78 vs. 4422.58 +145.23,
P <0.05) (Fig. 5A and D). It appeared that germ cell loss
was not a result of elevated apoptosis because the results of
the terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay revealed no difference in apoptosis
of testicular cells from control and knockout mice from 3
to 11 months of age (Fig. 5C and F). Importantly, the over-
all number of undifferentiated spermatogonia, which were
labeled by LIN28A expression, was significantly decreased
by 29.47% (0.65+0.01 vs. 0.46+0.03, P <0.01) and 20.54%
(0.57+0.01 vs. 0.45+0.03, P <0.05) in the testes of 9- and
11-month-old Pnliprp2~'~ mice, respectively (Fig. 5B and
E).

To further determine the fate decisions of undifferenti-
ated spermatogonia, we examined the proliferation and ratio
of Asingle (As)’ Apaired (Apr)’ and Aaligned (Aal) spermatogo-
nial subtypes (Fig. 6A). Whole mount staining of seminif-
erous tubules for LIN28A revealed a significant increase
in A spermatogonia (26.51 +2.87 vs. 63.35% +7.86%,
P <0.05) and a significant reduction in A,; spermatogonia
(43.08% +2.67% vs. 16.70% +6.85%, P <0.05) at 11 months
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«Fig.5 Pnliprp2 function is important for the maintenance of undif-
ferentiated spermatogonia. A Immunofluorescence with SOX9 (red,
the marker of Sertoli cells), TRA98 (green, the marker of germ cells)
and DAPI (blue) in Pnliprp2~~ and Pnliprp2*~ mouse testes. Scale
bars=100 pm. B Immunofluorescence staining for LIN28A (red, a
marker of undifferentiated spermatogonia), SOX9 (green, a marker
of Sertoli cells) and DAPI (blue) in Pnliprp2™~ and Pnliprp2*/~
mouse testes. Scale bars =50 pm. C Immunofluorescence staining for
TUNEL (red) and DAPI (blue) in Pnliprp2~'~ and Pnliprp2*/~ mouse
testes. Scale bars=100 um. D Statistics of the number of TRA98*
cells per 500 SOX9* cells in Pnliprp2~"~ and Pnliprp2*/~ mice at 3,
6, 9 and 11 months. At least 1500 SOX9" cells were counted from
3 mice of each genotype. *P<0.05. E Quantifications of LIN28A*
cells/SOX9™ cells in Pnliprp2™~ and Pnliprp2*/~ mouse testes at
3, 6,9, and 11 months. At least 1500 SOX97 cells were counted for
3 mice of each genotype. **P <0.01. F Statistics of the number of
apoptotic cells in the testes of Paliprp2~~ and Pnliprp2*/~mice at 3,
6, 9 and 11 months

of age (Fig. 6B). Next, we labeled proliferative spermato-
gonia using an EdU incorporation assay, and the results
showed that LIN28A™ A; A and A, spermatogonia with
EdU and retention rates in LIN28A* spermatogonia were
significantly increased in Pnliprp2~~ mice compared to
controls (A 13.17+£9.52% vs. 42.67+4.35%, P <0.05;
Ay 13.58£7.45% vs. 47.91% +£5.62%, P<0.05; A,
73.25+16.78% vs. 25.04 +2.31%, P <0.05) (Fig. 6C). IF
staining of c-Kit, which marks differentiating spermatogonia
within the seminiferous tubules, showed that the number of
differentiating spermatogonia did not change significantly
(Supplementary Fig. 6). We then examined the expression of
genes related to SSC fate decisions in PTMCs and spermato-
gonia cocultured cells as described previously [5]. Isolated
PTMCs were positive for ACTA2, and interestingly, Oil Red
O staining revealed that Pnliprp2-deficient PTMCs appeared
to contain enriched lipid contents (Fig. 7A, B). Thy1* tes-
ticular cells from wild-type pups were then cocultured with
PTMC:s from control or Pnliprp2 knockout mice for 3 days.
The results of Ki67 and LIN28A staining showed that the
percentage of proliferative undifferentiated spermatogonia
was reduced in Pnliprp2-deficient PTMC cultures (Fig. 7C,
D). The relative expression of Lin28a and Ddx4 did not
change significantly, but Id4 was decreased by 73%, while
Bcl6b was increased by 412% in spermatogonia cultured
with Pnliprp2~"~ PTMCs (Fig. 7E). The results revealed that
the ability of PTMCs to support gene expression associ-
ated with SSC maintenance was altered by Pnliprp2 dele-
tion. Furthermore, the mRNA levels of Nppb (natriuretic
peptide type B, quiescence factors of contraction) and Agt
(angiotensinogen, stimulators of PTMC contraction) were
significantly elevated in PTMCs isolated from Pnliprp2
knockout animals (Fig. 7F) [32], indicating that genes regu-
lating contraction were also impacted. Collectively, these
data indicated that the deletion of Pnliprp2 impacted the
homeostasis of undifferentiated spermatogonia and changed
the expression of genes associated with SSC fate decisions.

Pnliprp2 deletion changed gene expression
and the developmental trajectory in PTMCs

Single-cell RNA-seq analysis is a powerful method to
reveal dynamics in gene expression and the developmen-
tal trajectory of testicular cells [33]. We isolated testicular
cells from 2-month-old control and Pnliprp2~~ mice and
examined gene expression at single-cell resolution using the
10 x Genomics platform. A total of 13,800 Pnliprp2*~ and
13,318 Pnliprp2~~ testicular cells passed standard qual-
ity control and were retained for subsequent analysis. We
selected highly variable genes and performed principal com-
ponent analysis (PCA) and hierarchical clustering on the
significant principal components. Twenty cell clusters were
obtained by combining Pnliprp2*/~ and Pnliprp2™~ tes-
ticular cells (clusters CO to C19) (Fig. 8A, Supplementary
Fig. 7). Expression enrichment of known markers and dif-
ferentially expressed genes (DEGs) (Fig. 8B, C) allowed us
to assign the identity of the cell clusters. We identified sper-
matogenic cells at various developmental stages (expressing
Ddx4, Dazl, Stra8, Sycpl or Tnpl) and three main somatic
cell populations, including Sertoli cells (expressing Ar),
Leydig cells (expressing Hsd3b1), and PTMCs (expressing
Acta2) (Supplementary Fig. 8A-B). A total of 21, 66, 424
and 39 DEGs were identified in germ cells, Sertoli cells,
and Leydig cells, respectively (Supplementary Fig. 8C). We
selected DEGs to detect their mRNA expression levels in
spermiogenesis, such as Odf1 (outer dense fiber of sperm
tails 1), Capza3 (capping actin protein of muscle Z-line sub-
unit alpha 3), Sun5 (Sadl and UNC84 domain containing 5),
and Rdhl1 (retinol dehydrogenase 11), and found that their
expression levels were significantly reduced (Supplemen-
tary Fig. 8D and Table S4). Because Pnliprp2 was specifi-
cally expressed in PTMC:s, this cell fraction was extracted
from whole testicular cells using previously identified
marker genes (Acta2 and MyhlI). The extracted cells were
assigned into 3 subclusters (Fig. 8D, E), indicating that the
PTMC:s contained three distinct fractions at the single-cell
level. Pnliprp2 expression was downregulated in all these
cells in Pnliprp2~~ mice compared to controls (Fig. 8H);
however, its deletion did not affect the proportion of cells
in these three clusters. Further analysis showed that a total
of 25 genes were downregulated and 14 genes were upregu-
lated in the PTMCs of Pnliprp2~'~ mice These DEGs were
functionally enriched in the cGMP-PKG signaling pathway,
glycolipid metabolism, protein processing in the endoplas-
mic reticulum, and the oxytocin signaling pathway (Fig. 8F).
We selected DEGs to detect their mRNA expression level
in the glycolipid metabolism pathway, such as Dgkh (dia-
cylglycerol kinase), Fdftl (farnesyl diphosphate farnesyl
transferase 1) and Pdxdcl (containing pyridoxine-dependent
decarboxylase domain 1), and found that their expression
level was significantly reduced (Fig. 8G and Table S4). Cell
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Fig.6 Pnliprp2 function is crucial for fate decisions of undifferenti-
ated spermatogonial population. A Images of EdU (red, the marker
of cell proliferation) and LIN28A (green, the marker of undifferen-
tiated spermatogonia) by whole-mount staining in Pnlilprp2~~ and
Pnliprp2*~ seminiferous tubules at 9 and 11 months after EdU injec-

communication among cell types using CellChat demon-
strated that PTMCs intensively communicated with germ
cells, Leydig cells and Sertoli cells (Fig. 8). Together, the
outcomes of these experiments showed that loss of Pnliprp2
function impacted the gene expression of PTMCs and likely
affected germ cells indirectly.

Pnliprp2 deletion altered the developmental
trajectory and gene expression in undifferentiated
spermatogonial subtypes

Because PTMCs showed strong communication with
germ cells, we next focused on spermatogonia to reveal
the impact of Pnliprp2 loss of function on putative SSCs
and progenitor spermatogonia. Reclustered germ cells
contained 10 different clusters (Fig. 9A), and the expres-
sion of genes enriched in the spermatogonia compartment
was enriched in cluster 6 (Fig. 9A, B). Pseudotime trajec-
tory analysis revealed that cells from Cluster 6 were at the
beginning of the trajectory, further supporting this conclu-
sion (Fig. 9C, D). Three different states were identified
among these spermatogonial cells (SPGO-2), and trajectory
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tion. Scale bars=50 pm. B, C Proportions of A, A and A, sper-
matogonia proportions with or without EdU in LIN28A* cells in
Paliprp2™~ and Pnliprp2*~ mice. At least 1000 LIN28A™ cells were
counted from 3 mice of every genotype, *P <0.05

analysis indicated that SPGO was the initial cell popula-
tion (Fig. 9E, F). Quantitatively, we determined that 18.6%,
35.2%, and 46.2% of cells sorted into SPGO, SPG1 and
SPG2, respectively, in the Pnliprp2+/ ~ sample and 14.6%,
51.8% and 33.6% of cells sorted into SPGO, SPG1 and
SPG?2, respectively, in the Pnliprp2™~ sample (Fig. 9G,
H). A dramatic decrease in the percentage of SPG2 cells in
the Pnliprp2~~ sample suggests that Pnliprp2 deficiency
severely impairs germline stem cell development. A total of
261 DEGs were identified in these three cell lines, includ-
ing 132 upregulated genes and 129 downregulated genes
(Supplementary Fig. 9A). These data indicated that oxi-
dative phosphorylation, pyruvate metabolism and glucose
metabolism were enhanced, while glycolysis/gluconeogen-
esis, cellular senescence and tight junctions were inhibited
in spermatogonia upon Pnliprp2 deletion (Supplementary
Fig. 9B). We selected DEGs to detect their mRNA expres-
sion levels in the oxidative phosphorylation pathway, such
as Ndufa4 (mitochondrial complex associated) and Cox7b
(cytochrome c oxidase subunit 7b), and found that their
expression levels were significantly reduced (Supplemen-
tary Fig. 8E and Table S4).
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Fig.7 Pnliprp2 in PTMCs influences proliferation and gene expres-
sion of undifferentiated spermatogonia. A Representative image of
isolated cells stained with the PTMC marker ACTA2 (green signals).
Nuclei were stained with DAPI. Cell purity greater than 80%. Scale
bar, 50 pm. B Representative image of primary cultured PTMCs by
Oil Red O staining, lipid droplets in the cytoplasm of PTMCs (indi-
cated by the red arrow). Scale bar, 50 pm. C Representative image of
PTMC and SSC cocultured cells. The initial SSC cell count is 2 x 109,
LIN28A (green, the marker of undifferentiated spermatogonia) and

The functions of Sertoli cells and Leydig cells were
impacted in Pnliprp2~'~ mice

Because PTMCs showed strong communication with Ser-
toli cells and Leydig cells, we next focused on somatic
cells to reveal the impact of Pnliprp2 loss of function on
Sertoli cells and Leydig cells. Reclustered Sertoli cells
contained 7 different clusters (Fig. 10A). Compared with
those in Pnliprp2*'~ mice, Sertoli cells in Pnliprp2~'~ mice

Ddx4
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o
0.0
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Ki67 (red, the marker of cell proliferation). D Cell ratio of prolifera-
tion of SSCs. **indicates a significant difference at P<0.01. E qRT-
PCR analysis of Id4, Bcl6b, Lin28a and Ddx4 transcript abundance in
PTMC and SSC coculture cells. n=3. **indicates a significant differ-
ence at P<0.01. ns: indicates no difference. F The mRNA levels of
genes implicated in smooth muscle contraction, such as Nppb, Gpr4,
Ednrb, and Agt, in isolated PTMCs of Pnliprp2™~ and Pnliprp2*/~
mice

were distributed in each cluster. A total of 66 DEGs were
identified in these three cell subtypes, including 34 upregu-
lated genes and 32 downregulated genes (Fig. 10B). Dif-
ferential gene analysis showed that upregulated DEGs
were enriched in lipid metabolism (Fig. 10C). We selected
DEGs to detect their mRNA expression level in the ether
lipid metabolism pathway, such as Alad (Aminolevulinate,
delta-, dehydratase), PIb1 (Phospholipase bl) and Cd2 bp2
(CD2 cytoplasmic tail binding protein 2), and found that
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«Fig.8 Pnliprp2 deletion changed gene expression and the devel-
opmental trajectory in PTMCs. A t-SNE and clustering analysis
of combined single-cell transcriptome data from Pnliprp2~~and
Pnliprp2*/~ testicular single cells. Each dot represents a single cell,
and cell clusters are distinguished by colors. B Gene expression pat-
terns of selected germ cell and somatic cell marker genes projected
on the t-SNE plots; C Dotplot for expression of selected marker genes
across all identified cell types in Pnliprp2~"~and Pnliprp2*'~ testicu-
lar cells; D Focused analysis (t-SNE clustering) of combined (Top),
Pnliprp2~'~ and Pnliprp2*/~ (Bottom) myoid cells documented 3 bio-
logical subtypes. E Expression pattern of myoid cell marker genes in
t-SNE of myoid cells. F The FPKM in Paliprp2~~ compared with
Pnliprp2*/~ myoid cells. G Compared with Pnliprp2*/~ myoid cells,
Pnliprp2™~~regulated triglyceride metabolism was consistent with
the function of PNLIPRP2 hydrolase and consistent with the results
of lipid metabolism. H qRT—PCR analysis of PTMC marker genes
and DEGs of the glycerolipid metabolism pathway. *P <0.05. I There
was cell signal communication between myoid cells and other cell

types

their expression levels were significantly increased (Sup-
plementary Fig. 8D and Table S4).

Cell communication among different cell types was ana-
lyzed by CellChat, and Sertoli cells communicated strongly
with germ cells and Leydig cells, and this communicat-
ing signal was altered by PNLIPRP2 deletion (Fig. 8I).
Next, reclustered Leydig cells contained 2 different clus-
ters (Fig. 10E). Similar to Sertoli cells, Leydig cells in
Pnliprp2~~ mice were distributed in both clusters compared
with controls (Fig. 10E). Further analysis showed that 194
genes were downregulated and 230 genes were upregulated
in the Leydig cells of Pnliprp2~~ mice (Fig. 10F). These
DEGs were functionally enriched in the mitochondrial pro-
tein catabolic process, tetrapyrrole biosynthetic process and
cAMP signaling pathway (Fig. 10G). We selected DEGs to
detect their mRNA expression level in the metabolism path-
way, such as Ndufa4l2 (Mitochondrial complex associated
like 2) and Cox7a2l (Cytochrome c oxidase subunit 7A2
like), and found that their expression levels were signifi-
cantly reduced (Fig. 10H Table S4). However, we did not
find changes in testosterone levels (Supplementary Fig. 1H).
Taken together, these data suggested that age-related dysreg-
ulation of spermatogenesis was closely related to the dimin-
ishing metabolic function of Sertoli cells and Leydig cells.

Pnliprp2 deletion altered the lipid metabolome
in the testis

In scRNA-seq, we discovered that glycolipid metabolism
was downregulated in PTMCs from Pnliprp2~~ mice, lead-
ing to the retardation of spermatogonial proliferation and
thereby affecting spermatogenesis. Next, we conducted
metabolomics analysis to screen the candidate molecules
that mediate the actions. To this end, untargeted lipidom-
ics analysis was performed on the testes from the controls
(n=17) and the Pnliprp2~~ samples (n=7). After stringent

quality control (Supplemental Fig. 10 and Supplemental
Fig. 11), 60 metabolites were detected to be significantly dif-
ferent between the controls and Pnliprp2~~ mice. Of these,
37 metabolites were upregulated, while 23 metabolites were
downregulated (Fig. 11A), such as phosphatidyl choline
(PC), phosphatidyl ethanolamine (PE) and triglyceride (TG)
(Fig. 11B). Research findings have shown that testis matura-
tion, germ cell development and sperm function are related
to lipid composition. Phospholipids (PLs), especially PC and
PE, are major integral components of plasma membranes
and are also involved in sperm membrane permeability and
fluidity [34, 35] and acrosomal reactions [36]. Asymmetry
of phospholipids and their fatty acids in the sperm inner
and outer plasma membranes greatly influences epididymal
maturity [37] and sperm motility [38]. Long-chain fatty acid
TG metabolism disorder impairs male fertility [39]. These
findings and research further confirmed that abnormal lipid
metabolism is the reason for the decrease in sperm acrosome
occurrence and fertilization rate in Pnliprp2~'~ mice. Path-
way analysis with MetaboAnalyst 5.0 showed the involve-
ment of multiple metabolites connected to metabolism. Spe-
cifically, many metabolites were significantly enriched in
signaling pathways, including the triacylglycerol signaling
pathway and prostaglandin signaling pathway (Fig. 11C, D).
The significantly upregulated metabolites were ceramides
(Cer), diglycosylceramide (CerG2), phosphatidylglycerol
(PG) and sulfoquinovosyldiacylglycerol (SQDG) (Fig. 1 1E).
Free fatty acids are mainly stored in lipid droplets in the
form of triacylglycerol. Testicular lipid droplets are mainly
distributed in Leydig cells and Sertoli cells. Subsequently,
we selected some genes related to lipid metabolism and
verified their expression in testicular tissue through qRT—
PCR. We found that the mRNA expression level of the gene
Lipe (Lipase E, hormone sensitive type) related to glycerol
metabolism was significantly reduced, while the expression
level of Gk (Glycerol kinase) was significantly increased.
The expression levels of Fabp3 (fatty acid binding protein
3) and Cp12 (carnitine palmitoyl transferase 2) genes related
to fatty acid metabolism were significantly reduced. StAR
(steroidogenic acute regulatory protein) and HsdI17b12
(hydroxysteroid (17-beta) dehydrogenase 12) regulate cho-
lesterol synthesis, and their expression levels were signifi-
cantly reduced (Fig. 11F). We further measured the con-
centrations of the highly expressed metabolites triglyceride
(TG) and ceramide (Cer) in the testis and PTMCs by ELISA
and found that their expression levels increased significantly
(Fig. 11G). In summary, these data suggested that ablation of
Pnliprp2 leads to an increase in the relative content of tria-
cylglycerol and that elevated testicular triglycerides are asso-
ciated with abnormal expression of key enzymes involved
in triacylglycerol synthesis (Rosiglitazone [40], Acylglyc-
erolphosphate acyltransferase [41]), hydrolysis (Adipose
triglyceride lipase [39], Hormone sensitive lipase [42]) and
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Fig.9 Pnliprp2 deletion altered spermatogonial fate decisions and
gene expression. A Focused t-SNE clustering analysis of combined
germ cells. Germ cells documented 10 biological subtypes. Each dot
represents a single cell, and cell clusters are distinguished by colors.
B Gene expression patterns of selected marker genes corresponding
to spermatogonia in germ cells and concentrated in clusters 6 and 8.
C Pseudotime ordering of combined germ cells by monocle2, clus-
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Fig. 10 The function of Sertoli cells and Leydig cells was impacted
in Pnliprp2™~ mice. A t-SNE and clustering analysis of combined
single-cell transcriptome data from Pnliprp2~~and Pnliprp2*/~ Ser-
toli cells. Each dot represents a single cell, and cell clusters are dis-
tinguished by colors. B Scatterplots of differentially expressed genes
in Sertoli cells. Red scatter, genes with significant upregulation; blue
scatter, genes with significant downregulation; gray scatter, genes
with no significant difference. C Upregulated gene enrichment in
KEGG pathway analysis, Pla2g7, Alad, Plbl, Acadl and Cd2 bp2
genes enriched in ether lipid metabolism. The genes highlighted in
red are used for verification. D qRT—PCR analysis of Sertoli cell
marker genes and DEGs of the ether lipid metabolism KEGG path-
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Fig. 11 Pnliprp2 deletion altered the lipid metabolome in the tes-
tis. A Volcanic map of differential lipid metabolites. B Differential
metabolite clustering pie chart. C Pathway analysis results of differ-
ential metabolites. D Analysis of differential lipid metabolite meta-
bolic pathways in control and knockout mice. E Box plots showing
representative metabolite changes in testes between Pnliprp2*/~ and
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lipid droplet formation (Seipin [43]). However, which key
genes and key metabolites are involved in the regulation of
lipid metabolism awaits further investigation.

Discussion

PTMCs are essential components of the testicular micro-
environment and play indispensable roles in directing sper-
matogenesis in mammalian testes [44]. Here, we discovered
a specific role of Pnliprp2 in supporting PTMC function
and long-term maintenance of spermatogenesis. Using ISH
and IF staining, we provided strong evidence that Pnliprp2
expression was restricted to PTMCs in mouse testes. Genetic
ablation of Pnliprp2 impaired spermatogonial fate decisions
and sperm function in adult mice. Taken together, these
data conclusively establish Pnliprp2 as an essential factor
in the maintenance of the spermatogenic lineage in the tes-
tis, which is essential to ensure robust spermatogenesis and
male fertility.

A novel finding of this study is that Pnliprp2 was highly
expressed in PTMCs of the testis. Previous studies have
identified that Pnliprp2 is constitutively expressed in the
pancreas and epithelial and Paneth cells of the intestine
[26, 45]. Under certain conditions, Pnliprp2 expression is
induced in cytotoxic T lymphocytes [46] and the liver [47].
Pancreatic Pnliprp2 is responsible for dietary fat digestion
during the neonatal period of development [25]. Pnliprp2
is localized in PTMCs, and its protein is not distributed
in the intercellular space, indicating that Pnliprp2 is not
a secretory protein in the testis, which is different from
its expression pattern in the pancreas [25, 26]. Although
PTMCs and Leydig cells are derived from common pro-
genitors during early development [16], Pnliprp2 expres-
sion distinguishes these two cell types in the postnatal
testis. Liver injury induced the expression of Pnliprp2 in
hepatic stem cells, and interestingly, Acta2 was also stimu-
lated, indicating that the expression of these two genes is
correlated [47]. In the testis, the expression of these two
genes is specific to PTMCs, and it is possible that a shared
transcription program stimulates the expression of a list of
genes to support the development and function of PTMCs.

PTMCs have multifaceted roles in directing the fate
decisions of undifferentiated spermatogonia. Spermatogen-
esis mainly contains three major phases: mitosis of sper-
matogonia, meiosis of spermatocytes and spermiogenesis
[48]. Spermatogonia are distributed around the basement
membrane and interact closely with PTMCs. A subpopu-
lation of spermatogonia acts as SSCs to sustain long-term
spermatogenesis. One of the major roles of PTMCs is to
secrete GNDF, which dictates SSC fate decisions and plays
an indispensable role in the maintenance of continual sper-
matogenesis [5]. PTMCs are a source of extracellular matrix

(ECM) proteins, such as fibronectin, collagen, and laminin,
to form the basement membrane that serves as an anchor
to spermatogonia [49, 50]. In this study, we found that the
deletion of Pnliprp2 did not affect meiosis but severely
impacted the homeostasis of spermatogonial populations
and the function of spermatids. A dramatic decrease in
the percentage of SSCs and progenitor spermatogonia was
confirmed by immunohistochemical and scRNA-seq analy-
ses. This phenotype was likely not caused by alteration of
niche factors because expression of Gdnf and other impor-
tant niche factors were not modulated by Pnliprp2 ablation
in PTMCs. Instead, DEG analysis indicated that oxidative
phosphorylation, pyruvate metabolism and glucose metabo-
lism were upregulated in undifferentiated spermatogonia.
The self-renewal of SSCs relies on glycolysis, while sper-
matogonial differentiation depends on oxidative phospho-
rylation [51, 52]. We found that inactivation of Pnliprp2 in
PTMCs changed the proportion of A spermatogonia and
significantly impacted the oxidative phosphorylation pro-
cess. These findings support the conclusion that changes
in lipid metabolism in PTMCs alter metabolic programs in
SSCs, therefore affecting the maintenance of this unique
germ cell population.

Another finding is that lipid metabolism directed by
Pnliprp2 in PTMCs is crucial for sperm function. Our
understanding of the metabolic regulation of spermato-
genesis mainly focuses on Sertoli cells, which provide an
energy source for developing germ cells [53]. Importantly,
the energy of Sertoli cells itself is derived from fatty acid
oxidation, and their lipid storage and metabolism are crucial
for germ cell survival [53, 54]. In this study, scRNA-seq
data revealed that PTMCs intensively communicated with
germ cells, Leydig cells and Sertoli cells. Mutual regulation
among germ cells, Sertoli cells, PTMCs and Leydig cells
is crucial to the construction of the testis and the orderly
development of spermatogenesis. Sertoli cells play central
roles in sustaining the differentiated state of PTMCs and the
differentiation hierarchy of adult Leydig cells in prepubertal
testes [15]. In this study, Pnliprp2 deletion in PTMCs upreg-
ulated genes associated with lipid metabolism in Sertoli
cells. Terminal differentiation of spermatids is sensitive to
alterations in Sertoli cells [55], and we speculated that inter-
actions between Sertoli cells and PTMCs were important
for spermatid development and sperm function, which were
impaired by Pnliprp2 in PTMCs. PTMCs and Leydig cells
share common progenitors, and these two testicular somatic
cells are closely related. Pnliprp2 deletion did not cause a
significant change in testosterone synthesis but affected the
transcriptome of Leydig cells and particularly affected genes
involved in mitochondrial function. In addition, terminal dif-
ferentiation and release of sperm is partially regulated by
the contractile activities of PTMCs [56], and we found that
genes involved in the regulation of the actin cytoskeleton
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were changed by Pnliprp2 deletion. This could lead to the
premature release of sperm into the lumen of seminiferous
tubules. Collectively, defects in spermatid differentiation and
release generated sperm with impaired fertilization capacity
in Pnliprp2~~ animals.

One limitation of the present study is that we did not
study the function of Pnliprp2 in PTMCs using a con-
ditional knockout approach due to the lack of a specific
and efficient Cre tool. However, we have several lines of
evidence that strongly support a PTMC-specific role of
Pnliprp2 in spermatogenesis. The primary role of Pnliprp2
in the pancreas and intestine is to digest and absorb milk
fat in newborn rodents and humans [57], but its role in fat
digestion is dispensable in adult animals [46]. In this study,
we found that ablation of Pnliprp2 did not cause neonatal
death or delayed postnatal growth. Furthermore, females
lacking Pnliprp2 function were completely fertile and did
not show age-dependent deterioration of ovarian func-
tion. Data from culture experiments showed that PTMCs
from Pnliprp2 knockout mice significantly changed the
expression profiles of genes related to SSC maintenance
and fate decisions. Further studies are required to elucidate
the direct effect of PTMCs on the metabolic features of
SSCs, Sertoli cells and other somatic lineages in the testis.

Conclusions

In summary, our investigations introduced Pnliprp2-
dependent lipid metabolism in PTMCs as a crucial com-
ponent of the SSC niche and a novel regulator of spermatid
development in mice. These findings not only provide new
insights into the function and regulation of PTMCs but
also provide new knowledge on the molecular control of
spermatogenesis in general.

Methods
Animals

All mice used in this study were housed in a specific
pathogen-free (SPF) environment with enough water and
food and regular sunlight following the circadian rhythm
of the mice. All animal studies were performed in accord-
ance with guidelines from the Institutional Animal Care
and Use of Laboratory Animals and were approved by the
Animal Welfare and Ethics Committee at the Northwest
Institute, Chinese Academy of Sciences (approval code:
hwipb012). Male (C57BL/6 N) mice were purchased from
Charles River Laboratory Animal Centre.
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CRISPR/Cas9 was used to construct targeted knock-
out mice by Biocytogen Pharmaceuticals (Beijing) Co.,
Ltd. Single guide RNAs (sgRNAs) were selected to target
the entire coding area of Pnliprp2 and were as follows:
5'-AGCCTCCCGTACCGCCCACC-3' and 5-TGATAA
TAACACCCAGCTTA-3'. Briefly, the obtained Cas9/
sgRNA was injected into the fallopian tubes of pseu-
dopregnant female mice to give birth (FO). The edited
Pnliprp2 founders were identified by PCR amplification
using the following primers: Pnliprp2-F1 5'-TTCCAC
CCCTCAAGTGACCAAG-3'; Pnliprp2-R1 5'-CATCAG
CAGGCTCCACTATTCAC-3"; Pnliprp2-F2 5'-GTTCCA
CCCCTCAAGTGACCAAG-3'; Pnliprp2-R2 5'-GCA
ACATCTGCACGGATGGAAAC-3'. Genotypes of the
produced mice were identified and sequenced, and two
mutant mice were obtained (mice lacking 18,317 bases
and 18,313 bases). We selected mice lacking 18,317 bases
(FO Pnliprp2*'~) and C57BL/6 J mice to cage and bred
homozygous individuals (Pnliprp2™~) as experimental
research objects. The intact allele was 554 base pairs, and
the Pnliprp2~'~ allele was 496 base pairs.

Fertility assay and sperm staining

Forty-five-day-old Pnliprp2*'~ and Pnliprp2~~ male mice
were paired with adult wild-type female mice. One male was
mated with three females for 12 months. The average num-
ber of pups per litter was quantified, and at least three mat-
ing cages were set up for each genotype. For sperm count,
the epididymis was placed in 1 ml human tubal fluid (HTF)
medium and shredded to release sperm. Fifty microliters of
sperm suspension was transferred to adhesive slides, spread,
dried at room temperature (RT), soaked in methanol, fixed
for 10 min, removed, dried, stained with hematoxylin and
eosin (H&E), and examined for sperm morphology under a
microscope. At least 1500 sperm from three different ani-
mals were counted for each group to count the abnormal
sperm rate.

lonophore A23187-induced acrosome reaction (AR)

The AR was evaluated as described previously with modi-
fication [58]. Briefly, 1 ml of sperm supernatant suspen-
sion was incubated in an incubator (3 °C, 5% CO2) for 1 h
for capacitation, and 200 pl of sperm supernatant suspension
was removed and divided into two equal parts. One part
was treated with 3 pl of 50 pmol/l A23187 (Sigma, C9400-
5SMG), and the other part was treated with 3 pl of DMSO as
a control. After inducing AR for 30 min in an incubator, the
sperm suspension was removed, centrifuged at 1000 x g for
5 min to precipitate the sperm, and washed once with PBS.
After rinsing in PBS and resuspension, acrosome status
was assessed by staining with the acrosome marker peanut
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agglutinin (PNA, diluted 1:500) and the mitochondria
marker Mito-Tracker (diluted 1:500) at 37 °C for 1 h. After
washing three times with PBS, the samples were mounted on
slides for immunofluorescence analysis under a Leica DMR
Fluorescence Microscope (Mannheim, Germany). The ARs
were calculated using the proportion of sperm without intact
acrosomes in live sperm with normal nucleus and tails. At
least 700 sperm from 3 different animals were counted for
each group.

In situ hybridization

The sections were fixed in 4% PFA, conventionally dehy-
drated and embedded. The paraffin sections were dewaxed,
and 100 pl protease K was added to each section and incu-
bated at 37 °C for 20 min. Sequentially, the sections were
incubated in 2 X SSC buffer for 3 min, dehydrated in graded
alcohol (70%, 80%, 90%, 100%) for 2 min and air-dried.
Then, the denaturing solution was preheated at 78 °C, and
100 pl denaturing solution was added to each section and
incubated at 78 °C for 8 min. The alcohol gradient was
repeated for dehydration and drying. The probe mix was pre-
pared by mixing 15 pl of hybridization solution. Before the
hybridization step, the probe mix was incubated at 73 °C for
30 min to clear and then at 73 °C for 5 min (denaturation).
Later, sealed samples of the 10 pl probe mix were placed
into a wet box and then incubated for 12—-16 h at 37 °C for
hybridization. After hybridization, the samples were washed
twice with 2 X SSC for 10 min at 37 °C and then with PBS
for 10 min at RT. After incubating with 100 pl blocking
buffer (0.5% Blocking Reagent/0.1 M TBS) for 15 min, the
samples were reacted with the antibody in blocking buffer
at RT for 2 h. After rinsing with PBS, 20 pl BCIP/NBT was
added to each section at RT for 20-30 min for color develop-
ment. Finally, Nuclear Fast Red solution was added to stain
nuclei, slides were mounted, and images were captured.

Transmission electron microscopy (TEM)

The caudal epididymis from adult mice was placed in 500 pl
PBS and incubated at 37 °C for 15 min. After centrifugation
at 1500 x g for 10 min, the supernatant was discarded, and
0.5% glutaraldehyde was added slowly to fix the sperm. The
samples were incubated at 4 °C for 10 min and centrifuged
at 1500 x g for 15 min, and the supernatant was discarded.
After the sperm were fixed in 2.5% glutaraldehyde at 4 °C
overnight, they were processed by Lilai Biomedicine Experi-
ment Center (Chengdu, China) as previously described [59].
The TEM protocol of the testis was to directly place the
testis tissue in 2.5% glutaraldehyde, and the subsequent pro-
tocol was the same as above. All images were captured via a
JEOL JM-1400Plus electron microscope (Tokyo, Japan) at
6000 x and 12,000 X magnification.

Histological, oil red O, immunofluorescence (IF)
and TUNEL staining

Testis and epididymis samples were fixed in 4% paraform-
aldehyde (PFA) for 4 h at 4 °C as described previously [60]
and dehydrated by 30, 50, 70, 95 and 100% ethanol for 4 h at
each concentration gradient. After embedding in paraffin, the
samples were cut into 4 pm sections. Rehydrated sections
were stained with H&E and observed by a Nikon Eclipse
E200 Microscope (Tokyo, Japan). For oil red O staining,
PTMCs were fixed with 4% PFA for 10 min, rinsed with
PBS, treated with 60% isopropanol for 20 s, and treated
with oil red working solution (Servicebio, G1015) in the
dark for 30 min. After removing the staining solution, 60%
isopropanol quickly differentiated for 5 s. After washing
the cells with ddH,0, hematoxylin stained the nuclei, and
after washing with ddH,O, glycerol gelatin for sealing and
observation with microscope. For IF analysis, tissue sec-
tions were deparaffinized and rehydrated and then boiled
in 10 mM sodium citrate (pH 6.0) for 20 min for antigen
retrieval. After blocking with 10% donkey serum for 1 h at
RT, the sections were incubated with primary antibodies
overnight at 4 °C. On the next day, the sections were washed
three times in PBS, incubated with secondary antibodies
for 2 h at RT in the dark and then washed three times in
PBS. Finally, Hoechst 33,342 was added to the sections for
1 min. The sections were mounted in 50% glycerol before
being examined under a Leica microscope. All antibodies
are listed in Supplementary Table S1. For TUNEL staining,
tissue sections were deparaffinized, rehydrated, subjected to
antigen retrieval, and blocked, and then apoptotic cells were
detected via a one-step TUNEL apoptosis assay kit (Beyo-
time, C1089) according to the manufacturer’s instructions.
The follow-up experiments were the same as those used for
immunofluorescence. For IF staining of cultured PTMCs,
cultured PTMCs were fixed in 4% PFA for 10 min at RT,
washed three times with PBS and permeabilized with 0.1%
Tween-20 for 1 h. After treatment with 10% donkey serum to
block nonspecific staining, ACTA2 and DAPI were applied
and incubated at 4 °C overnight, and then Alexa Fluor 488
antibody was applied to detect PTMCs. All images were
captured using a confocal microscope.

Whole-mount immunostaining

EdU (RiboBio, Guangzhou, China) was injected intraperi-
toneally into mice at a dose of 50 mg/kg body weight. testes
were collected 2 h after EQU injection. Seminiferous tubules
were disentangled from mouse testes and fixed in 4% PFA at
4 °C for 4 h. After washing with PBS, seminiferous tubules
were treated in PBS with 0.2% NP-40 for 20 min and dehy-
drated stepwise through a methanol series (25, 50, 75 and
100% methanol) in PBS containing 0.1% Tween 20 (PBST)

@ Springer



217 Page200f23

H.-P.Tao et al.

on ice. After rehydration in PBST for 30 min, tubules were
incubated in blocking buffer (1% BSA and 4% donkey serum
in PBST) for 1 h and incubated with primary antibodies
diluted in blocking buffer at 4 °C overnight. After washing in
PBST, tubules were incubated with secondary antibodies at
RT for 2 h. Before EdU detection, IF staining was performed
on Lin28 cells. Then, EAU was detected according to the
manufacturer’s instructions of the Cell-Light " Edu Apollo
567 In Vivo Kit (RiboBio, C10310). A STELLARIS 5 SR
confocal microscope (Leica) was used to image the samples.

In vitro fertilization and embryo culture

The in vitro fertilization (IVF) procedure was per-
formed as described previously [59]. Briefly, epididymal
sperm were collected from 9-month-old Pnliprp2*/~ and
Pnliprp2~'~ male mice (n=3) and incubated in HTF medium
for 1 h for capacitation. Cumulus-oocyte complexes (COCs)
were collected from the oviduct ampullae of CD-1 female
mice. Cumulus-free oocytes were inseminated with capaci-
tated sperm and incubated with HTF medium at 37 °C in
5% CO,. At 4 h postfertilization, oocytes were washed with
HTF medium and cultured with KSOM medium in an incu-
bator. The proportions of zygotes, 2-cell embryos, and blas-
tocysts were assessed at 6, 24 and 96 h postfertilization,
respectively.

Real-time quantitative PCR (qRT—PCR)

Total RNA was isolated using TRIzol reagent. After remov-
ing genomic DNA, RNA was reverse transcribed into cDNA
using GenStar First-Strand cDNA Synthesis Mix with
gDNA Remover (Beijing, China). qRT-PCR was performed
with a TransStar green qPCR Supermix kit with 4 replicates
per sample in an ABI Prism 7500 real-time fluorescence
quantitative system (CA, USA). The cycle threshold (Ct)
value was the average of four replicates, and relative gene
expression was analyzed based on the 272 method. All
the primers are listed in Table S3.

Coculture of PTMCs and THY 1" testicular cells

The PTMCs were isolated from 6-month-old Pnliprp2~~ and
control mice. The PTMC isolation protocol was adopted
from Chen et al. [61]. Testes from adult mice were stripped
of their tunica albuginea, digested with 1 mg/mL collagenase
type IV and 1 mg/mL deoxyribonuclease (DNase) in Hank’s
balanced salt solution (HBSS) at 34 °C in a water bath for
15 min and washed 3 times with HBSS to remove intersti-
tial cells. The remaining seminiferous tubules were further
digested with 1 mg/mL collagenase type IV and 1 mg/mL
DNase in HBSS for 20 min at 34 °C to release PTMCs and
other cells. The digest was allowed to sediment at 4 °C for

@ Springer

5 min, and the supernatant was collected. The cells were pel-
leted at 4 °C, centrifuged for 7 min at 600 g and resuspended
in 1 mL DMEM/Ham’s F12 (DMEM/F12). A mixture of 108
cells was resuspended in DMEM/F12, applied to the top of
a Percoll step gradient and centrifuged at 4 °C for 20 min at
800 g. The Percoll gradient solutions were prepared by mix-
ing Percoll solution with DMEM/F12 to produce final solu-
tions differing by 5% from 20 to 60% Percoll. One milliliter
of each Percoll-DMEM/F12 solution was added to a 15-mL
tube to obtain a 9-layer step gradient. After centrifugation,
most PTMCs were located at the 35%/40% Percoll inter-
face. To isolate THY 1" testicular cells, testes from 5-day-old
B6/129 mice were stripped of their tunica albuginea, placed
in 2 ml HBSS and then pipetted five times to dissociate the
tubules. After washing twice with HBSS, 10 ml of TE and
1 mg/ml DNase were added, and tubules were incubated at
37 °C to obtain a suspension of single cells. FBS (10%) was
added to block the trypsin, and the solution was transferred
to a 40 pm mesh cell strainer to filter out undigested tis-
sue fragments. Cells were then washed twice with HBSS
and pelleted by centrifugation at 600 g at 4 °C for 7 min.
The cell concentration was adjusted to 10® cells in 180 ul
DPBS, mixed with 20 pl THY1 antibody-linked magnetic
microbeads, and incubated on ice for 40 min. THY 1-positive
cells were selected magnetically using MACS columns and a
separator (Miltenyi BioTec). The isolated PTMCs were cul-
tured in 12-well plates in 1 mL DMEM/F12 and 10% char-
coal-stripped FBS for 48 h and then cocultured with THY 17"
spermatogonia (2 x 10%) for gRT—PCR or immunostaining.

Untargeted lipid metabolism analysis

Seven testes were removed from both 5-week-old
Pnliprp2*'= and Pnliprp2~~ mice, placed into liquid nitro-
gen for quick freezing and transferred to dry ice. Then, they
were mailed to Shanghai Zhongke New Life Biotechnology
Co., Ltd. for determination. The samples were pretreated,
separated using a UHPLC Nexera LC-30A ultrahigh-per-
formance liquid chromatography system, and finally ana-
lyzed by mass spectrometry using a Q Exactive plus mass
spectrometer (Thermo Scientific™). LipidSearch software
version 4.1 (Thermo Scientific) was used for peak identifi-
cation, lipid identification (secondary identification), peak
extraction, peak alignment, and quantitative processing.
The main parameters were as follows: precursor tolerance:
5 ppm, product tolerance: 5 ppm, and product ion threshold:
5%. The obtained data were extracted, and lipid molecules
with RSD > 30% were deleted. For the data extracted from
LipidSearch, the lipid molecules with deletion values > 50%
in the group were deleted, and the total peak area of the
data was normalized. SIMCA-P 14.1 software (Umetrics,
Umea, Sweden) was used for pattern recognition. After the
data were preprocessed by Pareto scaling, multidimensional
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statistical analysis was carried out, including unsupervised
principal component analysis (PCA), supervised exclusive
least squares discriminant analysis (PLS-DA) and orthogo-
nal partial least squares discriminant analysis (OPLS-DA).
Single-dimensional statistical analysis included Student’s t
test and variance multiple analysis. R software was used to
draw volcano maps, perform hierarchical cluster analysis,
and perform correlation analysis.

Single-cell RNA sequencing
Preparation of cell suspensions

Testes from 4-month-old Pnliprp2*'~ and Pnliprp2~~ mice
(n=2) were collected in ice-cold PBS, and the tunica albug-
inea was removed using forceps. Testes were digested with
5 ml trypsin enzyme for 5 min at 37 °C, and 1 ml of 1 mg/
ml DNase I was added. The samples were pipetted, and this
operation was performed until the testis was digested into
single cells. Cell masses were abandoned by 40 pm cell
strainers. The single-cell suspension was pelleted by cen-
trifugation at 400 X g for 5 min and resuspended in 5 ml PBS
containing 0.4% BSA.

Single-cell library preparation and sequencing

scRNA-seq libraries were generated using the 10 X Genom-
ics Chromium Controller Instrument and Chromium Sin-
gle Cell 3° V3 Reagent Kits (10 X Genomics, Pleasanton,
CA). Briefly, cells were concentrated to 1000 cells/pl, and
approximately 15,000 cells were loaded into each chan-
nel to generate single-cell gel bead-in-emulsions (GEMs),
which resulted in the expected mRNA barcoding of more
than 6,000 single cells for each sample. After the RT step,
GEMs were broken, and barcoded cDNA was purified and
amplified. The amplified barcoded cDNA was fragmented,
A-tailed, ligated with adaptors and index PCR amplified.
The final libraries were quantified using the Qubit 2.0 A
High Sensitivity DNA assay (Thermo Fisher Scientific) and
the size distribution of the libraries were determined using a
High Sensitivity DNA chip on a Bioanalyzer 2100 (Agilent).
All libraries were sequenced by NovaSeq 6000 (Illumina,
San Diego, CA) on a 150 bp paired-end run.

Primary single-cell data analysis

We applied fastq with default parameter filtering of the adap-
tor sequence and removed the low-quality reads to achieve
clean data. Then, alignment, filtering, barcode counting and
UMI quantification for determining gene transcript counts
per cell (generating a gene-barcode matrix), quality con-
trol, clustering and statistical analysis were performed by

aligning reads to the mm10 genome using the CellRanger
count command. Cells containing fewer than 200 expressed
genes and mitochondrial genes were removed from the
expression table but used for cell expression regression to
avoid the effect of the cell status for clustering analysis and
marker analysis of each cluster. The Seurat package (ver-
sion: 4.0.2) was used for cell normalization and regression
based on the expression table according to the UMI counts
of each sample and percent of mitochondria rate to obtain
the scaled data. PCA was constructed based on the scaled
data with all highly variable genes, and the top 10 principals
were used for tSNE construction. Utilizing the graph-based
cluster method, we acquired the unsupervised cell cluster
result based on the PCA top 20 principal, and we calculated
the marker genes by the FindAllMarkers function with the
Wilcoxon rank sum test algorithm under the following cri-
teria: 1. Log2FC > 0.25; 2. P value <0.05; 3. min.pct>0.1.
We applied single-cell trajectory analysis utilizing Mono-
cle2 (http://cole-trapnell-lab.github.io/monocle-release)
using DDR-Tree and default parameters. Before Monocle
analysis, we selected marker genes of the Seurat clustering
result, and raw expression counts of the cell passed filter-
ing. Cell communication between cell types was analyzed
by CellChat R Package and Secreted Signaling of interaction
in CellChatDB. Mouse serves as a receptor ligand library.

Statistical analysis

The data were statistically analyzed with one-way ANOVA
and LSD test using IBM SPSS software (IL, USA). All
quantitative data are presented as the mean + standard error
for at least 3 biological replicates. Differences between
means were considered significant at P <0.05.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-023-04872-y.
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