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Abstract

Environmental hypoxia is a major yet mechanistically unresolved driver of male infertility. While the
canonical hypoxia-inducible factor (HIF) and reactive oxygen species (ROS) pathways dominate current
models, how chronic oxygen deprivation persistently rewires spermatogenic epigenetics and flagellar
architecture remains unknown. Here, we identify CEP162—traditionally defined as a static ciliary
transition zone scaffold—as a dynamic oxygen-sensitive signaling hub that orchestrates a pathogenic
metabolic—epigenetic—trafficking axis. In human asthenozoospermia and murine hypoxia models, CEP162
is aberrantly upregulated and strongly correlates with flagellar malformation and motility loss.
Mechanistically, hypoxia inhibits succinate dehydrogenase, driving the accumulation of intracellular
succinate, which disrupts the DNA methyltransferase 3-like (DNMT3L)-additional sex combs-like 2
(ASXL?2) epigenetic repressor complex in a HIF-independent manner. This triggers CEP162 promoter
hypomethylation and transcriptional derepression, establishing a stable epigenetic switch. Functionally,
elevated levels of CEP162 act as a dominant negative regulator of ciliary protein delivery: biolayer
interferometry and nucleotide exchange assays revealed that CEP162 spatially sequesters Rabla and
noncompetitively inhibits TRAPPC9-mediated GTP loading, thereby uncoupling vesicular trafficking from
axonemal cargo delivery. Consequently, TEKT?2 is not incorporated into the growing flagellum, leading
to microtubule doublet destabilization and structural collapse. Genetic silencing of CEP162 or
restoration of DNMT3L/ASXL2 activity fully rescues Rabla activation, vesicular targeting, and sperm
motility. Clinically, sperm CEP162 levels showed promising diagnostic potential in our initial cohort (area
under the curve [AUC] >0.9) and were inversely correlated with progressive motility. This study
redefines CEP162 from a passive structural component to an active metabolic—epigenetic sensor, reveals
a noncanonical mechanism of Rab guanosine triphosphatase (GTPase) regulation and establishes a
reversible succinate-driven epigenetic trajectory in environmentally induced infertility. These findings
provide a mechanistic framework for metabolic—epigenetic coupling in polarized cells, identify actionable
targets for environmentally induced male infertility and highlight a pathogenic axis that may warrant
further investigation in the context of broader ciliopathies.
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Introduction

Male infertility affects approximately 7% of men
worldwide, with  impaired sperm  motility
(asthenozoospermia) and abnormal sperm

morphology (teratozoospermia) being among the
most common diagnostic features[1].
Asthenoteratozoospermia, a severe form of male
infertility characterized by both reduced sperm
motility and structural flagellar defects, often lacks a
clear etiology, posing significant challenges for
diagnosis and treatment[2]. While genetic mutations
in ciliary and flagellar components have been
increasingly  linked to sperm  dysfunction,
environmental stressors, particularly hypoxia, are
emerging as critical contributors to defective
spermatogenesis and impaired sperm quality.

Hypoxia, either pathological (e.g., varicocele or
obstructive sleep apnea) [3, 4] or environmental (e.g.,
high-altitude exposure)[5], has been consistently
associated with impaired male fertility. Clinical and
animal studies have demonstrated that chronic or
intermittent hypoxia disrupts spermatogenesis,
induces oxidative stress, and decreases sperm motility
and viability[6, 7]. However, the molecular
mechanisms by which low oxygen tension translates
into structural and functional sperm defects remain
incompletely understood. Notably, while hypoxia-
inducible factors (HIFs) are well-established mediators
of cellular adaptation to low oxygen conditions, recent
evidence suggests that epigenetic pathways may play
an equally pivotal role in regulating germ cell
development under hypoxic stress[8].

While reactive oxygen species (ROS) have long
been considered primary mediators of hypoxic stress,
emerging evidence indicates that metabolic
reprogramming, particularly the accumulation of
tricarboxylic acid (TCA) cycle intermediates, may
serve as equally critical and more persistent signaling
mechanisms under chronic hypoxia[9]. Notably,
succinate, a key TCA metabolite, accumulates when
hypoxia inhibits succinate dehydrogenase (SDH)
complex activity, leading to reversed electron
transport at mitochondrial complex I[10]. Beyond its

bioenergetic role, succinate functions as an
oncometabolite that competitively inhibits a-
ketoglutarate =~ (a-KG)-dependent  dioxygenases,

including the TET family of DNA demethylases and
JmjC-domain histone demethylases, thereby directly
reprogramming the epigenetic landscape[1l, 12].
Intriguingly, recent studies in germ cells have revealed
that metabolic—epigenetic coupling governs critical
transitions during spermiogenesis, suggesting that
hypoxia-induced succinate accumulation may
represent an unexplored link between environmental
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stress and epigenetic dysregulation in the context of
male infertility[13].

Epigenetic  regulation, including  DNA

methylation and histone modifications, is essential for
proper spermatogenesis, particularly during the
postmeiotic phase of spermiogenesis when dramatic
chromatin remodeling and flagellar assembly
occur[14]. DNA methyltransferase 3-like (DNMT3L), a
catalytically inactive member of the DNMT3 family,
acts as a crucial regulator of de novo DNA methylation
in germ cells and has been implicated in transposon
silencing and genomic imprinting[15]. DNMT3L loss
leads to widespread hypomethylation and sterility in
male mice, underscoring its importance in male germ
cell development. However, whether and how
DNMT3L expression is modulated by environmental
cues such as hypoxia have not yet been explored.

Recent studies have highlighted the role of
epigenetic scaffolding proteins, such as those in the
additional sex combs-like (ASXL) family, in fine-
tuning chromatin states during development and
disease[16]. In particular, ASXL2 forms complexes
with polycomb repressive complexes and modulates
histone H2A deubiquitination, influencing gene
expression programs that are critical for cell
differentiation[17]. Although ASXL1/2 mutations
have been studied primarily in hematopoietic
malignancies, their potential role in germ cell biology
and male fertility has not been investigated.

Importantly, sperm ciliogenesis and flagellar
assembly are tightly regulated by a conserved set of
proteins localized at the ciliary transition zone (TZ), a
gatekeeping structure that controls protein entry into
the cilium[18]. Centrosomal protein 162 kDa (CEP162)
is a key TZ component that is required for the
initiation of ciliogenesis and the recruitment of the
intraflagellar ~ transport = (IFT)  machinery[19].
Mutations in CEP162 have recently been linked to
retinal degeneration and ciliopathies, and our
preliminary data indicate that CEP162 is aberrantly
expressed in patients with
asthenoteratozoospermia[20]. However, the upstream
regulatory mechanisms governing CEP162 expression,
especially under hypoxic conditions, are unknown.

In this study, we integrate clinical observations
with in vitro and in vivo models to investigate the
epigenetic regulation of CEP162 under hypoxia and its
functional consequences for sperm development and
motility. We demonstrate that hypoxia induces
CEP162 overexpression through the coordinated
silencing of DNMT3L and ASXL2, revealing a novel
oxygen-sensitive epigenetic axis. Using CUTé&Tag
sequencing, coimmunoprecipitation, and functional
assays in germ cell lines and patient samples, we show
that this DNMT3L/ASXL2-CEP162 pathway disrupts
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vesicular transport and impairs sperm motility. Our
findings reveal a previously unrecognized mechanism
linking environmental hypoxia to epigenetic
dysregulation and structural defects in sperm, offering
new insights into the  pathogenesis of
asthenoteratozoospermia and potential targets for
therapeutic intervention.

Results

CEP162 expression is upregulated in clinical
patients with asthenozoospermia

Centrosomal and transition zone (TZ) genes are
critically involved in asthenoteratozoospermia, a
severe form of male infertility marked by both sperm
motility and structural defects. Increasing evidence
has demonstrated that dysfunction of these
evolutionarily conserved components disrupts
flagellar assembly and ciliary integrity, directly
linking TZ/centrosomal defects to impaired
spermatogenesis across species [21, 22]. Given this
context, we sought to identify dysregulated
TZ/centrosomal genes related to human male
infertility by performing an integrative analysis of five
independent transcriptomic datasets encompassing

distinct  etiologies:  GSE6872 and  GSE6969
(teratozoospermia), = GSE241326  (nonobstructive
azoospermia), and SRP418387 and SRP418442
(asthenozoospermia). Strikingly, while  no
TZ/centrosomal-related genes were consistently

downregulated across all cohorts, 24 genes were
robustly and consistently upregulated in every dataset
(Supplementary Table 1, Supplementary Figure 1A-
D). Gene Ontology (GO) and Reactome Gene Set
Enrichment Analysis (GSEA) of this commonly
upregulated gene set revealed significant enrichment
in pathways governing olfactory signaling, cilium
assembly and mRNA splicing, with the top five
pathways meeting the significance threshold
(Supplementary Table 2, Supplementary Figure 1E).

To prioritize candidates for mechanistic
validation, we applied a multidimensional evaluation
framework integrating (i) cross-cohort transcriptional
consistency, (i) established ciliary/centrosomal
function, (iii) prior evidence of environmental
sensitivity, and (iv) clinical diagnostic potential.
Within this framework, CEP162 emerged as a high-
priority candidate. Although not the single most
statistically extreme hit on the basis of the fold change
or P wvalue alone, CEP162 exhibited robust
upregulation across all five cohorts and was
previously identified by our group as a hypoxia-
responsive transcript linked to microtubule dynamics
[23]. This cross-cohort consistency was validated by
meta-analysis, which yielded a pooled P value of

0.0443 (Supplementary Table 3, Supplementary
Figure 1F), confirming the consistent dysregulation of
CEP162 across diverse patient populations. On the
basis of these findings, we selected CEP162 for in-
depth mechanistic and clinical investigation.

To determine the clinical relevance of CEP162
upregulation, we analyzed a cohort of 55 men (30 with
asthenozoospermia and 25 normozoospermic
controls). Semiquantitative immunoblotting revealed
that CEP162 protein levels were significantly greater
in asthenozoospermic patients than in controls (Figure
1A, Supplementary Table 4). Importantly, CEP162
expression was significantly negatively correlated
with  progressive motility (Figure 1B) and
demonstrated  high diagnostic accuracy for
distinguishing patients from controls (AUC > 0.9;
Figure 1C).

Consistent with this rationale, among the sperm
samples from asthenozoospermic patients with the
highest CEP162 expression, we observed frequent
flagellar malformations characterized by the loss of
doublet microtubules (Figure 1D and 1E).
Immunofluorescence staining revealed that CEP162
colocalized with both proximal and distal centrioles,
whereas coimmunoprecipitation assays confirmed the
physical interaction between CEP162 and transition
zone (TZ) proteins, including MKS5 and NPHP5
(Supplementary Figure 1G, Figure 1F-I). Collectively,
these findings strongly suggest that upregulated
CEP162 expression in clinical asthenozoospermia

patients may underlie flagellar  structural
abnormalities and  contribute to  impaired
spermatogenesis.

Severe hypoxia induces progressive motility
impairment with marked CEP162
upregulation in mice

In this study, we established a normoxia—
hypoxia-reoxygenation-induced asthenozoospermia
mouse model by simulating exposure to an altitude of
5800 m (approximately 11.7% oxygen concentration)
for 10 weeks, followed by a recovery period with 21%
oxygen for 4 months. We found that the motility of the
sperm in both the hypoxic and reoxygenated groups
was significantly lower than that in the normoxic
control group, as assessed by a computer-assisted
sperm analysis (CASA) system. Motility reduction was
evident in terms of multiple parameters, including
progressive motility, curvilinear velocity (VCL),
straight-line velocity (VSL), average path velocity
(VAP), linearity (LIN), and straightness (STR) (Figure
2A). Furthermore, we found that the sperm flagella in
the hypoxic and reoxygenated groups were prone to
morphological abnormalities and exhibited a loss of
doublet microtubules (DMTs) (Supplementary Figure
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levels of biochemical markers of stable microtubules
(Ac-Tub and Glu-Tub) were also reduced (Figure 2F),
indicating compromised microtubule stability.

2A, Figure 2B-C). Notably, microtubule regrowth
assays in G2 cells revealed that microtubule regrowth
capacity was impaired under hypoxic conditions
(Figure 2D-E). Consistent with these findings, the
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Figure 1. CEP162 expression in patients with clinical asthenozoospermia is elevated. (A) Immunoblot showing increased CEP162 expression in sperm from men
with asthenozoospermia (A) compared with that in normozoospermic (N) controls. The samples are labeled accordingly (N = normozoospermia, A = asthenozoospermia).
Simple logistic regression analysis demonstrating the association between semiquantitative CEP162 expression levels and the likelihood of asthenozoospermia. (B) Scatter plot
showing the correlation between semiquantitative CEP162 expression and the percentage of progressive motile sperm (PR) in human sperm samples. Each point represents an
individual patient (n = 55) color- and shape-coded by diagnosis according to the 2021 WHO criteria: purple triangles, normozoospermic controls (N, n = 25); blue circles,
asthenozoospermic patients (A, n = 30). The regression line is shown in black. (C) ROC curve analysis demonstrating the diagnostic performance of CEP162 expression in
distinguishing asthenozoospermic patients from healthy controls. The area under the curve (AUC) indicates high accuracy, with the logistic regression model showing strong
predictive power for identifying asthenozoospermia patients on the basis of CEP162 levels. (D) Representative Papanicolaou-stained micrographs of human sperm from
normozoospermic (CEP162-low) and asthenozoospermic (CEP162-high) individuals. In the asthenozoospermic/CEP162-high panel, the arrow indicates a sperm with a bent or
angulated flagellum, a common morphological defect observed in this group. In the normozoospermic/CEP162-low panel, the arrow highlights a representative sperm with
normal flagellar morphology for comparison. Scale bar = 10 um. Quantitative comparison of flagellar malformation rates between the CEP162-high (n = 28) and CEP162-low
(n = 27) groups. The tail abnormalities scored included bent, coiled, short, and absent flagella. (E) Transmission electron micrographs of sperm flagellar cross-sections, with
defect rates of axonemal doublet microtubules (DMTs) quantified from 2200 cross-sections per group by a blinded observer and stratified post hoc into CEP162-high (n = 28)
and CEP162-low (n = 27) groups on the basis of CEP162 expression. Dual immunofluorescence staining revealed the colocalization of CEP162 with the proximal centriolar
marker CEP250 (F) and the distal centriolar marker CP110 (G) in normozoospermic control sperm; acetylated a-tubulin was used to label the axoneme, and DAPI was used
to stain the nuclei. (H) Coimmunoprecipitation of human sperm lysates revealed that CEP162 associates with MKS5 and NPHP5; IgG served as a negative control. (I) WB of
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compartment-specific markers in CEP162-low vs. CEP162-high head fractions (isolated by density gradient centrifugation). Head markers: SPAMI and IZUMOI; a-tubulin and
COX IV are flagellar markers. All the data are presented as the means + SDs. In (A-C), n = 55 human donors (25 normozoospermic controls, 30 asthenozoospermic patients);
normalization was not performed; correlation: Pearson; diagnostic model: logistic regression; significance: P = 0.0302. In (D—E), flagellar defect rates were determined from 2
200 sperm per group across the CEP162-high (n = 28) and CEP162-low (n = 27) cohorts; unpaired two-tailed Student’s t test; ****P < 0.0001. (F-G) show representative
images derived from 3 independent experimental replicates per donor, with n = 5 normozoospermic donors. Localization was assessed by visual inspection of a total of 250
sperm from all the donors combined. No formal statistical analyses were performed for these qualitative imaging assays. (H-I) show representative images from a single

independent experiment. No formal statistical testing was applied to this single replicate.

Our single-cell transcriptomic analysis revealed
significant upregulation of Cep162 mRNA expression
in elongating spermatids from rats under hypoxic
conditions[23]. In the present study, we demonstrated
that hypoxia markedly increased CEP162 protein
expression in mouse sperm. Notably, compared with
those in the normoxic control group, CEP162 levels in
the reoxygenation group remained elevated (Figure
2F). Immunofluorescence analysis of the localization
of CEP162 revealed that it localized predominantly to
distal/proximal centrioles and physically interacted
with the transition zone (TZ) proteins MKS5 and
NPHP5, as well as microtubules, under hypoxic
conditions (Supplementary Figure 2B-E).
Collectively, these data demonstrate that the hypoxia-
driven impairment of sperm motility is accompanied
by the sustained upregulation of CEP162 expression
and the concomitant mislocalization of axonemal
components.

CEP162 overexpression reduces progressive
sperm motility in mice

We next investigated the functional significance
of CEP162 in sperm motility defects. Using adeno-
associated  virus-mediated overexpression, we
observed that elevated CEP162 expression
significantly impaired sperm motility parameters, as
measured by computer-assisted sperm analysis
(CASA), including progressive motility, curvilinear
velocity (VCL), straight-line velocity (VSL), average
path velocity (VAP), linearity (LIN), wobble (WOB)
and straightness (STR), under normoxic conditions
(Supplementary Figure 3aA-C, Figure 3A). Notably,
CEP162 overexpression alone recapitulated the
motility defects caused by hypoxia, confirming its
ability to disrupt sperm function. Morphological
analysis revealed more sperm tail deformities and
axonemal doublet microtubule (DMT) defects
(Supplementary Figure 3aD, Figure 3B). Consistent
with these findings, CEP162-overexpressing mice
exhibited reduced levels of acetylated a-tubulin (Ac-
Tub) and detyrosinated tubulin (Glu-Tub), the
established markers of stable microtubules, in isolated
flagella after 10 weeks of normoxia (21% O») or
hypoxia (11.7% O), indicating that CEP162 induced
axonemal microtubule destabilization
(Supplementary Figure 3bF). This finding was
supported by the impaired microtubule nucleation
and regrowth following nocodazole washout in

CEP162-overexpressing G2 cells (Supplementary
Figure 3bE, Figure 3C). Under hypoxia, CEP162
overexpression did not further worsen most motility
parameters, likely because of a floor effect from severe
baseline impairment.

To identify the molecular basis of CEP162-
induced structural and functional defects, we
performed quantitative proteomic profiling of isolated
sperm flagella. This revealed significant reductions in
the expression levels of TEKT1-5 and EFHCI, the
reported core structural and functional components of
the axonemal machinery essential for proper
ciliogenesis and motility, with TEKT2 showing the
most pronounced decrease (lowest log:FC and most
significant P value; Supplementary Figure 3bl, Figure
3D, Supplementary Table 5). To validate its
microtubule-stabilizing capacity, we found that the
purified recombinant TEKT2 protein (Supplementary
Figure 3bG) significantly suppressed cold-induced
microtubule depolymerization in vitro under both
normoxic and hypoxic conditions, as shown by real-
time turbidity assays (Supplementary Figure 3bH),
demonstrating its stabilizing role. Consistent with the
proteomic findings, immunofluorescence analysis
confirmed that TEKT2 distribution was markedly
reduced within the flagella wunder hypoxia
(Supplementary Figure 3bJ]). Moreover, TEKT2
mislocalization strongly correlated with DMT
disorganization and flagellar bending (Figures 2B-C,
3B). Among these factors, TEKT2 was prioritized for
in-depth mechanistic investigation because of its most
pronounced downregulation, strongest correlation
with clinical axonemal defects, and validated
microtubule-stabilizing capacity. While multiple
TEKT family members are coordinately affected,
TEKT2 serves as the optimal representative factor to
dissect the broader trafficking blockade.

We therefore determined whether CEP162
overexpression blocks TEKT2 entry into the flagellum.
Using an in vivo diffusion-barrier assay, we delivered
AAV9-RFP-TEKT2-FKBP into mouse testes and
analyzed the sperm 4 weeks later. In normoxic
controls, RFP-TEKT2-FKBP efficiently incorporated
into the flagellum and colocalized with acetylated a-
tubulin. In contrast, CEP162 overexpression, under
both normoxia and hypoxia, markedly reduced the
flagellar entry of RFP-TEKT2-FKBP and increased
TEKT2 accumulation in the sperm head (Figure 3E-
G).
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Silencing CEP162 rescues flagellar testicular in situ injection of CEP162-targeting shRNA
malformation in hypoxic mice under 11.7% O: significantly improved sperm motility
parameters, including progressive motility, VCL, VSL,
VAP, LIN, WOB, and STR, compared with those in
vector shRNA-treated controls (Supplementary
Figure 4bD). Subsequent morphological assessments
indicated that CEP162 knockdown led to a significant
reduction in sperm tail deformation rates and defects
within DMTs (Supplementary Figure 4bE, Figure 4A-
B). Additionally, we found that CEP162 knockdown
under hypoxic conditions led to a significant reduction
in the proportions of free tubulin and polymerized
microtubule proteins in spermatogenic cells (Figure
4C).

Given that CEP162 overexpression impaired the
progressive motility of sperm under both normoxic
and hypoxic conditions (Figure 3A), we next
investigated whether silencing CEP162 rescues the
flagellar malformations and motility defects induced
by chronic hypoxia in mouse sperm. First, we
confirmed that testicular in situ injection of CEP162-
targeting shRNA effectively reduced CEP162
expression at both the protein and mRNA levels, and
modulated  related ciliary/centrosomal  gene
transcription in spermatogenic cells under hypoxia
(Supplementary Figure 4aA-C). Subsequently,
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blot analysis of CEP162, acetylated a-tubulin (Ac-Tub), and detyrosinated a-tubulin (Glu-Tub) in mouse sperm under hypoxia (0, 0.5, 1, and 2.5 months) and posthypoxia
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ANOVA with Tukey’s post hoc test; ****P < 0.0001. In (C—E), n = 10 fields from 3 biological replicates (microtubule regrowth); TEM defect rate: n = 10 mice, 2200 cross-
sections per group; unpaired two-tailed Student’s t test; ****P < 0.0001. (F) shows a representative image from a single independent experiment. Ac-Tub and Glu-Tub signals
were normalized to the total a-tubulin signal. No formal statistical testing was applied to this single replicate.
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Figure 3. Overexpressing CEP162 reduces sperm motility in mice. (A) Sperm viability and kinematic analysis following CEP162 overexpression under normoxia (21%
O3) and hypoxia (11.7% Oy). The sperm motility parameters, including progressive motility, VCL, VSL, VAP, STR, BCF, ALH, LIN, and WOB, were quantified using computer-
assisted sperm analysis (CASA; Microptic S.L., Barcelona, Spain). (B) Ultrastructural analysis of sperm flagella by transmission electron microscopy. Representative micrographs
show transverse sections of the flagellum, including the midpiece (with a mitochondrial sheath), principal piece (with a fibrous sheath), and end piece (showing axonemal
termination). All scale bars, 200 nm. The lower panel shows the quantification of axonemal DMT defects (%). (C) Microtubule regrowth following nocodazole washout in
CEP162-overexpressing G2 cells. The percentage of pericentrin-expressing cells was calculated by dividing the number of pericentrin-positive cells by the total number of cells
in each respective group. (D) Targeted proteomic profiling of CEP162-overexpressing sperm flagella. Heatmap showing Z score-normalized expression of selected TEKT family
members involved in sperm axoneme assembly and Rab GTPases across three biological replicates. t-SNE visualization of the correlations among TEKT1, TEKT2, TEKT3,
TEKT4, TEKTS, EFHCI, Rabla, RABI1b, and RAB14 expression in the sperm flagella of control and CEP162-overexpressing mice. (E) Western blot analysis of TEKT2 protein
expression in whole sperm and flagella isolated from CEP162-overexpressing mice maintained under normoxia (21% O2) or hypoxia (11.7% O2) for 10 weeks. Note: This
Western blot detected endogenous TEKT2 (~50 kDa); the RFP-TEKT2-FKBP fusion protein (~87 kDa) was used exclusively for immunofluorescence localization in Panels F-
G. (F-G) Mice were injected with recombinant AAV9 vectors encoding RFP-TEKT2-FKBP (~87 kDa) and maintained under (F) 21% O: (normoxia) or (G) 11.7% O: (hypoxia)
for 10 weeks. Sperm were collected from the cauda epididymis and subjected to triple-label immunofluorescence for RFP (a fusion protein), acetylated a-tubulin (an axoneme
marker), and DAPI (a nuclear counterstain). Imaging confirmed the flagellar localization of each RFP-tagged construct, with spatial resolution of the sperm head and flagellum
enabled by DAPI counterstaining. Scale bar: 20 pm. Quantification of the head-to-tail TEKT2 fluorescence intensity ratio in the indicated groups. All the data are presented as
the means * SDs. In (A-C), n = 12 biologically independent mice (A-B) or n = 12 fields from 3 biological replicates (C); the data were normalized to the mean of the control
group where indicated; two-way ANOVA with Tukey’s post hoc test; ***P < 0.0001. In (D), n = 3 biological replicates; proteomic data are shown as Z scores. Differential
protein expression was determined by two-tailed Student’s t test with FDR correction (thresholds: P < 0.05, [log:FC| > 1). (E) shows a representative image from a single
independent experiment. The TEKT2 signal was normalized to that of B-actin (whole sperm or flagella). No formal statistical testing was applied to this single replicate. In (F—
G), n = 10 biologically independent mice; 2100 sperm scored per mouse for immunofluorescence analysis; the head-to-tail TEKT?2 fluorescence intensity ratio was quantified
using ImageJ; unpaired two-tailed Student’s t test; ****P < 0.0001.
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Figure 4. CEP162 knockdown rescues hypoxia-induced defects in sperm flagella in mice. (A) Papanicolaou staining was performed to observe sperm flagellar
morphology in CEP162-knockdown mice exposed to 11.7% oxygen. Representative images are shown, and the percentage of sperm with abnormal tail morphology was
quantified. Scale bar, 10 um. (B) TEM images of sperm flagellar centrioles in CEP162-knockdown mice under hypoxic conditions. Representative cross-sectional TEM images
of sperm flagella from mice with CEP162 knockdown after exposure to 11.7% oxygen. Scale bars, 500 nm. (C) Western blot analysis was performed to assess the levels of free
tubulin and polymerized microtubules in sperm flagella isolated from CEPI62-knockdown mice. The cell lysates were divided into soluble (S) and insoluble (P) fractions, which
were enriched in free tubulin and polymerized microtubules, respectively. Inmunoblotting was carried out using antibodies against a-tubulin and GAPDH to evaluate the
distribution of tubulin species across the fractions. GAPDH, a soluble cytoplasmic protein, was used as a loading control for the soluble fraction. The ratio of polymerized to
soluble a-tubulin was quantified from three biological replicates using Image]. (D) Representative adhesion force curves from force mapping measurements of flagella using
silica tips. Force mapping enabled statistical analysis of flagellar adhesion through random sampling across the flagellar surface (scanning range: 40-60 pym). The x-axis (ZSnsr,
Z-sensor) indicates the cantilever displacement relative to the sample surface. The red and blue traces represent the approach and retraction curves, respectively, showing
probe—sample interactions during AFM scanning. The bar graph summarizes the sample and reduced modulus of the flagellar surface (n = 10). (E) Microtubule regrowth assay
in CEP162-knockdown G2 cells following nocodazole washout under 1% O>. Representative images show the ratio of GFP—a-tubulin fluorescence intensity, reflecting the extent
of microtubule polymerization. The percentage of cells exhibiting focused y-tubulin puncta with associated radial a-tubulin asters was quantified as a functional readout of
microtubule nucleation and regrowth. (F) Immunofluorescence analysis of TEKT2 localization and its colocalization with pericentrin in spermatozoa from CEP162-knockdown
mice following exposure to hypoxia. Scale bar, 20 um. (G) Western blot analysis of TEKT1, TEKT2, Ac-Tub, and Glu-Tub expression in sperm flagella from CEP162-knockdown
mice exposed to hypoxia (11.7% O). All the data are presented as the means + SDs. In (A-B, D-E), n = 10 biologically independent mice (A, B, D) or n = 10 fields from 3
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replicates using ImageJ; the data are presented as the means * SDs; unpaired two-tailed Student’s t test; ****P < 0.0001. In (F), n = 10 mice; colocalization assessed by visual
inspection in 2100 cells; unpaired two-tailed Student’s t test; ****P < 0.0001. (G) shows a representative image from a single independent experiment. TEKT1 and TEKT2
signals were normalized to that of B-actin; Ac-Tub and Glu-Tub signals were normalized to that of total a-tubulin. No formal statistical testing was applied to this single replicate.
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surface mechanics revealed increased rigidity and
elasticity in CEP162-knockdown mice exposed to
hypoxia, indicating fewer structural abnormalities and
improved integrity of the flagellar cytoskeleton
(Figure 4D). Microtubule regrowth assays
demonstrated that CEP162 knockdown under hypoxic
conditions increased microtubule regrowth capacity in
spermatogenic cell lines (Supplementary Figure 4bF,
Figure 4E) and restored the levels of stable
microtubule markers in the flagella (Figure 4G).
Furthermore, immunofluorescence colocalization
analysis revealed that CEP162 knockdown in sperm

tubulin and pericentrin in the centrosomal region
(Supplementary Figure 4bG, Figure 4F). Notably, we
observed increased Tekt2 localization in the sperm
flagella of CEP162-knockdown mice (Figure 4G).
Taken together, these findings indicate that CEP162
silencing ameliorates hypoxia-induced flagellar
malformations and motility impairment by restoring
microtubule stability, increasing the centrosomal
colocalization of TEKT2 with vy-tubulin and
pericentrin, and promoting proper TEKT2 localization
in sperm flagella.
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CEP162 restricts TEKT2 distribution in
flagella by impairing Rabla activation

While CEP162 silencing ameliorates hypoxia-
induced flagellar defects by restoring microtubule
stability and TEKT2 localization, the molecular
mechanisms through which CEP162 regulates the
trafficking and spatial distribution of key flagellar
proteins remain unclear. Given that CEP162 silencing
rescues flagellar integrity and TEKT2 localization
under hypoxia (Figure 4), we investigated how
CEP162 overexpression disrupts the ciliary targeting
of TEKT family proteins. We first analyzed its
interaction profile. Immunoprecipitation of CEP162
exhibited enhanced binding to these TEKT proteins as
well as Rabla, Rablb, and Rabl4, whereas co-IP of
TEKT2 markedly reduced the association with all
three Rabl isoforms (Supplementary Figure 5A-C,
Figure 5A-B). These findings suggest that CEP162
sequesters both structural and regulatory proteins into
nonfunctional complexes, thereby uncoupling the
cargo from the vesicular trafficking machinery
required for ciliary targeting.

We next explored the potential mechanisms
underlying this trafficking defect. In IMCD3 cells,
CEP162 overexpression disrupted TEKT2 localization
within cilia, a defect partially rescued by taxol and
exacerbated by nocodazole (Supplementary Figure
5D), indicating that CEP162 compromises microtubule
stability and impairs cytoskeleton-dependent
transport. Furthermore, flow cytometry confirmed a
significant decrease in both intracellular and cilia-
localized AP2*/SSTR3* and Rabla*/SSTR3"* vesicles
(Figure 5C-D), supporting defective vesicle docking
and ciliary delivery. These results indicate that
CEP162  overexpression  disrupts = membrane
trafficking and ciliary cargo delivery.

To determine how CEP162 disrupts vesicle
dynamics, we evaluated its effect on Rabla activation.
Venn diagram analysis of interactomes revealed that
TRAPPCY, a specific guanine nucleotide exchange
factor (GEF) for Rabla, was depleted from the Rabla
complex upon CEP162 overexpression despite not
directly interacting with CEP162 (Figure 5E).
Coimmunoprecipitation confirmed that TRAPPC9
selectively interacted with Rabla under nucleotide-
free conditions (Figure 5F-G). Biolayer interferometry
revealed high-affinity binding between CEP162 and
Rabla, but a competitive ELISA demonstrated that
TRAPPC9 did not displace Rabla from CEP162
(Supplementary Figure 5E-G), suggesting the
existence of noncompetitive, likely allosteric or steric,
interference rather than direct competition.

Functional assays validated this inhibitory
mechanism: TRAPPC9 robustly stimulated [*H]GDP
release and [3*S]GTPYS loading onto Rabla, whereas
coincubation with CEP162 significantly suppressed
both nucleotide exchange activities (Figure 5H-I).
These findings confirm that CEP162 impairs
TRAPPC9-mediated Rabla activation. Notably, ciliary
metabolite  profiling revealed that CEP162
overexpression led to significant reductions in the
levels of both ATP and GTP (Supplementary Figure
5H-I), indicating a local energy deficit that further
compromised Rab GTPase cycling and vesicle
trafficking efficiency.

Taken together, our findings demonstrate that
CEP162 acts as a critical negative regulator of ciliary
protein trafficking through dual mechanisms: the
destabilization of microtubule-based transport and the
suppression of Rabla activation via the allosteric
inhibition of TRAPPC9. By sequestering key cargo and
disrupting GEF-dependent GTP loading, CEP162
impairs vesicle recycling, reduces ciliary metabolic
capacity, and ultimately prevents the proper delivery
of axonemal components such as TEKT2. These results
position CEP162 as a central modulator of ciliogenesis
through the coordinated control of cytoskeletal
integrity and membrane trafficking.

Hypoxia upregulates CEP162 expression via
suppression of the DNMT3L-ASXL2 complex

To identify transcriptional regulators of CEP162
in spermatogenic cells under hypoxic stress, we used
a dCas9-based chromatin affinity purification
approach (CAPTURE) to profile protein interactions at
the CEP162 promoter in round spermatids (RS) and
elongating spermatids (ES) under normoxia (21% O)
and hypoxia (11.7% O). The system utilized an FB-
dCas9 fusion protein and sgRNAs targeting the
CEP162 promoter, enabling the in vivo biotinylation
and streptavidin-based pulldown of chromatin-bound
complexes (Figure 6A-B). Proteomic analysis revealed
distinct protein interactomes under the two different
conditions. Proteomic analysis of dCas9-captured
interactors revealed that DNMT3L, which functions as
a critical regulatory factor that stimulates the catalytic
activity of DNMT3A[25], is a top candidate regulator,
with a significant decrease in its enrichment at the
CEP162 promoter under hypoxia in both RS and ES
(Supplementary Figure 6A-C, Figure 6C-E). Western
blotting confirmed that DNMT3L protein levels were
markedly reduced in both RS and ES under chronic
hypoxia (Figure 6F), suggesting oxygen-dependent
regulation of this epigenetic modulator.
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Figure 5. Cep162 overexpression disrupts ciliary TEKT protein distribution and Rabla-mediated vesicular trafficking by impairing TRAPPC9-dependent
GTP loading. (A) Heatmap showing the levels of TEKTI1, TEKT2, TEKT3, TEKT4, TEKTS, EFHCI, Rabla, RABIb, and RAB14 immunoprecipitated (IP) with CEP162 in
spermatogenic cells from control and CEP162-overexpressing mice. t-SNE visualization of the correlations among these proteins in the CEP162 IP samples. (B) Heatmap
showing the levels of Rabla, RABIb, and RAB14 IP with TEKT2 in spermatogenic cells from control and CEP162-overexpressing mice. t-SNE visualization of the correlations
among Rabla, RABIb, and RAB14 in the TEKT2 IP samples. (C) Flow cytometry was used to quantify the proportion of Clathrin and SSTR3 double-positive cells and cilia in
IMCD3 cells overexpressing CEP162. Representative data show the proportion of cells containing vesicles (RFP+GFP+ among Hoechst+ events) and the proportion of vesicles
localized in cilia (RFP+GFP+ among Hoechst-negative events). The fusion pore of the vesicle marker AP2 was labeled with GFP, while the ciliary marker SSTR3 was labeled
with RFP. (D) Flow cytometry was used to quantify Rabla and SSTR3 double-positive cells and cilia in CEP162-overexpressing IMCD3 cells. Representative data show the
percentage of vesicle-containing cells (RFP*GFP* among Hoechst* cells) and cilia-localized vesicles (RFP*GFP+ among Hoechst- cells). Rabla (a vesicle recycling marker) was
labeled with GFP, and SSTR3 (a ciliary marker) was labeled with RFP. (E) After CEP162 was overexpressed in spermatogenic cells, the proteins whose expression was reduced
according to Rabla immunoprecipitation (RABIA IP_CEP162 OE) were intersected with those identified in control and CEP162-overexpressing CEP162 immunoprecipitates
(CEP162 IP_Ctrl and CEP162 IP_CEP162 OE), as determined by Venn diagram analysis. This intersection highlights proteins that are reduced in the RABIA interactome upon
CEP162 overexpression but are absent from both CEP162 IP groups, thereby excluding direct CEP162 binders and identifying indirect regulators of RABIA, such as TRAPPC9.
(F) Lysates from G2 cells expressing the indicated proteins were incubated with GTPyS, GDP, or EDTA (to chelate Mg2* and induce “nucleotide-free” conditions[24]), and
Rabla-His coimmunoprecipitated with FLAG-TRAPPC9 only in the EDTA-treated sample. (G) Coimmunoprecipitation of FLAG-TRAPPC9 with Rabla-His under nucleotide-
free conditions. (H) TRAPPC9-stimulated guanine nucleotide exchange activity was measured using a purified Rabla-His fusion protein preloaded with [*H]GDP and quantified
by monitoring the time-dependent release of [*H]GDP from Rabla in nonspecific IgG, purified CEP162, TRAPPC9, and CEP162 + TRAPPC9 immunoprecipitates (n = 12). (I)
Nucleotide exchange activity measured by the time-dependent binding of [35S]GTPyS to Rabla in immunoprecipitates. Nonspecific IgG, purified CEP162, TRAPPC9 IP, and
CEP162 + TRAPPCY IP were tested; the systems were incubated at 37°C for the indicated durations, after which nitrocellulose filter binding was performed to quantify the
incorporation of GTPyS. All the data are presented as the means * SDs. In (A-B, E), n = 3 biological replicates; proteomic data are shown as Z scores or raw intensities. In (C,
D), n = 12 biological replicates (independent IMCD3 cultures); two-way ANOVA with Tukey’s post hoc test; ***P < 0.0001. (F, G) show representative images from a single
independent experiment. No formal statistical testing was applied to this single replicate. In (H-I), n = 12 (L) or n = 10 (M) time-course replicates; the data were normalized
to the baseline; two-way ANOVA; *#P < 0.0001.
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We next investigated the functional role of
DNMT3L in regulating CEP162 expression.
CUT&Tag-seq and ChIP-qPCR revealed that
DNMT3L bound directly to the CEP162 promoter
under normoxia; however, this binding was
significantly diminished under hypoxia in both RS and
ES (Figure 6G-I, Supplementary Figure 6F). EMSAs
validated the specific binding of DNMT3L to a region
+222 to +251 bp downstream of the transcription start
site (TSS), but this binding was abolished under
hypoxic conditions (Supplementary Figure 6D,
Figure 6H). In Dnmt3l conditional knockout (cKO)
mice, which were generated using a floxed allele with
exons 6-10 flanked by loxP sites (Supplementary
Figure 6E), Cepl62 mRNA expression was
significantly upregulated in both RS and ES under
normoxia and further induced wunder hypoxia
(Supplementary Figure 61, Figure 6]). Consistent with
these findings, the siRNA-mediated knockdown of
DNMT3L in G2 cells led to significant induction of
CEP162 transcription (Figure 6K), supporting that
DNMT3L suppresses CEP162 expression.

Given that ASXL2 has been established to be
involved in epigenetic regulation and has been
reported to interact with DNMT3L to modulate
chromatin states, we examined its functional interplay
in the context of CEP162 repression. Co-IP confirmed
that DNMT3L and ASXL2 physically interact in G2
cells under both normoxic and hypoxic conditions
(Figure 6L), supporting the formation of a repressive
complex that may regulate CEP162 expression. ChIP-
qPCR revealed that both DNMT3L and ASXL2 were
enriched at the CEP162 promoter under normoxia and
that their occupancy was reduced upon knockdown of
either protein or under hypoxic conditions (Figure
6M-0O). Sequential ChIP (ReChIP) confirmed the
cooccupancy of DNMT3L and ASXL2 at the CEP162
promoter under normoxia, which was disrupted by
hypoxia or siRNA-mediated knockdown
(Supplementary Figure 6]J-K), indicating that these
proteins function as a complex to maintain CEP162
repression. Moreover, DNMT3L and ASXL2
expression was lower in human teratozoospermic
samples than in normozoospermic controls, as
determined by analyses of publicly available
transcriptomic data from the GEO dataset GSE6969,
and this lower expression correlated with poor semen
quality (Supplementary Figure 6G-H), underscoring

the clinical relevance of these factors in male infertility.

To elucidate the upstream molecular mechanism
through which hypoxia suppresses the DNMT3L-
ASXL2 complex, we first ruled out canonical hypoxia-
inducible factor (HIF) signaling. siRNA-mediated
knockdown of HIF-1a, HIF-2a, or both under 1% O>
failed to attenuate the downregulation of DNMT3L
and ASXL2 or the wupregulation of CEP162
(Supplementary Figure 6L). Instead, we hypothesized
that hypoxia-driven metabolic reprogramming serves
as the primary upstream signal. Indeed, treating
normoxic cells with dimethyl succinate (DM-Succ, 5
mM), a cell-permeable succinate precursor, fully
recapitulated the hypoxia-induced suppression of the
DNMT3L/ASXL2 complex and subsequent induction
of CEP162 (Supplementary Figure 6M-O).
Conversely, treating hypoxic cells with dimethyl
fumarate (DMF; 100 pM), a prodrug that drives the
forward flux of succinate dehydrogenase via mass-
action kinetics, effectively attenuated the hypoxia-
induced dissociation of the complex and restored
CEP162 repression (Supplementary Figure 6P-R).

To establish direct mechanistic causality between
this metabolic shift and epigenetic remodeling, we
further assessed their direct chromatin-level
consequences. MeDIP-qPCR revealed that DM-Succ
significantly —reduced 5-methylcytosine (5-mC)
enrichment at the CEP162 promoter, faithfully
mimicking the hypoxic phenotype, whereas DMEF-
mediated succinate clearance robustly restored
promoter methylation (Supplementary Figure 6S).
Furthermore, ChIP-qPCR demonstrated that DM-Succ
treatment significantly decreased the chromatin
occupancy of both DNMT3L and ASXL2 at the CEP162
promoter under normoxic conditions. Crucially, DMF
treatment under hypoxia successfully restored the
recruitment of the DNMT3L-ASXL2 repressor
complex to chromatin (Supplementary Figure 6P-Q).

Collectively, these data establish a direct
mechanistic link: hypoxia suppresses the DNMT3L-
ASXL2 complex through a HIF-independent,
succinate-driven ~ metabolic-epigenetic =~ pathway.
Specifically, intracellular succinate accumulation
induces the dissociation of the DNMT3L-ASXL2
repressor complex from CEP162 promoter chromatin,
which subsequently drives CEP162 promoter
hypomethylation, thereby derepressing CEP162
transcription.
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Figure 6. Hypoxia induces CEP162 expression through the epigenetic silencing of DNMT3L and ASXL2. (A) Schematic of the dCas9-mediated capture of
chromatin interactions at the CEP162 promoter region. This figure depicts the experimental strategy for identifying proteins that are differentially enriched at the CEP162
promoter under specific conditions (e.g., hypoxia). The approach uses dCas9-mediated chromatin capture: a programmable sgRNA targets the CEP162 promoter, recruits
dCas9 to the locus, undergoes in vivo biotinylation, and is purified via streptavidin affinity. Purified complexes were analyzed by proteomics to identify interacting trans-regulatory
factors, providing insights into the epigenetic and transcriptional regulation of CEP162 expression. (B) The CAPTURE system for dCas9-mediated chromatin interaction capture
consists of two main components: (1) FB-dCas9, a fusion protein containing functional domains for targeting and purification, and (2) target-specific sgRNAs designed to guide
dCas9 to the desired genomic locus. The FB-dCas9 construct includes multiple tags and modules for efficient expression, localization, and purification, while the sgRNA is
engineered to specifically target the region of interest. Together, these components enable the precise recruitment of dCas9 to target DNA, facilitating the capture and
identification of interacting proteins and chromatin regulatory factors. (C) Venn diagram of proteins differentially enriched at the CEP162 promoter region in RS and ES under
normoxic (N) and hypoxic (H) conditions. Volcano plot of differentially enriched proteins with |log:(FC)| 2 | identified by dCas9-mediated chromatin capture in (D) RS and
(E) ES. Proteins with [log2(FC)| 2 1 and P < 0.05 are highlighted in red (upregulated) or blue (downregulated), while proteins without significant changes are shown in gray. (F)
Western blot analysis of DNMT3L protein expression in round and elongating spermatids exposed to 21% and 11.7% oxygen for 10 weeks. (G) CUT&Tag-seq analysis of
DNMT3L binding to the CEP162 promoter in RS under 21% Oz (red) and 11.7% O, (green). (H) An EMSA was performed to evaluate the binding of DNMT3L to the CEP162
promoter region at specific regions: +222 to +251 bp relative to the transcription start site (TSS). (I) Chromatin immunoprecipitation (ChIP) followed by quantitative PCR
(qPCR) analysis of DNMT3L binding to the CEP162 promoter in round spermatids from rats exposed to 21% or 11.7% oxygen for 10 weeks. (J) qPCR analysis of CEP162
mRNA expression levels in round spermatids from WT and DNMT3L-cKO mice exposed to 21% or 11.7% oxygen for 10 weeks. (K) qPCR analysis of the mRNA levels of
CEP162 in control and DNMT3L/ASXL2-deficient G2 cells. (L) Co-IP analysis of the interaction between FLAG-DNMT3L and HIS-ASXL2 in G2 cells transfected with the
respective plasmids and exposed to 21% or 1% oxygen. ChIP—qPCR analysis of DNMT3L (M) and ASXL2 (N) binding to the CEP162 promoter in G2 cells following treatment
with control siRNA, DNMT3L siRNA, or ASXL2 siRNA. (O) 5-Methylcytosine (5-mC) enrichment at the CEP162 promoter in G2 cells under normoxia (N) or hypoxia (H)
following knockdown of DNMT3L or ASXL2. All the data are presented as the means * SDs. In (A—E), n = 3 biological replicates for CAPTURE proteomics; data are shown as
log, fold change and P values; no additional statistical testing was performed beyond proteomic analysis. (F) Representative image from a single independent experiment. The
DNMT3L signal was normalized to that of B-actin. No formal statistical testing was applied to this single replicate. (G, H, L) Representative images from a single independent
experiment. No formal statistical testing was applied to this single replicate. In (I, K, M-N), n = 12 biological replicates (spermatids or independently transfected G2 cell
cultures); mRNA or ChlP signals were normalized to that of B-actin (QPCR) or input DNA (ChlIP); unpaired two-tailed Student’s t test (I) or two-way ANOVA with Tukey’s
post hoc test (K, M, N); ¥*%P < 0.0001. In (J), n = 12 mice per genotype; CEP162 mRNA expression was normalized to that of B-actin; two-way ANOVA with Tukey’s post
hoc test; ****P < 0.0001. In (O), n = 12 biological replicates per group, normalized to the N_siCTL control (set as 1.0); one-way ANOVA with Tukey’s post hoc test; ****P <
0.0001 for comparisons between N_siCTL and H_siCTL, N_siCTL and N_siDNMT3L, and N_siCTL and N_siASXL2.
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Activation of DNMT3L/ASXL2 effectively
rescues the CEP162-mediated impairment of
vesicular transport under hypoxia

To investigate whether activation of DNMT3L or
ASXL2 rescues hypoxia-induced defects in vesicular
trafficking, we first assessed clathrin-coated vesicle
dynamics in IMCD3 cells under hypoxic conditions.
Flow cytometry analysis revealed that compared with
the in vitro control, the overexpression of DNMT3L-
3xFlag or ASXL2-3xFlag significantly increased the
proportion of Clathrin/SSTR3 double-positive cells
and cilia-localized vesicles, indicating increases in
vesicle docking and ciliary targeting (Supplementary
Figure 7A-E, Figure 7A). Similarly, Rabla/SSTR3
colocalization analysis demonstrated that
overexpression of either DNMT3L or ASXL2 restored
Rabla-positive vesicle trafficking to the primary
cilium (Supplementary Figure 7F, Figure 7B), which
is consistent with functional recovery of the vesicular
transport machinery.

To elucidate the molecular mechanism
underlying the rescue of vesicular transport, we
examined the activation status of Rabla using a GST
pull-down assay with full-length TRAPPCY, which
functions as a guanine nucleotide exchange factor
(GEF) for Rabla within the TRAPP II complex. Lysates
from G2 cells overexpressing DNMT3L-3xFlag or
ASXL2-3xFlag under hypoxia presented significantly
higher levels of active Rabla-GTP in the pull-down
fraction than the lysates from G2 cells in the in vitro
control group did (Figure 7C). These findings indicate
that the activation of DNMT3L or ASXL2 restores the
GEF activity of TRAPPCY9 toward Rabla, thereby
reactivating the Rabla-dependent vesicular transport
pathway that is impaired under hypoxic stress.

We next evaluated the expression of CEP162, the
key downstream effector, at both the protein and
transcriptional levels. Western blot analysis
demonstrated that CEP162 protein levels were
markedly elevated in hypoxic control mouse round
spermatids, whereas the overexpression of DNMT3L-
EGFP or ASXL2-3xFlag led to a significant reduction
in CEP162 expression (Figure 7D). Consistent with
these findings, in G2 cells, the overexpression of both
DNMT3L-3xFlag and ASXL2-3xFlag under hypoxia
resulted in the pronounced downregulation of CEP162
protein expression (Figure 7E). ChIP-qPCR revealed
increased enrichment of 5-methylcytosine (5-mC) at
the CEP162 promoter in the DNMT3L-3xFlag and
ASXL2-3xFlag groups (Figure 7F), indicating that
DNMT3L/ASXL2  activation  promotes = DNA
methylation-mediated epigenetic silencing of CEP162
under hypoxia.

At the transcriptional level, qRT-PCR confirmed

that CEP162 mRNA expression was upregulated
under hypoxia in the controls but was significantly
suppressed upon overexpression of DNMT3L or
ASXL2 in both mouse round spermatids and G2 cells
(Supplementary  Figure 7G-H).  ChIP-qPCR
confirmed the enhanced binding of both DNMT3L and
ASXL2 to the CEP162 promoter upon overexpression,
supporting their direct role in transcriptional
regulation (Supplementary Figure 7I-]). Furthermore,
combined immunofluorescence and single-molecule
FISH (IF/smFISH) codetection of CEP162 pre-mRNA
(intron and exon probes) and the CEP162 protein
revealed a coordinated decrease in both nascent
transcription and mature mRNA signals in cells
overexpressing DNMT3L or ASXL2 (Supplementary
Figure 7K-L, Figure 7G), a finding that is consistent

with  transcriptional repression rather than
posttranscriptional stabilization.
To rigorously elucidate the mechanistic

dependency of CEP162-mediated defects on Rabla
inactivation and TEKT2 deprivation in wvivo, we
performed targeted genetic rescue experiments. First,
we utilized a constitutively active Rabla mutant
(Rabla-Q70L), which is locked in the GTP-bound state
and does not depend on GEF (TRAPPCY) activity.
Testicular in situ injection of AAV9-Rabla-Q70L into
CEP162-overexpressing mice significantly restored the
proper distribution of TEKT2 within the sperm flagella
and  the  microtubule regrowth  capacity
(Supplementary Figure 7M-N). Crucially, wild-type
Rabla failed to achieve this response, providing
definitive in vivo evidence that restoring Rabla-GTP
signaling is sufficient to bypass CEP162-mediated
inhibition. Furthermore, to establish a direct causal
link between impaired TEKT2 delivery and flagellar
structural collapse, we co-overexpressed TEKT2 in
CEP162-overexpressing mice via AAVY. This massive
replenishment of the axonemal cargo significantly
ameliorated the pathological phenotypes, effectively
restoring progressive sperm motility and axonemal
integrity (Supplementary Figure 70-P). These in vivo
rescue data conclusively demonstrate that CEP162 acts
as a dominant negative signaling hub and that the
restoration of Rabla activity and subsequent TEKT2
delivery is sufficient to reverse downstream structural
and functional defects. Together, these results
demonstrate that the activation of DNMT3L or ASXL2
effectively rescues the hypoxia-induced impairment of
vesicular transport by epigenetically silencing CEP162
and restoring TRAPPC9-mediated Rabla activation.
Critically, the schematic model integrates these
findings into a unified epigenetic-trafficking axis:
under normoxia, the DNMT3L-ASXL2 complex
maintains CEP162 promoter methylation and
transcriptional repression, permitting unimpeded
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TRAPPC9-Rabla-GTP signaling for TEKT2 delivery
and flagellar assembly; under hypoxia, the
dissociation of this repressor complex triggers CEP162
derepression, after which CEP162 noncompetitively
sequesters Rabla at the basal body and sterically
inhibits TRAPPC9 GEF activity, thereby uncoupling
vesicular trafficking from axonemal cargo delivery
and inducing microtubule instability and flagellar
malformation, establishing CEP162 not only as a
structural component but also as a central oxygen-
sensitive epigenetic sensor and signaling hub whose
dysregulation directly links environmental stress to
male infertility (Figure 7H).

Discussion

The transformation of round spermatids into
elongated spermatids represents a critical phase in
spermatogenesis  characterized by  extensive
cytoskeletal remodeling and the precise assembly of
the flagellar axoneme. Our study established a
comprehensive  pathogenic  axis that links
environmental hypoxia to asthenoteratozoospermia
through the epigenetic dysregulation of CEP162, a
ciliary transition zone (TZ) protein previously
implicated in axonemal DMT defects and microtubule
organization.  Although the results of the
transcriptomic meta-analysis revealed multiple genes
whose expression was coupregulated in the
centrosomal and transition zone (TZ), including NEK4,
CEP162 was prioritized on the basis of three
convergent findings: (i) it exhibited a statistically
significant negative correlation with progressive
sperm motility; (ii) it demonstrated high diagnostic
accuracy for pathological conditions; and (iii) its
ectopic overexpression alone was sufficient to
recapitulate key pathological phenotypes, including
TEKT2 mislocalization and axonemal ultrastructural
defects. While CEP162 has been well established as a
central structural scaffold at the ciliary gate,
orchestrating the assembly and function of TZ
components to ensure proper ciliogenesis and ciliary
maintenance[26-28], our findings reveal a previously
unrecognized, nonstructural role for CEP162 as a
signaling hub that governs intracellular trafficking.
We demonstrate that hypoxia-induced suppression of
the DNMT3L-ASXL2 complex leads to CEP162
promoter hypomethylation and transcriptional
derepression, culminating in aberrant CEP162
accumulation. This overexpression disrupts the
spatiotemporal regulation of Rabla-dependent
vesicular transport, impairs the ciliary delivery of
axonemal components such as TEKT2, and ultimately
compromises flagellar ultrastructure and sperm
motility.

Importantly, probe-level discordance was found

for CEP162 in the GSE6872 / GPL570 dataset, where the
3’-proximal representative probe (206006_s_at)
indicated upregulation, whereas the more 5'-distal
probe (206005_s_at) suggested downregulation. This
observation likely reflects platform-specific technical
factors, including differential hybridization efficiency,
transcript isoform coverage, or 3’-end amplification
bias inherent to Affymetrix 3" IVT chemistry, rather
than biological contradiction. By applying predefined,
direction-independent selection criteria (RefSeq
exemplar annotation and 3’ proximity), we minimized
the risk of selection bias while transparently reporting
probe-level heterogeneity. The consistent positive
direction of the representative probe across all five
harmonized datasets, together with the positive
random-effects pooled estimate from the meta-
analysis, supports CEP162 as a cross-dataset
upregulated candidate despite substantial between-
study heterogeneity (I2=96.2%). Such heterogeneity is
expected in an integrated analysis combining distinct
technologies (Affymetrix/Illumina microarrays and
RNA-seq), normalization strategies, and independent
clinical cohorts. Our use of a random-effects model
explicitly accommodates such variability, allowing the
true effect size to vary across studies while estimating
the average direction of effect.

A pivotal finding of our work is the noncanonical
regulation of Rabla by CEP162. Traditionally, the
activation of Rab GTPases is governed by guanine
nucleotide exchange factors (GEFs), such as TRAPPC9,
which catalyze GDP-to-GTP exchange—a process
fundamental to membrane trafficking that is tightly
controlled in both space and time to ensure precise Rab
activity within specific cellular compartments[29].
GEFs such as TRAPPCY achieve substrate specificity
and membrane targeting through structural
adaptations that allow recognition of distinct organelle
membranes and selective activation of cognate Rabs,
thereby maintaining the fidelity of intracellular
transport[30]. Our data revealed that CEP162
overexpression impaired the TRAPPC9-mediated
loading of GTP onto Rabla; however, biolayer
interferometry (BLI) revealed that CEP162 and
TRAPPCY9 did not compete for Rabla binding. This
lack of competitive binding is not a technical artifact
but a biologically significant observation, suggesting a
spatially segregated, noncompetitive regulatory
mechanism. We propose a model in which CEP162
acts as a membrane-tethered scaffold that sequesters
Rabla-GDP at the basal body, thereby suppressing its
activation without altering total Rabla or Clathrin
protein levels or their overall subcellular distribution.
Consequently, general vesicle markers such as Rabla
and Clathrin remained detectable in both the cell body
and cilia under basal hypoxia, explaining the lack of
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apparent relocalization in untransfected cells. In  early and pronounced mislocalization, making them
contrast, cargo proteins such as TEKT2, whose ciliary  sensitive reporters of trafficking stress even when the
targeting is highly dependent on Rabla-GTP, exhibit  bulk trafficking machinery appears intact.
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Figure 7. DNMT3L and ASXL2 ameliorate hypoxia-induced vesicular trafficking defects by epigenetically silencing CEP162 expression and activating
Rabla. (A) Flow cytometry quantification of Clathrin and SSTR3 double-positive IMCD3 cells and cilia under hypoxia. The data show the proportion of vesicle-containing cells
(RFP+*GFP+ among Hoechst*) and cilia-localized vesicles (RFP*GFP+ among Hoechst: cells) in the in vitro control and in vitro DNMT3L-3%Flag groups. Clathrin (a vesicle fusion
pore marker) was labeled with GFP, and SSTR3 (a ciliary marker) was labeled with RFP. (B) Flow cytometry analysis of the colocalization of Rabla (GFP) and SSTR3 (RFP) in
cilia under hypoxia. Quantification of vesicle-positive cells and ciliary vesicle localization in control and DNMT3L-3*Flag-expressing cells revealed altered vesicle trafficking upon
DNMT3L overexpression. (C) Rabla activation was assessed by a GST-TRAPPC9 (Rabla-binding domain) pull-down assay under hypoxic conditions. Lysates from G2 cells
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transfected with in vitro control, in vitro DNMT3L-3x%Flag, or in vitro ASXL2-3%Flag were incubated with GST-TRAPPC9 bound to glutathione-Sepharose beads to specifically
isolate active Rabla-GTP. Western blotting of both the pulled-down and input fractions was performed using an anti-Rab1la antibody. (D) Western blot analysis of CEP162
protein levels in round spermatids from in vivo control, vector, DNMT3L-3xFlag, and ASXL2-3*Flag mice exposed to hypoxia. (E) CEP162 protein expression was analyzed by
Western blotting in G2 cells under hypoxia following in vitro control, DNMT3L-3%Flag, or ASXL2-3%Flag treatment. (F) 5-mC enrichment at the CEP162 promoter was
analyzed by ChlIP—qPCR in G2 cells under hypoxia in the in vitro control, DNMT3L-3%Flag, and ASXL2-3x%Flag groups. (G) IF/smFISH detection of CEP162 pre-mRNA (intron
and exon probes) and the CEP162 protein in G2 cells under hypoxia in the in vitro control, DNMT3L-3%Flag, and ASXL2-3xFlag groups. (H) Schematic model illustrating the
mechanism by which hypoxia disrupts sperm flagellar development through the DNMT3L/ASXL2-mediated epigenetic regulation of CEP162. Under normoxic conditions, the
DNMT3L-ASXL2 complex binds to the CEP162 promoter, promoting DNA methylation and transcriptional repression, resulting in low CEP162 expression, which allows
TRAPPC? to facilitate GTP loading onto Rabla; active Rabla-GTP drives vesicle trafficking and supports vesicle docking and recycling at the flagellar base, ensuring the efficient
delivery of axonemal components such as TEKT2 for proper microtubule assembly and structural integrity. Under hypoxic conditions, oxygen deprivation inhibits succinate
dehydrogenase activity, leading to intracellular succinate accumulation. This metabolic shift competitively inhibits a-KG-dependent dioxygenases, resulting in functional
impairment and transcriptional downregulation of the DNMT3L-ASXL2 complex, subsequent CEP162 promoter hypomethylation, and CEP162 overexpression. The aberrant
accumulation of CEP162 impairs TRAPPC9-mediated Rabla activation, consequently disrupting vesicular transport and ultimately compromising microtubule organization and
flagellar formation. All the data are presented as the means + SDs. In (A-B), n = 12 biological replicates (independent IMCD3 cell cultures); one-way ANOVA with Tukey’s
post hoc test; ***P < 0.0001. (C) Representative image from a single independent experiment. The Rab1a-GTP signal was normalized to the total Rabla signal (Input). No
formal statistical testing was applied to this single replicate. (D—E) Representative image from a single independent experiment. The CEP162 signal was normalized to that of B-
actin. No formal statistical testing was applied to this single replicate. In (F), n = 12 biological replicates (independent G2 cell transfections); 5-mC enrichment was normalized
to input DNA; one-way ANOVA with Tukey’s post hoc test; ****P < 0.0001. (G) Representative results of n = 3 independent experiments; pre-mRNA and protein expression

was visualized by smFISH/IF.

This “molecular sink” function was supported by
proteomic and coimmunoprecipitation analyses,
which revealed that CEP162 directly interacts with
Rabla, Rablb, Rabl4, and multiple TEKT family
proteins. Notably, CEP162 overexpression enhances
its binding to these cargoes while simultaneously
reducing their association with Rabla, effectively
trapping both regulatory GTPases and structural
components in nonproductive complexes and
uncoupling vesicle transport from cargo delivery. This
sequestration mechanism aligns with the fundamental
principles of vesicle trafficking, where the
spatiotemporal regulation of GTPase activity and
cargo recognition is critical for fidelity. For instance,
GTP hydrolysis by GAPs occurs prior to vesicle
formation and is essential for proper cargo sorting,
indicating that the dysregulation of GTPase dynamics
can directly impair cargo selection[31]. Furthermore,
structural studies have shown that coat protein
complexes, such as coatomers, can physically
sequester cargo molecules, preventing premature
interactions, a process analogous to the proposed sink
function[32, 33]. The formation of such stable,
nonproductive complexes by CEP162 may act as a
decoy mechanism, effectively diverting key
components such as Rabla and TEKT2 away from the
functional vesicular transport machinery. The
functional consequence is a failure to deliver critical
axonemal building blocks, such as TEKT2, to the
growing flagellum, leading to microtubule doublet
defects and flagellar malformation.

Importantly, while our study focused on TEKT2
as a representative axonemal cargo, our proteomic
data revealed that CEP162 overexpression
coordinately reduced the expression of multiple TEKT
family members (TEKT1, TEKT3, TEKT4, and TEKT5)
in addition to TEKT2 (Figure 3D, Supplementary
Figure 3bl). This broad impact on the TEKT family
likely reflects the general nature of blockade of Rabla-
dependent trafficking rather than cargo-specific
effects. TEKT proteins function cooperatively as

heteromeric complexes within axonemal microtubule
inner proteins (MIPs), where they collectively stabilize
doublet microtubules through lateral interactions[34].
The simultaneous reduction in the expression of
multiple TEKTs likely results in synergistic
destabilization of the axonemal architecture,
amplifying the structural defects beyond what would
be expected from TEKT2 loss alone. Future studies
employing a systematic functional screen of individual
TEKT family members, potentially using CRISPR-
based knockout approaches or cargo-specific
trafficking assays, will be essential for dissecting the
relative contributions of different TEKTs to CEP162-
mediated flagellar defects and identifying potential
therapeutic targets that could restore axonemal
integrity. Nevertheless, TEKT2 serves as an excellent
sentinel marker for broader trafficking dysfunction,
given its pronounced dysregulation, strong correlation
with structural defects, and experimentally validated
role in microtubule stabilization.

Our investigation into the downstream effects of
disrupted vesicular transport reveals a novel link
between membrane dynamics and cytoskeletal
integrity. We observed that CEP162 overexpression
reduced microtubule stability, as evidenced by
increased soluble tubulin levels and impaired aster
regrowth after nocodazole washout (Figure 4E).
However, CEP162 does not directly bind or cleave
tubulin, indicating that microtubule destabilization is
a secondary consequence of defective cargo delivery.
This highlights a hierarchical organization in flagellar
assembly: proper vesicular trafficking must precede
and support cytoskeletal remodeling. This principle is
conserved across ciliated cells, where actin and the
microtubule cytoskeletons rely on coordinated
vesicular transport, particularly from the Golgi
apparatus, for the timely delivery of structural and
functional components to the ciliary base[35]. The
actin cytoskeleton itself plays a key role in mediating
membrane trafficking events essential for ciliogenesis,
underscoring that cytoskeletal remodeling is
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contingent upon the establishment of efficient
trafficking pathways[36]. Furthermore, temporal
studies of ciliary dynamics have shown that structural
disassembly events are preceded by specific
trafficking and organizational cues, reinforcing the
sequential nature of this process[37]. In this context,
CEP162  functions as a  gatekeeper  of
compartmentalized transport, ensuring that structural
proteins are delivered in a coordinated manner to
support axonemal elongation.

Our identification of succinate as a hypoxia-
induced epigenetic modulator extends the canonical
ROS-centered paradigm of hypoxic signaling. While
acute hypoxia may trigger transient ROS bursts,
chronic oxygen deprivation promotes metabolic
adaptation, wherein succinate accumulation provides
a stable, concentration-dependent signal capable of
persisting beyond the hypoxic episode, a feature that
may explain the “epigenetic memory” observed in
reoxygenated sperm (Figure 2F). The competitive
inhibition of a-KG-dependent dioxygenases by
succinate represents a direct biochemical link between
mitochondrial metabolism and chromatin regulation,
positioning the a-ketoglutarate/succinate ratio as a
tunable rheostat for epigenetic plasticity in germ
cells[38, 39]. Critically, our MeDIP-qPCR data
(Supplementary Figure 6S), combined with ChIP-
qPCR evidence (Supplementary Figures 6P-6Q),
delineate the precise sequence of this epigenetic
switch. This succinate-driven metabolic shift triggers
the dissociation of the DNMT3L-ASXL2 repressor
complex from CEP162 promoter chromatin. As a direct
consequence of the loss of this epigenetic scaffolding
machinery, the local chromatin landscape undergoes
promoter hypomethylation, converting transient
metabolic stress into a stable, transcriptionally active
epigenetic state that drives pathological CEP162
overexpression. Notably, this mechanism operates
orthogonally to HIF signaling, as confirmed by our
siRNA experiments (Supplementary Figure 6L), and
may account for the HIF-independent phenotypes

reported in other hypoxia-associated infertility
models[40, 41].
The  resistance of specific chromatin

modifications to reprogramming suggests that the
hypoxia-induced disruption of the DNMT3L-ASXL2
complex and the consequent loss of repressive marks
(e.g., DNA methylation and H3K27me3) at the CEP162
promoter may represent a similarly stable, and
potentially irreversible, epigenetic switch in male
germ cells. Mechanistically, we revealed that the
DNMT3L-ASXL2 complex acts as a critical oxygen-
sensitive repressor of CEP162. Under normoxia, this
complex binds to the CEP162 promoter and maintains
a repressive chromatin state, likely through

H3K27me3 deposition and DNA methylation.
Hypoxia disrupts this complex, leading to promoter
demethylation and transcriptional activation. This
places CEP162 as a central node in an epigenetic sensor
network that translates redox imbalance into
structural cellular dysfunction.

The epigenetic regulation of CEP162 through
DNMT3L and ASXL2 represents another novel aspect
of our findings. While DNMT3L is known to be
involved in de novo DNA methylation, functioning as
a critical regulatory factor that stimulates the catalytic
activity of DNMT3A through direct interaction and
links histone modifications (such as unmodified
H3K4) to DNA methylation[25], it has not been
previously implicated in the repression of centrosomal
or ciliary genes. Our CUT&Tag-seq data revealed that
DNMT3L and ASXL2 cooccupy the CEP162 promoter
region, with hypoxia significantly reducing their
binding occupancy (Figure 6I, 6M and 6N;
Supplementary Figure 6G). This hypoxia-induced
dissociation allows for aberrant CEP162 transcription,
ultimately leading to protein overexpression that
disrupts microtubule stability. The clinical relevance
of this pathway is underscored by our analysis of a
GEO dataset (GSE6969), which revealed significant
downregulation of DNMT3L and ASXL2 expression in
teratozoospermic patients.

Interestingly, the results of our sequential ChIP-
qPCR experiments demonstrated that the relationship
between DNMT3L and ASXL2 is interdependent at the
CEP162 promoter (Supplementary Figure 6K and 6L).
Knockdown of either protein reduced the chromatin
occupancy of both factors (Figure 6M and 6N),
suggesting the formation of a cooperative complex
rather than a hierarchical, sequential recruitment
mechanism. This mutual dependency contrasts with
the canonical roles of DNMT3L in recruiting
DNMT3A/3B or of ASXL2 in stabilizing PRC2, where
the loss of the recruited component typically does not
impair the binding of the recruiter. In those well-
established paradigms, DNMT3L acts as an upstream
facilitator that increases de novo methylation by
recruiting DNMT3A/3B without requiring its own
chromatin association[42], whereas ASXL2 functions
after recruitment to stabilize PRC2 integrity and
optimize H3K27me3 activity without being essential
for initially targeting the complex[43]. Instead, our
data indicate that DNMT3L and ASXL2 function as
obligate repressive units at the CEP162 locus,
potentially enabling a highly sensitive, switch-like
epigenetic response to hypoxic stress. This cooperative
mode of action may represent a spermatid-specific
regulatory mechanism that ensures the robust
silencing of ciliogenesis-related genes during normal
flagellar assembly, with its disruption under hypoxia
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leading to pathological CEP162 overexpression and
subsequent defects in sperm motility. While HIF-
regulated prolyl hydroxylases (PHDs) have been
implicated in the regulation of the stability of other
centrosomal proteins (e.g., CEP192)[44], our data
indicate that CEP162 is regulated primarily at the
transcriptional level via DNA methylation. The
dissociation of HIF signaling from the DNMT3L-
ASXL2 axis in our siRNA  experiments
(Supplementary Figure 6L) further supports this
epigenetic mechanism over posttranslational stability
control.

The implications of our findings extend beyond
male infertility. The DNMT3L-ASXL2-CEP162-Rabla
axis may represent a conserved pathway for sensing
metabolic stress in ciliated cells. DNMT3L, although
catalytically inactive, plays crucial roles in genomic
imprinting and retrotransposon silencing during
gametogenesis[45]. It functions as a key adaptor
protein that recruits and stimulates catalytically active
methyltransferases such as DNMT3A to establish de
novo DNA methylation at imprinted germline
differentially methylated regions (gDMRs) and
transposable elements, thereby ensuring epigenetic
fidelity and genome stability[15]. The loss of DNMT3L
leads to widespread hypomethylation, aberrant
transposon activation, and sterility in male mice,
highlighting its indispensable role in germ cell
development[15, 46]. The specialized function of
DNMTS3L in germline epigenetic programming, which
is distinct from that in somatic cells, is further
evidenced by its interaction with histone
modifications such as H3K9 methylation, which are
critical for chromatin remodeling and meiotic
progression[47]. Its sensitivity to hypoxic conditions
suggests a broader role in environmental adaptation,
where it may act as a sentinel for redox imbalance,
dynamically modulating the epigenetic landscape in
response to stress. Similarly, TRAPPC9 has been
linked to neurodevelopmental disorders, and Rabla is
essential for ER-Golgi trafficking. TRAPPC9 functions
as a subunit of the TRAPPII complex, a conserved
oligomeric guanine nucleotide exchange factor (GEF)
that activates Rabla to regulate vesicular transport
from the ER to the Golgi and intra-Golgi trafficking,
processes that are fundamental to protein sorting and
secretory pathway integrity[48, 49]. Disruptions in this
pathway, such as those induced by TRAPPC9
mutations, are associated with neurodevelopmental
abnormalities, underscoring the critical importance of
precise Rabla activation in neuronal development and
function[50]. Our work positions CEP162 as a context-
specific modulator of this fundamental trafficking
machinery, particularly in polarized cells with high
secretory demands, such as spermatids and neurons.

The negative result from the BLI competition
assay, while initially unexpected, provides a
compelling argument for the complexity of Rab
regulation in specialized cellular compartments.
Unlike soluble GTPases, ciliary Rabs are subject to
stringent spatial control, functioning as markers to
identify distinct membrane domains and organizing
specific effector complexes to ensure fidelity in ciliary
trafficking and signaling[51-53]. This spatial precision
is essential for processes such as Hedgehog signaling
and intraflagellar transport (IFT), where Rabs such as
Rab23 and IFT27 govern cargo entry, exit, and signal
transduction within the cilium[54]. Their localization
and activity are further fine-tuned by the IFT
machinery, the exocyst complex, and posttranslational
modifications such as phosphorylation, all of which
contribute to the maintenance of ciliary composition
and functional integrity[55, 56]. Our data suggest that
CEP162 imposes an additional layer of regulation
beyond the classical GEF-GAP cycle, possibly through
phase-separated condensates or lipid raft partitioning
at the transition zone. Future studies using
superresolution imaging (e.g.,, STORM) and in vitro
reconstitution assays will be essential for visualizing
the spatial organization of the CEP162-Rabla-
TRAPPCO triad.

While our study focused primarily on RAB1A,
the central GTPase impaired by CEP162
overexpression, it is conceivable that other RAB family
members that regulate vesicular trafficking,
particularly those involved in intraflagellar transport
(IFT), may also be affected, and the partial rescue of
microtubule stability upon the reactivation of
DNMT3L or ASXL2 suggests that additional hypoxia-
sensitive pathways may contribute to cytoskeletal
disorganization. This possibility is supported by the
established role of epigenetic regulators such as
DNMT3L and ASXL2 in orchestrating chromatin
states in response to environmental stress, where their
dysregulation can lead to widespread alterations in
gene expression programs that govern cellular
structure and function. The complexity of protein—
protein interaction networks, as revealed by
interactome studies, suggests that DNMT3L and
ASXL2 may interact with broader signaling cascades

beyond the CEP162-Rabla axis, potentially
influencing  cytoskeletal =~ dynamics  through
interconnected  pathways  involving  histone
modifications,  transcriptional = regulation, and

metabolic sensing[57]. Notably, our functional rescue
experiments highlight the therapeutic promise of
targeting DNMT3L/ASXL2-CEP162-RAB1A axis, as
the genetic silencing of CEP162 or restoration of
DNMT3L/ASXL2 activity in hypoxic models
effectively reinstates RAB1A-GTP levels, rescues the
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ciliary localization of critical axonemal components
such as TEKT2, and restores sperm motility, indicating
that hypoxia-induced spermatogenic defects are
reversible at the molecular level during early
spermiogenesis; these findings not only lay a
foundation for novel therapeutic strategies for
asthenoteratozoospermia but also open avenues for
developing precision interventions such as small-
molecule inhibitors that disrupt the CEP162-RAB1A
interaction or pharmacological agents that stabilize the
DNMT3L-ASXL2  complex, offering targeted
correction of the underlying pathogenic cascade of
male infertility linked to hypoxic stress.

Despite these compelling findings, our study has
several limitations that warrant careful consideration.
First, while our initial clinical cohort (n = 55)
demonstrated the promising diagnostic potential of
sperm CEP162 levels (AUC > 0.9), this sample size is
insufficient to establish definitive clinical utility or
generalizability. Future multicenter studies involving
larger, independent, and ethnically diverse patient
cohorts are essential to rigorously validate the
sensitivity, specificity, and predictive value of CEP162
as a diagnostic biomarker for
asthenoteratozoospermia. Second, while our
mechanistic insights into CEP162-driven trafficking
defects may have broader implications for ciliopathies,
given the established role of CEP162 as a ciliary
transition zone gatekeeper, our current model
specifically addresses environmentally induced
(hypoxia-driven) epigenetic dysregulation in male
germ cells. Direct extrapolation of these findings to
genetic ciliopathies requires dedicated investigation in
relevant disease-specific models. Finally, while our
rescue experiments strongly support the proposed
axis, the translation of these findings into targeted
pharmacological interventions (e.g., small-molecule
stabilizers of the DNMT3L-ASXL2 complex) remains
a goal for future preclinical development.

Conclusions

We identified a novel pathogenic cascade in
which environmental hypoxia inhibits succinate
dehydrogenase (SDH) activity, driving intracellular
succinate accumulation that functionally disrupts the

DNMT3L-ASXL2 epigenetic repressor complex
through  metabolic-epigenetic ~ crosstalk.  This
metabolic-epigenetic ~ switch triggers promoter

hypomethylation and the transcriptional derepression
of CEP162. The resulting aberrant overexpression of
CEP162 in spermatids functions not only as a
structural scaffold but also as a dominant negative
signaling hub that spatially sequesters Rabla-GDP to
the basal body, thereby impairing TRAPPC9-mediated
GTP loading and disrupting Rabla-dependent

vesicular trafficking. This consequently prevents the
ciliary delivery of critical axonemal components,
notably TEKT2, culminating in microtubule
instability, flagellar malformation, and ultimately
asthenoteratozoospermia. This work redefines
CEP162 as a pivotal integrator of metabolic,
epigenetic, and trafficking signals essential for faithful
flagellar assembly, provides a mechanistic framework
for environmentally induced male infertility, and
highlights a reversible pathogenic axis that may offer
new perspectives for future research into idiopathic
asthenozoospermia and related ciliopathies.

Materials and Methods

Research ethics

All clinical procedures involving human
participants were authorized by the Institutional
Ethics Committee of the Second Affiliated Hospital of
Army Medical University (Approval No. 2025-135-01)
and strictly adhered to the ethical principles of the
Declaration of Helsinki. Before enrollment, written
informed consent was secured from every individual.
Additionally, all animal protocols received ethical
clearance from the Institutional Animal Care and Use
Committee of the Army Medical University (Permit
No. AMUWEC20230266). The care and handling of
laboratory animals strictly complied with the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH Publication No. 8023,
revised 1978).

For human sample collection, 55 individuals, 30
patients diagnosed with asthenozoospermia and 25
men with normozoospermic parameters, were
included. Semen samples were processed and
evaluated following the most recent World Health
Organization (WHO) criteria to ensure standardized
assessment of sperm concentration, motility, and
morphology.

Human sperm sample collection and cohort
definition

Semen samples were collected from 55 male
participants aged 22-40 years who were recruited at
the Department of Urology, the Second Affiliated
Hospital of Army Medical University, Chongging,
China. All participants provided written informed
consent, and the study was approved by the Medical
Ethics Committee of the Second Affiliated Hospital of
Army Medical University (Approval Number: 2025-
135-01).

Participants were classified into two groups on
the basis of the WHO 2021 criteria and clinical
diagnosis: normozoospermic controls (n = 25): those
with progressive motility (PR) > 32%, normal sperm
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concentration and morphology, and no history of
infertility, urogenital infection, varicocele, hormonal
disorders, or exposure to gonadotoxic agents. Patients
with asthenozoospermia (n = 30): those with a PR <
32% with otherwise normal concentration and
morphology for which known genetic causes (e.g., Y
chromosome microdeletions and CFIR mutations)
were excluded.

Additional exclusion criteria for both groups
included smoking, alcohol abuse (>20 g/day), obesity
(BMI > 30), fever within the past 3 months, or
residence at high altitude (>1,500 m).

Semen analysis was performed within 1 hour of
liquefaction using computer-assisted sperm analysis
(CASA). For Western blotting and molecular assays,
sperm  were purified by Percoll gradient
centrifugation, and protein lysates were prepared as
described. = The clinical and  demographic
characteristics of the participants are summarized in
Supplementary Table 4.

Mice and rats

To establish the chronic hypoxia model, rodents
(both rats and mice) were housed in a specialized
hypobaric chamber that mimicked a high-altitude
environment of 5,800 meters. In this setup, the ambient
air retained a normal oxygen fraction (~21%), but the
overall barometric pressure was lowered, thereby
reducing the partial pressure of oxygen. Age-matched
control groups were kept at a baseline elevation of 300
meters under standard normobaric conditions. Before
the hypoxic intervention, all animals underwent an 8-
week acclimatization period in the facility. They were
provided with unrestricted access to water and
standard chow. The vivarium environment was
strictly regulated, maintaining a 12-hour light/12-
hour dark photoperiod, a constant temperature range
of 22-24 °C, and humidity levels between 40% and
60%.

The generation of mice lacking DNMT3L
specifically in the germline (project no:
CKOAIP250808LL1) was commissioned from Cyagen
Biosciences (Suzhou, China). This was achieved by
utilizing a tamoxifen-dependent Cre-loxP
recombination strategy. Specifically, Stra8-iCreERT2
transgenic mice were mated with DNMT3L-floxed
mice (C57BL/6] background), in which loxP
sequences were inserted to flank exons 6 through 10 of
the target gene. Offspring genotyping was conducted
using polymerase chain reaction (PCR) assays.

Tamoxifen treatment protocol: To trigger
targeted gene excision in post-meiotic germ cells, 8-
week-old male mice harboring both the Stra$-
iCreERT2 and DNMT3L flox/flox alleles were
administered tamoxifen (Sigma-Aldrich, Cat# T5648)

via intraperitoneal injection for 5 successive days. The
drug was freshly compounded by dissolving it in
sterile corn oil (Aladdin, Cat# C116023) to yield a 10
mg/mL solution, which was thoroughly vortexed. The
daily dosage was set at 1 mg per mouse
(approximating 40 mg/kg based on a 25 g average
body mass). To prevent degradation, the working
solutions were shielded from light and kept at 4°C,
being used within 24 h of preparation. Following the
last dose, the animals were kept in solitary
confinement for 1 day to clear the unmetabolized drug
before resuming normal housing and commencing the
hypoxia regimen. This specific temporal induction
window was chosen to selectively ablate DNMT3L in
differentiating spermatocytes and post-meiotic stages,
thereby circumventing the early meiotic block
typically caused by global Dnmt3! deficiency[58].

Cell culture, hypoxia treatment and
transfection

Murine spermatogonia (GC-1), pachytene
spermatocytes (GC-2), and inner medullary collecting
duct (IMCD3) cells were purchased from Procell Life
Science & Technology (Wuhan, China). These cell lines
were routinely maintained in Dulbecco’s Modified
Eagle Medium (DMEM) enriched with 10% fetal
bovine serum (FBS). To simulate pathological hypoxia
comparable to clinical conditions like varicocele or
testicular torsion, cells were exposed to 1% O, a level
known to drop below physiological baselines
(typically 1-2% Os in the testis) [59]. While 21% O»
served as the standard normoxic control to match
conventional in vitro paradigms[60-62], the hypoxic
environment (comprising 1% Oz, 5% CO», and 94% N>)
was precisely regulated at 37°C within a modular
hypoxia workstation (Invivo,, Baker Ruskinn).
Crucially, to prevent artifactual reoxygenation, all
downstream processing, including RNA and protein
isolation, was strictly conducted within the hypoxic
chamber.

For in vitro hypoxia modeling, GC-1 and GC-2
cells were initially plated at a density of 5 x 105 cells
per well in 35-mm 6-well plates and incubated under
standard normoxic conditions for 24 hours. Following
a single PBS wash, the cultures were relocated to the
hypoxia workstation for a 36-hour duration. This
specific 1% O exposure window was determined via
preliminary experiments to optimally trigger hallmark
hypoxic responses, such as HIF-1a accumulation and
DNMT3L suppression, thereby faithfully
recapitulating the transcriptional adaptations
observed during chronic in vivo hypoxia.

Transient gene silencing of Dnmt3l and AsxI2 was
achieved using specific small interfering RNA (siRNA)
duplexes. The targeted sequences were: Dnmt3! (sense:
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5-GGAUGACCAAGAGACAACUTT-3, antisense:
5-AGUUGUCUCUUGGUCAUCCTT-3) and AsxI2
(sense: 5-GCCCAAAGCAGGUUCUAAUTT-3,
antisense: 5-AUUAGAACCUGCUUUGGGCTT-3).
A scrambled, non-targeting siRNA (sense: 5'-
UUCUCCGAACGUGUCACGUTT-3’, antisense: 5'-
ACGUGACACGUUCGGAGAATT-3") functioned as
the negative control. Cellular transfections were
executed utilizing Lipofectamine 3000 reagent
(Invitrogen) strictly following the vendor's protocol,
with knockdown efficacy verified 48 hours post-
transfection.

To achieve in vivo upregulation of ASXL2, we
developed a recombinant adeno-associated virus
serotype 9 (AAV9) construct. This vector harbored the
complete murine ASXL2 coding sequence (accession
NM_001270988), which was fused in-frame to a 3xFlag
epitope and driven by the enhanced short elongation
factor-1a (EFS) promoter. The synthetic ASXL2 gene,
derived from NCBI reference data, was integrated into
the pAAV2-EFS-pA plasmid backbone (Taitool
Bioscience, Shanghai, China). This backbone features a
truncated EFS promoter (~250 bp) and a compact
synthetic polyadenylation signal (48 nt). The final
assembled plasmid, named pAAV2-EFS-mASXL2-
3xFlag-pA, possessed an insert length of roughly 4.3
kb. Subsequent viral packaging and purification,
executed by Taitool Bioscience, yielded AAV9
particles with a robust titer exceeding 2.2 x 103 vector
genomes (v.g.)/mL.

For the ectopic expression of murine DNMT3L
(accession NM_001081695.2), the corresponding
coding region was ligated into a CMV-MCS-3xFlag-
WPRE-BGH polyA vector. This specific plasmid
utilizes a cytomegalovirus (CMV) immediate-early
promoter for robust, constitutive transcription,
coupled with a multiple cloning site (MCS) and a C-
terminal 3xFlag tag to facilitate downstream detection
and immunoprecipitation. To enhance mRNA stability
and translational efficiency, the construct incorporates
a woodchuck hepatitis virus posttranscriptional
regulatory element (WPRE) alongside a bovine growth
hormone (BGH) polyadenylation signal. Furthermore,
the entire expression cassette is bordered by AAV2
inverted terminal repeats (ITRs), supplying the
necessary cis-acting sequences for viral replication and
packaging. Co-transfection of this recombinant
plasmid, alongside the pHelper and pAAV-RC9
(serotype 9) packaging plasmids, was performed in
AAV-293 cells. Viral assembly occurred over 48-72
hours, after which both cellular lysates and culture
supernatants were collected. The crude viral
preparations were subsequently concentrated and
purified via iodixanol gradient or column
chromatography to optimize purity and yield.

Quantitative PCR (qPCR) targeting the viral genome
confirmed final titers of =5 x 102 vector genomes
(v.g.)/mL.

To facilitate in vivo CEP162 upregulation, the
complete murine CEP162 coding sequence was
initially cloned into a pLVX lentiviral backbone driven
by a potent constitutive promoter. High-titer lentiviral
stocks were generated through transient co-
transfection of HEK293T cells with the pLVX-CEP162
construct and standard packaging vectors, followed
by supernatant collection at 72 hours, concentration,
and  purification. = Nevertheless, for precise
intratesticular ~ administration, we opted for
recombinant adeno-associated virus (AAV) delivery.
Specifically, AAV serotype 9 (AAV9Y) vectors encoding
CEP162 or a control sequence were microinjected
directly into the seminiferous tubules via efferent duct
cannulation, delivering a total dose of 2 x 10" vector
genomes (vg) per testis to ensure efficient germ cell
transduction. Notably, the AAV construct was
deliberately designed without a GFP fusion tag to

avoid  spectral overlap during subsequent
fluorescence-based sperm analyses (e.g.
immunofluorescence). Verification of successful

CEP162 overexpression in testicular germ cells was
achieved 2-4 weeks post-injection through both
immunofluorescence staining of testicular sections
and Western blot analysis.

For AAV-mediated knockdown of murine
Cepl62 (accession NM_199316), we designed six
distinct pre-miRNA sequences utilizing the BLOCK-
iT™ RNAi Designer platform
(https:/ /rnaidesigner.thermofisher.com/rnaiexpress
/). The open reading frame (ORF) was designated as
the target region, with G/ C content constrained to 30-
70%, and subsequent BLAST searches against the Mus
musculus database confirmed target specificity. A
scrambled sequence (miR-NC:
GTCTCCACGCGCAGTACATTT) served as the
negative control. These validated miRNA sequences
were subsequently cloned into the pAAV2-CAG-
MasterRNAi155-EGFP-WPRE-pA backbone (Taitool
Bioscience, Shanghai, China). Concurrently, a partial
Cep162 cDNA fragment was integrated into a reporter
plasmid (PAAV2-CMV_bGI-mCEP162-mCherry-
3xFlag-WPRE-pA) to facilitate efficacy screening.
Candidate miRNAs were co-transfected with the
reporter construct into HEK293 cells, and their
silencing efficiency was assessed by quantifying the
attenuation of mCherry fluorescence alongside the
reduction of FLAG-CEP162 protein levels via Western
blot. The most potent candidate, miR-CEP162
(CACACCTTITACTGACTCTCAT), was ultimately
selected for AAV serotype 9 (AAV2/9) packaging
alongside the miR-NC control. Taitool Bioscience
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handled the production, purification, and titration of
these recombinant viruses, yielding a final
concentration of 1.1 x 103 vector genomes (v.g.)/mL.

To establish stable overexpression of ASXL2 or
DNMT3L in G2 cell lines, their respective coding
sequences were individually subcloned into the Ubc-
MCS-3xFLAG-5V40-puromycin lentiviral vector, a
system that permits simultaneous transgene
expression and puromycin selection. These
recombinant lentiviral constructs were co-transfected
into 293T packaging cells alongside a cocktail of
essential packaging plasmids. Over a 48-72 hour
period, newly assembled lentiviral particles were
secreted into the culture medium. The harvested
supernatants were subsequently subjected to
ultracentrifugation for concentration and purification,
thereby enhancing both viral purity and yield.
Functional titers of the resulting viral preparations
were quantified by counting fluorescently labeled

transduced cells, consistently achieving
concentrations of 21 x 10® transduction units
(TU)/mL.

While the physiological oxygen tension within
the testis typically ranges from 1% to 2% O[59], we
maintained a 21% O environment in vitro to serve as
the normoxic baseline, ensuring compatibility with
conventional hypoxia research models[60-62].
Conversely, the 1% O condition was specifically
selected to replicate pathological hypoxia scenarios,
such as local ischemia induced by varicocele or
testicular torsion, which fundamentally differs from
the chronic environmental hypoxia (11.7% Os)
modeled in our in vivo murine experiments. Crucially,
in diffusion-restricted cell culture systems, active
cellular oxygen consumption ensures that the actual
pericellular PO, remains lower than the nominal
incubator setting. Consequently, our 1% Oz incubation
protocol likely generates a pericellular PO, that
accurately mirrors the severe hypoxic
microenvironment associated with pathological male
infertility. This  methodological choice was
substantiated by  preliminary trials, which
demonstrated robust activation of canonical hypoxia-
responsive pathways —including HIF-1a stabilization,
DNMT3L suppression, and CEP162 induction—
within 36 hours at 1% O, closely mirroring the
transcriptional adaptations observed during chronic
moderate hypoxia in vivo.

To perform in vivo genetic rescue of Rabla
signaling, we engineered recombinant AAV9 vectors
expressing either wild-type murine Rabla (accession
NM_008996.4) or its constitutively active, GTP-locked
mutant (Rabla-Q70L) [63]. The core expression
cassette, comprising AAV2 ITRs, a CAG promoter, the
Rabla sequence, and a BGH polyA signal, was

integrated into the pAAV-CAG-MCS-BGH polyA
backbone (GeneChem, Shanghai, China). Viral
packaging was achieved by co-transfecting AAV-293
cells with this construct, pHelper, and the pAAV-RC9
packaging plasmid. The resulting AAV9 particles
were purified via iodixanol gradient
ultracentrifugation, yielding a titer of 2.5 x 1012
vg/mL. For the rescue experiments, 8-week-old male
mice underwent in situ testicular microinjection via
the efferent duct, receiving 10 pL of AAV9-CEP162
either alone or co-administered with AAV9-Rabla-
WT/Q70L (at 1.0 x 102 vg/mL). Four weeks post-
injection, spermatozoa were harvested from the cauda
epididymis, fixed, and analyzed via
immunofluorescence with an anti-TEKT2 antibody to
evaluate ciliary cargo delivery. Additionally, to
evaluate microtubule integrity, isolated sperm flagella
underwent Western blotting to quantify polymerized
microtubule markers, specifically acetylated a-tubulin
(Ac-Tub) and detyrosinated a-tubulin (Glu-Tub).

To functionally rescue flagellar architecture,
AAV9-TEKT2 was co-administered with AAVO-
CEP162 via intratesticular injection in mice.
Subsequent evaluation of sperm progressive motility
was conducted utilizing computer-assisted sperm
analysis (CASA). Furthermore, ultrastructural
examination of the sperm flagella was performed
using transmission electron microscopy (TEM).
Axonemal integrity was rigorously assessed by
calculating the proportion of flagellar cross-sections
exhibiting an intact, canonical “9%2+2” microtubule
arrangement.

Prokaryotic expression and purification

To generate an N-terminally His-tagged fusion
protein, the 4,212-bp coding region of Cepl62 was
PCR-amplified using primers designed with Ndel and
BamHI restriction sites. Following enzymatic
digestion, the target fragment was ligated into the
pET-28a(+) expression plasmid. The resulting
construct was introduced into chemically competent
Escherichia coli BL21(DE3) strains. Recombinant
clones were cultured in Luria-Bertani (LB) broth
containing 15 pg/mL kanamycin at 37°C. Once the
culture reached an optical density (OD600) of 0.6 to
0.8, protein synthesis was triggered by adding 1 mM
isopropyl ~ p-D-1-thiogalactopyranoside  (IPTG),
followed by a 16-hour incubation at 18°C to maximize
soluble yield. Bacterial pellets were collected via
centrifugation (4,000 x g, 20 min, 4°C) and
subsequently disrupted on ice using a sonicator after
resuspension in a specialized lysis solution (50 mM
NaH,PO,, 300 mM NaCl, 10 mM imidazole, pH 8.0)
fortified with 1 mg/mL lysozyme and protease
inhibitors. The resulting homogenate was cleared by

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22

8729

high-speed centrifugation (12,000 x g, 30 min, 4°C),
and the clarified supernatant was mixed with Ni-NTA
agarose resin for 1 hour at 4°C under constant
agitation. Following a wash step with 20 mM
imidazole to eliminate nonspecific binding, the target
protein was eluted using a higher concentration of
imidazole (250 mM). The final purified fractions were
assessed for purity and molecular weight consistency
against theoretical predictions via SDS-PAGE coupled
with Coomassie Brilliant Blue staining.

Probe harmonization and representative
probe selection for CEP162 in microarray
datasets

For integrative analysis of CEP162 expression
across public transcriptomic cohorts, platform-specific
probe harmonization was performed prior to gene-
level interpretation. For the GSE6969 series, which
comprises multiple platform-specific subsets, only one
platform was retained for primary analysis to avoid
duplicate sample usage and cross-platform
heterogeneity. The GPL570 (Affymetrix Human
Genome U133 Plus 2.0 Array) subset was excluded
because it shared sample identifiers with GSE6872 and
therefore did not represent an independent dataset.
Among the remaining Illumina-based subsets,
GPL2700 (Sentrix HumanRef-8 Expression Bead Chip)
was selected a priori as the representative platform for
GSE6969 owing to its broader transcriptome coverage
and more comprehensive gene annotation relative to
the earlier GPL2507 Sentrix Human-6 Expression
BeadChip. Platform selection was performed
independently of the CEP162 differential expression
analysis.

For Affymetrix 3’ IVT microarrays (e.g., GPL570),
representative probe selection followed predefined,
direction-independent biological criteria to minimize
selection bias. Given the known 3’-end amplification
bias inherent to Affymetrix 3" IVT chemistry, probe
sets annotated to RefSeq exemplar sequences (protein-
coding transcripts with NM_ accessions) were
prioritized over those derived from consensus
sequences or expressed sequence tag records. Among
the probe sets matching the target transcript, the probe
set mapping closest to the 3’ terminus of the RefSeq
reference transcript was designated the representative
gene-level probe for visualization and effect-size
extraction.

In GSE6872/GPL570, two CEP162 probe sets
were identified: 206005 s at and 206006_s_at.
Sequence-level inspection confirmed that both probe
sets exactly matched the CEP162 RefSeq transcripts,
and NCBI BLASTN analysis against the human RefSeq
RNA database did not reveal full-length exact non-
CEP162 RefSeq RNA hits for either probe set;

therefore, neither was treated as an off-target artifact.
Applying the predefined RefSeq annotation and 3’-
proximity criteria, 206006_s_at was selected as the
representative CEP162 probe. This probe set is
annotated to the RefSeq exemplar sequence
NM_014895.4 and maps closest to the 3" end of the
CEP162 transcript, with the nearest 25-mer probe
located 88 nt from the 3’ terminus. In contrast,
206005_s_at is annotated to the consensus sequence
AK023613 and maps further upstream, with the
nearest probe located 690 nt from the 3’ terminus
(Supplementary Figure 1).

The expression of the representative 3'-proximal
probe 206006_s_at was significantly upregulated in
infertile samples compared with that in fertile control
samples (logoFC = 1.825, moderated t = 11.30, P = 2.20
x 1010). The 5-distal probe 206005_s_at showed
significant differential expression in the opposite
direction (logoFC = -3.416, moderated t = -7.69, P =
1.56 x 107). This probe-level discordance was retained
and reported as a descriptive observation rather than
being discarded, acknowledging platform-specific
technical variability.

In GSE6969/GPL2700, CEP162 was represented
by a single annotated probe (GI_7662445-S); therefore,
multiprobe selection was not needed, and this probe
was used directly for CEP162 expression analysis
(logoFC = 0.337, moderated t = 1.48, P = 0.163).

Following probe harmonization, genes were
mapped to official HGNC symbols and compared
across the five retained datasets: GSE6872, GSE6969
(GPL2700), GSE241326, SRP418387, and SRP418442.
To identify robust cross-dataset candidates while
accounting for varying statistical power among
individual studies, we implemented a directionality-
based screening strategy. Specifically, genes exhibiting
a positive log»-fold change value (log>FC > 0) across all
five datasets were defined as directionally consistent
upregulated candidate genes. This criterion served as
a stringent cross-dataset consistency screen rather
than requiring nominal significance in every
individual cohort. Dataset-specific P values and
adjusted P values were retained for comprehensive
reporting.

To evaluate the overall statistical evidence for
prioritized candidate genes, a cross-dataset effect-size
meta-analysis was subsequently performed using the
metafor framework in R. Given the methodological
differences between the microarray and RNA-seq
platforms, a random-effects model using the restricted
maximum likelihood (REML) estimator was applied to
pool log>FC effect sizes and calculate 95% confidence
intervals.  Between-study  heterogeneity = was
quantified using the I? statistic. For CEP162, a random-
effects meta-analysis revealed an overall positive
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effect across the five retained datasets (pooled log.FC
= 0.698, 95% CI: 0.018-1.378, P = 0.044), although
substantial between-study heterogeneity was detected
(I2 = 96.2%). Therefore, CEP162 was interpreted as a
directionally consistent upregulated candidate with
meta-analytic support rather than as a gene showing
nominally significant upregulation in every individual
dataset.

Gene expression dataset analysis

Publicly available transcriptomic datasets were
retrieved from the Gene Expression Omnibus (GEO)
and NCBI BioProject repositories to investigate the
expression dynamics of CEP162 and its candidate
targets across various male infertility subtypes.
Specifically, we curated microarray profiles from two
independent teratozoospermia cohorts: GSE6872 and
GSE6969 (BioProject PRINA99311). For the GSE6872
dataset (Affymetrix Human Genome U133 Plus 2.0
Array, GPL570), raw CEL files underwent
preprocessing via the robust multiarray average
(RMA) algorithm within Bioconductor’s affy package,
encompassing background adjustment, quantile
normalization, and probe-level summarization.
Regarding GSE6969, we deliberately selected the
GPL2700 platform (Sentrix HumanRef-8 Expression
BeadChip) as the primary reference due to its superior
transcriptomic coverage and annotation depth
compared to alternative Illumina arrays, a decision
made independently of any differential expression
outcomes. These GPL2700 data were subsequently
normalized using variance-stabilizing transformation
(VST) coupled with quantile normalization via the
lumi package. Additionally, microarray data for
nonobstructive  azoospermia  (NOA)  subjects
(GSE241326, BioProject PRJNA1007692, Illumina
HiSeq 2500) were processed through the same RMA
pipeline in Bioconductor.

For asthenozoospermia investigations, we
analyzed RNA-sequencing data from two distinct
sources: (i) small RNA-seq profiles of seminal plasma
exosomes (BioProject PRJINA925687, Illumina HiSeq
2500) and (ii) whole-sperm transcriptomes from
patients with varying degrees of idiopathic
asthenozoospermia (BioProject =~ PRJNA924578,
[umina HiSeq 2500). Both sequencing datasets were
subjected to wuniform bioinformatic workflows,
comprising adapter trimming, stringent quality
control, alignment to the human reference genome,
and transcript quantification, ultimately generating
normalized abundance metrics (e.g., TPM or FPKM)
for subsequent statistical evaluation.

To facilitate robust cross-cohort comparisons,
transcript abundance or signal intensity values were
evaluated against healthy control baselines. We

established a cohort-specific mean expression
threshold for each gene. Based on this metric,
individual samples were dichotomized into either a
“high-expression” cohort (values exceeding the cohort
mean) or a “low-expression” cohort (values falling
below the mean). This standardized stratification
strategy ensured methodological consistency when
assessing the transcriptional dysregulation of
centrosome- and cilia-associated genes across diverse
infertility phenotypes.

Gene set enrichment analysis

In Supplementary Table 2, “Reactome GSEA
results for the 24 commonly upregulated genes across
five independent datasets,” we retained the following
core columns for clarity and reproducibility: ID,
description, set size, normalized enrichment score
(NES), q value, and core enrichment. These parameters
ensure comprehensive reporting of enrichment results
while maintaining compatibility with standard GSEA
output formats. For downstream interpretation, only
pathways meeting both of the following criteria were
considered significant: (1) a false discovery rate (FDR)-
adjusted q value < 015 and (2) a normalized
enrichment score (NES) > 1.3. This dual-threshold
approach ensures that the reported pathways are not
only statistically robust but also exhibit a strong
biological effect size.

Isolation and purity validation of sperm
flagellar fractions and head fractions

The sperm flagella and heads were isolated using
a modified mechanical shearing and differential
centrifugation protocol. Briefly, mature sperm were
collected from mouse cauda epididymides and
washed in PBS. The cell pellets were resuspended in
isolation buffer (100 mM NaCl, 10 mM Tris-HCl (pH
7.4),1mM EDTA, 0.5 mM DTT, and protease inhibitor
cocktail) and subjected to vortexing (30 s at maximum
speed) to shear the flagella from the heads. The
suspension was centrifuged at 1,500 x g for 10 min at
4°C to pellet the sperm heads and intact cells. The
supernatant, containing detached flagellar fragments,
was then subjected to ultracentrifugation at
100,000 x g for 60 min at 4 °C to pellet the flagella. The
resulting head and flagellar pellets were lysed
separately in RIPA buffer for downstream analysis.

To confirm the purity of the isolated subcellular
fractions, Western blotting was performed using
compartment-specific markers. The flagellar fraction
was expected to be enriched in a-tubulin, a core
axonemal structural protein, and COX 1V, a
mitochondrial marker localized to the midpiece sheath
(which is retained in our flagellar preparations).
Conversely, the sperm head fraction was expected to
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be enriched in SPAMI1 (sperm plasma membrane-
associated protein 1), a hyaluronidase that digests
hyaluronic acid to enable cumulus penetration, and
IZUMOYI, a sperm head-specific protein essential for
sperm-egg fusion. Critically, the flagellar fraction
should lack SPAM1 and IZUMO1, and the head
fraction should be devoid of a-tubulin and COX IV.
The absence of cross-compartment markers confirmed
minimal contamination and high purity of the isolated
fractions.

Cellular separation of free tubulin and
polymerized tubulin

To isolate distinct tubulin pools, a 1 mL cell
suspension was initially sedimented at 6,000 x g for 1
minute at ambient temperature. The resulting cellular
pellet was then resuspended in 25 pL of TMMET
buffer (comprising 20 mM Tris-HCI [pH 6.8], 140 mM
NaCl, 1 mM MgCly, 2 mM EGTA, 0.5% NP-40, and 4
mg/mL paclitaxel) and allowed to incubate for 5
minutes at room temperature to preserve microtubule
stability. A subsequent high-speed centrifugation step
(14,000 x g for 10 minutes) was employed to partition
the mixture. The resulting supernatant, which
contained the soluble, unpolymerized tubulin fraction,
was carefully separated from the pellet, which was
enriched with polymerized microtubule-associated
proteins. Aliquots of equal volume from both fractions
were then combined with 5% SDS-PAGE loading
buffer, heat-denatured, and resolved via SDS-
polyacrylamide gel electrophoresis. Following
electrophoretic separation, proteins were transferred
to a membrane for immunoblotting to evaluate the
distribution of tubulin species between the cytosolic
and cytoskeletal compartments. Finally, GAPDH, a
standard soluble cytoplasmic protein, was utilized as
a loading control to validate the purity of the soluble
fraction.

In vitro microtubule depolymerization assay

To assess the direct effect of TEKT2 on
microtubule  stability, a temperature-induced
depolymerization assay was performed using purified
porcine brain tubulin (2 mg/mL). Microtubules were
polymerized in BRB80 buffer supplemented with 1
mM GTP at 37°C for 30 min and subsequently
stabilized with 20 pM paclitaxel. The stabilized
microtubules were then diluted to 1 mg/mL and
incubated with either 100 nM purified recombinant
TEKT?2 protein or vehicle control buffer for 15 minutes
at 37°C.

Depolymerization was initiated by rapidly
diluting the reaction mixture 1:10 into prechilled
BRB80 buffer (4°C). Microtubule stability was
quantified by monitoring the decrease in solution

turbidity at 350 nm (ODss0) over 30 minutes using a
temperature-controlled  spectrophotometer. = The
depolymerization kinetics were analyzed by
comparing the half-time (t1/2) and final ODz3s0 plateau
between treatment groups, where a rightward shift in
the curve and greater final absorbance value indicated
TEKT2-mediated stabilization. All experiments were
independently repeated at least three times.

Microtubule regrowth assay

To evaluate microtubule nucleation capacity,
cells were seeded onto sterile 8-mm glass coverslips
(Thermo Fisher Scientific) housed within 3.5-cm
culture dishes. Prior to any pharmacological
intervention, a baseline coverslip was fixed to verify
initial cellular morphology. To prevent the
detachment of mitotic cells during subsequent steps,
coverslips were carefully moved to fresh dishes
containing the appropriate treatment media.
Microtubule networks were completely dismantled by
exposing the cells to 10 pM nocodazole in DMEM/F12
medium, enriched with either 10% fetal bovine serum
(FBS) or a mixture of 5% horse serum (HS) and 2.5%
FBS, for a duration of 1 hour at 37°C.

After thoroughly washing away the nocodazole,
the coverslips underwent a sequential recovery phase:
they were first immersed in DMEM with 10% FBS for
5 minutes, or alternatively in DMEM with 5% HS plus
2.5% FBS for 10 minutes. Subsequently, the cells were
returned to their standard complete culture medium
and maintained at 37°C for the specified recovery
intervals.

At each recovery time point, cells expressing
GFP-tagged a-tubulin (from the pEGFP-Tubulin
plasmid, custom made by GeneChem Co., Ltd.,
Shanghai, China, encoding a-tubulin fused to EGFP)
were fixed and costained for pericentrin (a centrosome
marker) and a-tubulin (to label microtubules). A cell
was scored as “regrowth positive” only if it displayed
(i) a discrete, focused pericentrin punctum and (ii) a
radial array of a-tubulin microtubules emanating from
this focus, indicating functional microtubule
nucleation from the centrosome. The percentage of
such cells was quantified from at least 200 cells per
condition across multiple biological replicates and
reported as a measure of microtubule regrowth
capacity, not centrosome structural integrity.
Importantly, this assay measures microtubule
nucleation and polymerization dynamics following
depolymerization. To assess microtubule stability, we
performed Western blotting for posttranslationally
modified tubulin (acetylated and detyrosinated) and
cold depolymerization assays.
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Cell viability assay

To evaluate cellular viability, a WST-8
colorimetric assay (Cell Counting Kit-8, Beyotime) was
employed. Briefly, cells were plated into 96-well
microplates at a density of 2 x 10* cells per well and
subsequently subjected to hypoxic stress. At the
designated time points, the culture medium was
supplemented with 10 pL of the WST-8 solution, and
the plates were incubated for an additional 60 minutes
prior to the termination of the experiment. The optical
density of the generated formazan dye was then
recorded at a wavelength of 450 nm utilizing a
Multiskan GO microplate spectrophotometer (Thermo
Scientific, MA, USA). The relative cell survival rate
was ultimately calculated by normalizing the
absorbance values of the hypoxia-treated groups
against those of the untreated normoxic counterparts.

Assessment of Sperm Kinematics via sperm
class analysis (SCA) system

All experimental procedures involving animals
received ethical approval from the Institutional
Animal Care and Use Committee of Army Medical
University, adhering to the guidelines set forth by the
National Institutes of Health (NIH Publication No.
8023, revised 1978). The murine models were kept in a
controlled vivarium environment featuring a 12-hour
light/dark photoperiod, a stable ambient temperature
ranging from 22 to 24°C, and humidity levels between
40% and 60%, with unrestricted access to standard
chow and water. To establish the hypoxia model, male
mice (starting at 10 weeks of age) were continuously
housed in a hypobaric chamber that simulated a high-
altitude environment of 5,800 meters, whereas the
normoxic control counterparts were kept at a basal
altitude of 300 meters.

To evaluate sperm quality, various kinematic
metrics —specifically curvilinear velocity (VCL),
straight-line velocity (VSL), average path velocity
(VAP), straightness (STR), beat-cross frequency (BCF),
and amplitude of lateral head displacement (ALH)—
along with sperm concentration and motility, were
recorded utilizing a computer-assisted sperm analysis
(SCA) platform (MICROPTIC S.L., Barcelona, Spain).
Prior to sample collection, the mice were deeply
anesthetized through the inhalation of 4% isoflurane
in pure oxygen for induction, and subsequently
maintained at a 1.5-2% isoflurane concentration via a
facial mask connected to a Harvard Apparatus Model
722 vaporizer. The adequacy of anesthesia was
continuously verified by monitoring the pedal reflex
and ensuring a respiratory rate of 60-80 breaths per
minute, followed by euthanasia via anesthetic
overdose. Following euthanasia, the epididymides
were rapidly excised, weighed, and anatomically

divided into the head, body, and cauda segments.
Spermatozoa were liberated from the caudal
epididymis by mincing the tissue in F12 medium
supplemented with 0.5% BSA, which had been
prewarmed to 37°C, and allowing it to liquefy for 10
minutes. Subsequently, a 50-pL portion of the
resulting sperm suspension was thoroughly mixed
after a 1:50 dilution with PBS (pH 7.2), and the
prepared sample was loaded into the SCA system for
quantitative analysis.

Assessment of epididymal sperm morphology

To evaluate the structural integrity of the
epididymal spermatozoa, transmission scanning
electron microscopy (TSEM) was employed. Initially,
the specimens underwent primary fixation in a
solution of 2.5% glutaraldehyde prepared in 0.1 M
cacodylate buffer (pH 7.4; osmolarity ~320
mOsm/kg). This was followed by a secondary fixation
step utilizing a mixture of 1% osmium tetroxide and
1.5% potassium ferrocyanide. Subsequently, the
samples were dehydrated and dried via the critical
point method employing liquid CO: in a Leica EM
CPD300 apparatus (operating at a 31.1°C critical point
with a triple-purge protocol). Finally, morphological
visualization was carried out utilizing a ZEISS
CROSSBEAM 340 microscope fitted with a STEM3
detector. The imaging parameters were set to a 30 pm
aperture, 5 kV acceleration voltage, and 50 pA probe
current, with the system's calibration routinely
validated using NIST SRM 2066 standards.

Transmission electron microscopy and
axonemal integrity scoring

The sperm samples were fixed in 2.5%
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4),
followed by postfixation with 1% osmium tetroxide.
The samples were dehydrated through a graded
ethanol series, embedded in epoxy resin, and
sectioned into ultrathin (~70 nm) slices using an
ultramicrotome. Sections were collected on copper
grids, stained with uranyl acetate and lead citrate, and
examined using a transmission electron microscope
(e.g., Tecnai G2 Spirit, Thermo Fisher Scientific) at 80-
120 kV. The integrity of the axoneme was assessed by
counting the percentage of flagellar cross-sections that
displayed a complete “9%x2+2”  microtubule
arrangement (i.e., nine outer DMTs and two central
singlet microtubules) under a transmission electron
microscope. Sections with missing, fragmented, or
disorganized outer doublets were scored as defective.

Adhesion force measurements by AFM

To evaluate the surface mechanics of the sperm
flagella, we utilized an Asylum MFP-3D atomic force
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microscope integrated with an Olympus IX51 inverted
optical microscope for precise visual targeting. Force-
distance mapping was conducted at scanning
frequencies ranging from 0.3 to 2.0 Hz. The
measurements employed silicon nitride (Si3N4) or
silicon (Si) cantilevers attached with spherical probes
(Novascan), specifically 10-pm glass, 10-um gold-
coated glass, and 12.5-um polystyrene beads,
possessing spring constants between 0.6 and 14 N/m.
From the resulting force curves, two primary
mechanical parameters were extracted: the sample
modulus (Esample), which quantifies the intrinsic
stiffness and deformation resistance of the flagellar
material, and the reduced modulus (E0), which
characterizes the overall elastic behavior of the probe-
sample contact interface. Elevated EO0 values
correspond to increased interfacial rigidity and
decreased deformability.

Papanicolaou staining

Initially, air-dried sperm specimens underwent
fixation in 95% ethanol for a duration of 15 minutes.
This was followed by a descending hydration
gradient, where the slides were sequentially immersed
in 75% and 50% ethanol, and finally distilled water,
with each step lasting 30 seconds. For nuclear
visualization, the samples were treated with Harris
hematoxylin for 5 minutes, briefly washed, and then
differentiated using a 1% acid-alcohol solution for a
few seconds. A subsequent 10-minute wash under
running tap water facilitated the bluing process.
Following nuclear staining, the slides were
dehydrated by passing through 50%, 75%, and 95%
ethanol for 30 seconds, 30 seconds, and 2 minutes,
respectively. Cytoplasmic counterstaining was
achieved by applying orange G for 1 minute, followed
by two brief 15-second rinses in 95% ethanol. The
samples were then exposed to EA36 (a mixture of light
green and eosin) for 5 minutes. The staining procedure
was concluded with a final clearing step involving two
15-second dips in 95% ethanol and two 45-second
incubations in absolute ethanol, rendering the slides
ready for microscopic mounting.

Isolation of round and elongating spermatids

To isolate specific spermatogenic populations,
testes were harvested from adult (8-week-old) male
mice. Following decapsulation, the testicular tissues
underwent a two-step enzymatic dissociation.
Initially, the tissues were incubated in DMEM:F12 or
PBS containing 25 pg/mL collagenase IV and 400
U/mL DNase I at 35°C for 5 minutes. Subsequently,
200 pg/mL trypsin and additional DNase 1 were
introduced for a 4-minute agitation period at 35°C,
after which fetal bovine serum (FBS) was added to halt

enzymatic activity. The resulting single-cell
suspensions were filtered through a 40-pm strainer,
rinsed with FACS bulffer, and subjected to red blood
cell lysis using a commercial buffer (Beyotime). For
fluorescence-activated cell sorting (FACS), the cells
were labeled with Hoechst 33342 and dye780
(Invitrogen) for 25 minutes, utilizing 15 pL of Hoechst
and 2 pL of dye780 per 4x107 cells. Sorting was
executed on a BD FACSAria instrument. Hoechst
fluorescence was excited by a 375-nm laser, and
emissions were captured in the “Ho Blue” (450/40 nm)
and “Ho Red” (670 nm longpass) channels —the latter
also capturing the dye780 signal via a 610-nm longpass
dichroic mirror. Forward and side scatter profiles were
recorded using a 488-nm laser. Based on their distinct
DNA content signatures, round spermatids (1n
haploid) and elongating spermatids were
discriminated and sorted through a 70-pm nozzle at a
rate of 2,000 to 3,500 events per second. Following the
acquisition of at least 500,000 events for precise gating,
the purified cells were deposited into polypropylene
tubes pre-filled with 1 mL of Gey's balanced salt
solution (GBSS) containing 5% FBS. Finally, cell
viability and density were evaluated via trypan blue
exclusion assays.

Immunofluorescence staining

Cells cultured on glass coverslips underwent
fixation using 4%  paraformaldehyde and
permeabilization with 0.1% Triton X-100, followed by
three washes using the provided immunofluorescence
washing buffer (Beyotime). To prevent non-specific
background, the samples were treated with a custom
blocking buffer comprising 5% goat serum, 1% BSA,
and 0.1% Tween-20 for 1 hour at ambient temperature.
For the dual-channel staining protocol, coverslips
were first exposed to a primary rabbit polyclonal
antibody targeting CEP162 (1:200, HPA030170, Sigma-
Aldrich) for 1 hour. After washing, the samples were
probed with an Alexa Fluor™ 488-labeled goat anti-
rabbit secondary antibody (1:500, A-11008, Thermo
Fisher) for another hour. Next, the specimens were
incubated with either a mouse monoclonal anti-
CEP250 antibody (1:200, 66814-1, Proteintech) or an
anti-CP110 antibody (1:200, 66448-1-1g, Proteintech)
for 1 hour, which was then followed by an Alexa
Fluor™ 555-conjugated goat anti-mouse secondary
antibody (1:500, A-21422, Thermo Fisher) for 1 hour.
Finally, nuclear counterstaining was performed using
DAPI (C1005, Beyotime) for 5 minutes. The coverslips
were then sealed with mounting medium, and
fluorescence imaging was conducted using an
Olympus IX81 laser scanning confocal microscope at a
400x magnification in randomly chosen visual fields.
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Targeted quantification of intracellular
succinate by LC-MS/MS

To modulate intracellular succinate levels, G2
cells were treated with 100 pM dimethyl fumarate
(DMEF; Sigma—Aldrich, Cat# 242926), a cell-permeable
prodrug of fumarate, to increase succinate oxidation
via the mass action-driven promotion of succinate
dehydrogenase forward flux, specifically the
conversion of succinate to fumarate. DMF was
dissolved in DMSO (stock: 100 mM) and diluted to the
working  concentration in culture medium
immediately before use, with a final DMSO
concentration <0.1% (v/v). Following treatment, the
G2 cells were rapidly harvested and washed with ice-
cold PBS, after which the metabolites were extracted
using 80% methanol containing a stable isotope-
labeled internal standard (succinate-d4). After
centrifugation and drying under vacuum, the samples
were reconstituted and analyzed on a Q Exactive HF-
X mass spectrometer coupled to a Vanquish UHPLC
system. Succinate was monitored in negative
ionization mode using multiple reaction monitoring
(MRM: m/z117.0 transitioning to 73.0). Quantification
was performed against a calibration curve constructed
from authentic standards, and the data were
normalized to the total protein content determined by
a BCA assay.

Dual-channel detection of CEP162 pre-mRNA
and protein in hypoxic G2 cells by sequential
immunofluorescence and smFISH

Cells were fixed with 4% PFA, permeabilized
(0.5% Triton X-100), and blocked (5% goat serum, 1%
BSA). The CEP162 protein was labeled with a rabbit
anti-CEP162 antibody (1:200) and Alexa Fluor 555-
conjugated goat anti-rabbit IgG (1:500, 561 nm
excitation). After postfixation, smFISH was performed
using the following CAL Fluor 488-labeled probes for
CEP162 (NM_199316.2): intron-specific (5-
CGTGTTATGGCAAAGA
TGAGAAAGACAAAGGATGA-3") and exon-specific
(5’-TCAGAAACAACCAATTCATTAGCTTC
TAAGCTGTCA-3"). Hybridization was carried out in
10% formamide, 2x SSC, and 10% dextran sulfate at
37°C overnight. Washes were performed with 10%
formamide/2x SSC (37 °C), 2x SSC (RT), and 1x SSC
(RT). Nuclei were counterstained with DAPI, and
ProLong Diamond was used for mounting. Images
were acquired with an Olympus FV3000 confocal
microscope (405, 488, and 561 nm laser irradiation).

Actinomycin D chase assay to assess CEP162
mRNA stability

To determine whether hypoxia-induced changes
in CEP162 mRNA abundance or its suppression by

DNMT3L/ASXL2 overexpression result from altered
transcription or posttranscriptional stability, we
performed an actinomycin D chase assay. G2 cells
transfected with control, DNMT3L-3xFlag, or ASXL2-
3xFlag constructs were exposed to 1% O for 48 h and
subsequently treated with ActD (5 pg/mL) to block
new transcription and harvested at 0, 1, 2, 4, and 6 h.
Total RNA was extracted with TRIzol, reverse
transcribed, and quantified by qRT-PCR using SYBR
Green and primers specific to mature CEP162 mRNA
(forward: 5-TCCTTATGGACAAAGCAGTGGTG-¥
and reverse: 5-CAAATCGGACTCGGTGGTAGAG-
3), with B-actin (forward: 5'-
AGAGGGAAATCGTGCGTGAC-3" and reverse: 5'-
CAATAGTGATGACCTGGCCGT-3') as a stable
reference. CEP162 mRNA levels were normalized to
that at t = 0 (100%) and fitted to the following
exponential decay model to calculate the half-life (t1/2):
remaining mRNA (%) =100 x ekt

RNA extraction and real-time polymerase
chain reaction

Cellular total RNA was purified utilizing TRIzol
reagent (Sangon) following the manufacturer's
protocol. Subsequently, 1 pg of the purified RNA
served as the template for reverse transcription to
synthesize cDNA, employing a TaKaRa RNA PCR kit
(TaKaRa Bio). The quantitative real-time PCR (qRT-
PCR) assays were executed in 96-well plates utilizing
an MJ Research Light Cycler system. The reaction
mixture contained SYBR Green (Bio-Rad) as the
fluorescent dye and 1 pg of the synthesized cDNA.
Target gene amplification was achieved using specific
primer pairs, notably for CEP162 (Forward: 5'-
TCCTTATGGACAAAGCAGTGGTG-3’; Reverse: 5'-
CAAATCGGACTCGGTGGTAGAG-3). Relative
transcript abundances were determined through
standard curve quantification and subsequently
normalized to the endogenous reference gene p-actin
to correct for any discrepancies in initial RNA loading.

Western blotting

Cellular proteins were harvested utilizing a
Western and IP lysis buffer (Beyotime) fortified with 1
mM PMSF, while the separation of nuclear and
cytosolic compartments was achieved via a specific
fractionation kit (Beyotime) per the vendor's
guidelines. Protein samples were resolved on 10%
SDS-PAGE gels and subsequently electroblotted onto
PVDF membranes (Beyotime). Following a blocking
step, the membranes were probed overnight at 4°C
with the following primary antibodies: anti-TEKT1
(1:1,000; ab182777; Abcam), anti-TEKT2 (1:1,000;
ab213369; Abcam), anti-ARHGEF18 (1:1,000; ab96520;
Abcam), anti-CEP162 (1:1,000; HPA030170; Sigma-—
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Aldrich), and anti-p-actin (1:1,000; AA128; Beyotime).
After extensive washing in TBST, the blots were
exposed to HRP-tagged secondary antibodies
(SA00001-2-100ul and SA00001-1-100ul; Beyotime).
Target protein bands were ultimately visualized
employing the NBT/BCIP chromogenic detection
system (Beyotime).

Coimmunoprecipitation

For co-immunoprecipitation (Co-IP) assays,
cellular lysis was performed on ice for 1 hour utilizing
a specialized buffer (20 mM Tris-HCI pH 7.5, 150 mM
NaCl, 1% NP-40, 10% glycerol, 1 mM EDTA) fortified
with a protease inhibitor cocktail (Beyotime, Shanghai,
China). Following centrifugation, the clarified
supernatants were harvested. To circumvent the
interference of antibody heavy and light chains during
subsequent Western blotting, the primary antibody
intended for IP was covalently conjugated to Protein G
agarose beads via disuccinimidyl suberate (DSS;
Thermo Fisher Scientific, Cat# 21555) for 30 minutes at
room temperature, and the reaction was subsequently
quenched with 1 M Tris-HCl (pH 7.5). These
functionalized beads were then incubated with the
prepared cell lysates overnight at 4°C under gentle
agitation. The following day, the bound immune
complexes were isolated and subjected to four
rigorous washes with ice-cold washing buffer (20 mM
Tris-HCl pH 7.5, 150 mM NaCl, 0.1% NP-40, 10%
glycerol, 1 mM EDTA, pre-chilled to 4.0 = 0.5°C) prior
to Western blot evaluation.

Microtubule cosedimentation assay

To examine CEP162-microtubule interactions, 1
PM recombinant His-CEP162 (purified from E. coli
BL21(DE3) via Ni-NTA) was incubated with 1 mg/mL
polymerized porcine brain tubulin (2 mg/mL in PEM
buffer: 80 mM PIPES pH 6.9, 2 mM MgCly, 0.5 mM
EGTA, 1 mM GTP, and 20 pM paclitaxel) for 30 min at
37°C under normoxic (21% Oz) or hypoxic (1% O)
conditions, with hypoxic buffers preequilibrated for 2
h in a hypoxia workstation. Mixtures were
ultracentrifuged at 100,000 x g for 30 min at 37°C in a
prewarmed rotor; the supernatant (unbound) and
pellet (microtubule-bound) fractions were analyzed by
10% SDS-PAGE and Western blotting using anti-
CEP162 (1:1,000; HPAO030170) and anti-a-tubulin
(1:1,000; AF2827; Beyotime) antibodies. Binding was
quantified as follows: % bound = [pellet/(pellet +
supernatant)] x 100. All experiments were performed
in triplicate, with hypoxia assays conducted entirely
within the hypoxia workstation to maintain oxygen
tension.

[*H]GDP release assay

Nucleotide exchange reactions were performed
in 100 pL of GEF buffer (50 mM Tris-HCI (pH 7.5), 100
mM NaCl, 1 mM DTT, 1 mM EDTA, 2 mM MgCl,, and
50 pg/mL BSA) containing 4 pmol of [PH]GDP-
preloaded  Rabla-His and  the  indicated
immunoprecipitates (control IgG, purified CEP162,
TRAPPC9 IP, or CEP162 + TRAPPCY IP). Reactions
were initiated by the addition of 10 mM MgCl, and
incubated at 37°C. At the indicated time points (0, 5,
10, 20, and 30 min), the reactions were terminated by
the addition of 2 mL of ice-cold stop buffer (25 mM
Tris-HCI, pH 8.0, 20 mM MgCly). The samples were
immediately filtered through 0.4-pm nitrocellulose
membranes (Millipore) under vacuum and then
washed three times with 5 mL of stop buffer. The
membrane-bound radioactivity (representing
remaining [PH]GDP-Rabla) was quantified by liquid
scintillation counting (PerkinElmer Tri-Carb). The
amount of [PH]GDP released was calculated as the
difference between the initial bound radioactivity and
residual radioactivity at each time point.

[*°*S]GTPyS binding assay

Additionally, GTPyS binding assays were
performed to directly measure GTP loading. Reactions
(100 pL) contained 4 pmol of nucleotide-free Rabla-
His (prepared by EDTA treatment and Mg?*
reconstitution), 50 pmol of [**S]GTPYS (PerkinElmer,
~10* cpm/pmol), and the indicated
immunoprecipitates in GEF buffer. The reaction
systems were incubated at 37°C for the indicated
durations and then stopped and processed as
described for the GDP release assay. Membrane-
bound radioactivity (representing [**S]GTPyS-Rabla)
was quantified by scintillation counting. Data are
presented as the amount of [3*S]JGTPYS incorporated
into Rabla over time.

dCas9-mediated in situ chromatin capture
coupled with 4D Label-Free proteomics

To elucidate the oxygen-sensitive transcriptional
regulators governing CEP162 expression during
spermiogenesis, we  performed dCas9-based
chromatin affinity purification (CAPTURE) in both
round and elongating spermatids, in which stable
coexpression of FB-dCas9 and BirA-V5 enabled locus-
specific biotinylation upon lentiviral delivery of
sgRNAs targeting the CEP162 promoter. Following
formaldehyde crosslinking and sonication, chromatin-
bound protein complexes were isolated from the
targeted genomic regions via streptavidin bead-based
affinity purification from both cell types under
normoxic and hypoxic conditions, and these purified
complexes were subjected to 4D label-free quantitative
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proteomics (LC-MS/MS with ion mobility separation)
to comprehensively identify and quantify the dynamic
composition of epigenetic regulatory complexes.

CUT&Tag-seq

The CUT&Tag sequencing was executed on
primary round spermatids utilizing the CUT&Tag 4.0
High-Sensitivity Kit (N259-YH01, Novoprotein,
Suzhou, China), adhering to established protocols[64].
In brief, thawed formaldehyde-crosslinked cells had
their nuclei captured by concanavalin A-
functionalized magnetic beads. Post-blocking, these
bead-bound nuclei underwent sequential incubation
with primary (1-2 hours) and secondary (0.5-1 hour)
antibodies in a wash buffer comprising 20 mM HEPES
(pH 7.5), 150 mM NaCl, 0.5 mM spermidine, and
EDTA-free  protease inhibitors at ambient
temperature. Subsequent to washing, the beads were
resuspended in high-salt wash buffer (300 mM NaCl)
containing 125 nM pA(G)-Tn5 for 1 hour.
Tagmentation was then induced by adding 10 mM
MgCl> and incubating for 1 hour at 37°C. The
enzymatic reaction was halted using a termination
buffer alongside proteinase K, followed by a 2-hour
incubation at 55°C to reverse crosslinks and degrade
proteins. Finally, the liberated DNA was purified and
amplified for library construction. Comprehensive
quality control metrics, including raw and clean data
sizes alongside mitochondrial contamination rates, are
detailed in Supplementary Table 6.

Raw sequencing data in FASTQ format,
generated via Illumina paired-end sequencing,
underwent rigorous quality control. Adapter

sequences and low-quality bases were trimmed
utilizing Cutadapt (v1.16) with specific parameters (--
discard-trimmed -n 3 -e 0.1 -a AGATCGGAAGAGC -
A) to yield high-quality clean reads. Subsequent
alignment of these processed reads against the murine
reference genome (GRCm38) was executed via
Bowtie2 (v2.4.1) under default parameters, filtering for
exclusively unique mappings. To detect significant
enrichment regions, peak calling was conducted
employing HOMER (v4.11.1), applying stringent
criteria of a p-value < 0.0001 and a minimum fold
enrichment of 4. Finally, the genomic locations of the
nearest genes to each peak were annotated, and
intersection analyses to visualize shared and distinct
binding sites across experimental groups were carried
out utilizing the VennDiagram package (v1.6.20) in the
R environment.

ChIP—gPCR and Sequential ChIP-qPCR

To assess protein-DNA interactions, chromatin
immunoprecipitation  assays were conducted
following standard procedures. In short, cleared

chromatin extracts were probed with specific primary
antibodies against ASXL2 (PA5-70292; Thermo Fisher
Scientific) or DNMT3L (ab251178; Abcam), while
normal rabbit IgG (ab172730; Abcam) served as the
background control. To perform sequential ChIP (re-
ChIP) experiments, the initial immune complexes
were released from the beads via a 30-minute
incubation with 10 mM dithiothreitol (DTT) at 37°C
under mild agitation. The eluted material was then
subjected to a secondary immunoprecipitation step
utilizing a different antibody. Subsequent to DNA
purification, quantitative real-time PCR (qPCR) was
employed to measure the abundance of the target
sequences alongside the corresponding input samples.
Target locus occupancy was expressed as a percentage
of the total input DNA (% input). For the calculation of
fold enrichment, the specific immunoprecipitation
signals were standardized against the background IgG
signals. The specific primer pair utilized for
amplifying the CEP162 promoter was as follows:
forward, 5-TGGCACCTGTTAGCTCAATG-3’;
reverse, 5-TCTCCCTCTCCGTGTATGTG-3'.

Methylated DNA Immunoprecipitation
followed by quantitative real-time PCR.

Genomic DNA was sheared by sonication to an
average fragment size of 200-1000 bp, and 5.5 pg of
fragmented DNA was denatured at 95°C for 10 min,
followed by immediate cooling on ice for 5 min. The
DNA was then immunoprecipitated overnight at 4°C
with 2.5 pl of a monoclonal anti-5-methylcytosine
antibody (clone MC-57, Diagenode) in IP buffer (50
mM NaH2PO4 (pH 7.0), 0.7 M Na(Cl, and 0.4 mM
Triton X-100). The antibody-bound DNA was
captured using Protein A/G PLUS-Agarose beads,
washed multiple times, and eluted after digestion with
proteinase K. The methylated DNA was purified by
phenol-chloroform  extraction  and  ethanol
precipitation. Input DNA (nonimmunoprecipitated)
was saved prior to immunoprecipitation for
normalization. Quantitative real-time PCR was
performed on both MeDIP-enriched and input DNA
using gene-specific primers designed to target CpG-
rich regions near transcription start sites or within
exons. The relative enrichment of methylated DNA
was quantified as the fold enrichment using the
following formula: fold enrichment = 2*(Ct[Input] -
Ct[MeDIP]), with normalization to the input DNA and
negative control regions.

Electrophoretic mobility shift assays (EMSAs)

To investigate the direct binding of DNMT3L to
the Cep162 promoter, a specific DNA fragment (rn6;
chr8:94,920,191 - 94,920,220) was PCR-amplified and
subsequently labeled at the 3" end with biotin utilizing
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the Biotin 3 End Labeling Kit (GS008, Beyotime
Biotechnology) according to the vendor’s guidelines.
This probe sequence (o'-
CTCAATGCCATCTTCTCACCCAGTCTCTCC-3)
encompasses a conserved regulatory element situated
222 to 251 base pairs downstream of the rat Cep162
transcriptional start site (NM_001277060.1). For the
binding reaction, 10 nM of the Dbiotinylated
oligonucleotide was incubated with 10 pg of purified
recombinant DNMT3L protein in the supplied binding
buffer (GS009, Beyotime Biotechnology) for 20
minutes at ambient temperature. The resulting
protein-DNA  complexes were separated via
electrophoresis on a 15% native polyacrylamide gel (1
mm thickness) and subsequently blotted onto
Hybond™-N+ nylon membranes (FFN13, Beyotime
Biotechnology). Following UV-mediated crosslinking
to immobilize the DNA, the shifted bands were
visualized employing the LightShift
Chemiluminescent EMSA detection system (GS009,
Beyotime Biotechnology).

Statistical analysis

To process the CUT&Tag peak profiles, we
applied normalization procedures to adjust for
sequencing depth and technical biases, subsequently
applying a logarithmic transformation to stabilize
variance and approximate a normal distribution. Flow
cytometry data were subjected to background
correction and normalization using z score
transformation where applicable. Throughout the
manuscript, all quantitative measurements are
expressed as mean * standard deviation (SD).
Comprehensive statistical details, including exact
sample sizes (n) and the designation of biological
versus technical replicates, are specified within the
respective figure legends to ensure transparency. To
evaluate statistical differences, we employed two-
tailed unpaired Student’s t-tests for two-group
comparisons, while one-way or two-way repeated-
measures ANOVAs coupled with Tukey’s multiple
comparison tests were utilized for multi-group or
repeated-measure analyses. Statistical significance
thresholds, adjusted for family-wise error rates, are
denoted as follows: ns, not significant; *P < 0.05; **P <
0.01; ***P < 0.001; and ****P < 0.0001. All statistical
computations and graphical representations were
executed using GraphPad Prism software (version
9.0).

Supplementary Material

Supplementary figures and tables.
https:/ /www.ijbs.com/v22p8707s1.pdf

Acknowledgments

We thank Associate Professor Xin Liang from the
School of Life Sciences, Tsinghua University, and
Professor Chengtian Zhao from Ocean University of
China for their valuable insight and support.

Ethics approval and consent to participate

The animal experiments in this study were
approved by the Third Military Medical University
Institutional Animal Care and Use Committee
(AMUWEC20230266) and were conducted in
accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals
(NIH Publications No. 8023, revised in 1978).

Author contributions

Jun Yin, Zhifeng Zhong, Mengjie Zhang, Debao
Li, Aiping Wang, Qianying Huang, Qinghua Zhang,
Bing Ni, Wei He

Conceptualization: W He, B Nji, ] Yin, A Wang

Methodology: J Yin, Z Zhong, D Li

Investigation: ] Yin, M Zhang, D Li, Q Huang

Visualization: ] Yin, Z Zhong, Q Huang

Data analysis: ] Yin, M Zhang

Supervision: W He, B Ni, Q Zhang

Writing — original draft: BNi, ] Yin, Q Zhang

Writing —review & editing: W He, B Nj, ] Yin, Q
Zhang

Data and materials availability

All data are available in the main text or the
supplementary information.

Competing Interests

The authors have declared that no competing
interest exists.

References

1.  Kumar N, Singh AK. Impact of environmental factors on human semen quality
and male fertility: a narrative review. Environ Sci Eur. 2022; 34: 1.

2. Corsini C, Pozzi E, Salonia A. Genetics of male infertility. Curr Opin Urol. 2025;
35: 489-96.

3. Clavijo RI, Carrasquillo R, Ramasamy R. Varicoceles: prevalence and
pathogenesis in adult men. Fertil Steril. 2017; 108: 364-9.

4. Liu PY. A clinical perspective of sleep and andrological health: assessment,
treatment considerations, and future research. J Clin Endocr Metab. 2019; 104:
4398-417.

5. LiZ Wangs, Gong C, et al. Effects of environmental and pathological hypoxia
on male fertility. Front Cell Dev Biol. 2021; 9: 725933.

6. Cornejo-Guerra C, Salazar-Ardiles C, Morales P, et al. Consequences of
exposure to hypobaric hypoxia associated with high altitude on
spermatogenesis and seminal parameters: a literature review. Cells-Basel. 2024;
13: 592.

7. Torres M, Laguna-Barraza R, Dalmases M, et al. Male fertility is reduced by
chronic intermittent hypoxia mimicking sleep apnea in mice. Sleep. 2014; 37:
1757-65.

8. Ji YH, Wang LM, Zhang FX, et al. Cascading effects of hypobaric hypoxia on
the testis: insights from a single-cell RNA sequencing analysis. Front Cell Dev
Biol. 2023; 11: 1282119.

9.  Tannahill GM, Curtis AM, Adamik J, et al. Succinate is an inflammatory signal
that induces IL-1p through HIF-1a. Nature. 2013; 496: 238-42.

10. Chandel NS, McClintock DS, Feliciano CE, et al. Reactive oxygen species
generated at mitochondrial complex III stabilize hypoxia-inducible factor-

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22

8738

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

lalpha during hypoxia: a mechanism of O2 sensing. ] Biol Chem. 2000; 275:
25130-8.

Xiao M, Yang H, Xu W, et al. Inhibition of a-KG-dependent histone and DNA
demethylases by fumarate and succinate that are accumulated in mutations of
FH and SDH tumor suppressors. Genes Dev. 2012; 26: 1326-38.

Savani MR, Abdullah KG, McBrayer SK. Amplifying the noise:
oncometabolites mask an epigenetic signal of DNA damage. Mol Cell. 2020; 79:
368-70.

Sabari BR, Zhang D, Allis CD, et al. Metabolic regulation of gene expression
through histone acylations. Nat Rev Mol Cell Biol. 2017; 18: 90-101.

Bao JQ, Bedford MT. Epigenetic regulation of the histone-to-protamine
transition during spermiogenesis. Reproduction. 2016; 151: R55-70.

Stewart KR, Veselovska L, Kelsey G. Establishment and functions of DNA
methylation in the germline. Epigenomics. 2016; 8: 1399-413.

Kim N, Byun S, Um SJ. Additional sex combs-like family associated with
epigenetic regulation. Int ] Mol Sci. 2024; 25: 5119.

Daou S, Hammond-Martel I, Mashtalir N, et al. The BAP1/ ASXL2 histone H2A
deubiquitinase complex regulates cell proliferation and is disrupted in cancer.
J Biol Chem. 2015; 290: 28643-63.

Park K, Leroux MR. Composition, organization and mechanisms of the
transition zone, a gate for the cilium. Embo Rep. 2022; 23: e55420.

Wang W], Tay HG, Soni R, et al. CEP162 is an axoneme-recognition protein
promoting ciliary transition zone assembly at the cilia base. Nat Cell Biol. 2013;
15: 591-601.

Nuzhat N, Van Schil K, Liakopoulos S, et al. CEP162 deficiency causes human
retinal degeneration and reveals a dual role in ciliogenesis and neurogenesis. J
Clin Invest. 2023; 133: €161156.

Zhu TY, Zhang YX, Sheng XL, et al. Absence of CEP78 causes photoreceptor
and sperm flagella impairments in mice and a human individual. Elife. 2023;
12: €76157.

Houston BJ, Cauchi LM, Dunleavy JEM, et al. A comparison of
spermatogenesis between flies and men-conserved processes of male gamete
production. Hum Reprod Update. 2025; 31: 533-58.

Yin J, Zhang M]J, Liu WY, et al. Chronic hypoxia disrupts spermatogenesis
through ASXL2-EZH2-mediated microtubule destabilization. Adv Sci. 2026;
13: e01266.

Li CM, Luo XM, Zhao S, et al. COPI-TRAPPII activates Rab18 and regulates its
lipid droplet association. Embo J. 2017; 36: 441-57.

Ooi SKT, Qiu C, Bernstein E, et al. DNMT3L connects unmethylated lysine 4 of
histone H3 to methylation of DNA. Nature. 2007; 448: 714-7.

Avidor-Reiss T, Ha A, Basiri ML. Transition zone migration: a mechanism for
cytoplasmic ciliogenesis and postaxonemal centriole elongation. Cold Spring
Harb Perspect Biol. 2017; 9: a028142.

Yang TT, Chong WM, Wang W], et al. Super-resolution architecture of
mammalian centriole distal appendages reveals distinct blade and matrix
functional components. Nat Commun. 2018; 9: 2023.

Wiegering A, Dildrop R, Vesque C, et al. Rpgrip1l controls ciliary gating by
ensuring the proper amount of Cep290 at the vertebrate transition zone. Mol
Biol Cell. 2021; 32: 675-89.

Herrmann E, Langemeyer L, Auffarth K, et al. Targeting of the Mon1-Ccz1 Rab
guanine nucleotide exchange factor to distinct organelles by a synergistic
protein and lipid code. ] Biol Chem. 2023; 299: 102915.

Jenkins ML, Harris NJ, Dalwadi U, et al. The substrate specificity of the human
TRAPPII complex's Rab-guanine nucleotide exchange factor activity. Commun
Biol. 2020; 3: 735.

Nie ZZ, Randazzo PA. Arf GAPs and membrane traffic. ] Cell Sci. 2006; 119:
1203-11.

Gurkan C, Stagg SM, LaPointe P, et al. The COPII cage: unifying principles of
vesicle coat assembly. Nat Rev Mol Cell Biol. 2006; 7: 727-38.

Yip CK, Walz T. Molecular structure and flexibility of the yeast coatomer as
revealed by electron microscopy. ] Mol Biol. 2011; 408: 825-31.

Ma MS, Stoyanova M, Rademacher G, et al. Structure of the decorated ciliary
doublet microtubule. Cell. 2019; 179: 909-22.

Hufft-Martinez BM, Wang HH, Saadi I, et al. Actin cytoskeletal regulation of
ciliogenesis in development and disease. Dev Dynam. 2024; 253: 1076-93.
Hoffman HK, Prekeris R. Roles of the actin cytoskeleton in ciliogenesis. J Cell
Sci. 2022; 135: jcs259030.

Gopalakrishnan J, Feistel K, Friedrich BM, et al. Emerging principles of primary
cilia dynamics in controlling tissue organization and function. Embo J. 2023; 42:
€113891.

Zhao'Y, Feng F, Guo QH, et al. Role of succinate dehydrogenase deficiency and
oncometabolites in gastrointestinal stromal tumors. World J Gastroenterol.
2020; 26: 5074-89.

Benit P, Goncalves ], El Khoury R, et al. Succinate dehydrogenase, succinate,
and superoxides: a genetic, epigenetic, metabolic, environmental explosive
crossroad. Biomedicines. 2022; 10: 1788.

Frost ], Frost M, Batie M, et al. Roles of HIF and 2-oxoglutarate-dependent
dioxygenases in controlling gene expression in hypoxia. Cancers (Basel). 2021;
13: 350.

Li L, Shen S, Bickler P, et al. Searching for molecular hypoxia sensors among
oxygen-dependent enzymes. Elife. 2023; 12: e87705.

Zhu Y, Pittella-Silva F, Wang Y, et al. Editorial: Epigenetic regulation and
therapy resistance in cancer. Front Pharmacol. 2023; 13: 1119073.

Venney D, Mohd-Sarip A, Mills KI. The impact of epigenetic modifications in
myeloid malignancies. Int ] Mol Sci. 2021; 22: 5013.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

58.

59.

61.

62.

63.

64.

Strowitzki MJ, Cummins EP, Taylor CT. Protein hydroxylation by hypoxia-
inducible factor (HIF) hydroxylases: unique or ubiquitous? Cells. 2019; 8: 384.
Vlachogiannis G, Niederhuth CE, Tuna S, et al. The Dnmt3L ADD domain
controls cytosine methylation establishment during spermatogenesis. Cell Rep.
2015; 10: 944-56.

Dan JM, Chen TP. Genetic studies on mammalian DNA methyltransferases.
Adv Exp Med Biol. 2016; 945: 123-50.

Tachibana M, Nozaki M, Takeda N, et al. Functional dynamics of H3K9
methylation during meiotic prophase progression. Embo J. 2007; 26: 3346-59.
Galindo A, Munro S. The TRAPP complexes: oligomeric exchange factors that
activate the small GTPases Rabl and Rab11. Febs Lett. 2023; 597: 734-49.
Harris NJ, Jenkins ML, Dalwadi U, et al. Biochemical insight into novel Rab-
GEF activity of the mammalian TRAPPIII complex. ] Mol Biol. 2021; 433:
167145.

Wang B, Stanford KR, Kundu M. ER-to-Golgi trafficking and its implication in
neurological diseases. Cells-Basel. 2020; 9: 408.

Pfeffer SR. Rab GTPases: master regulators that establish the secretory and
endocytic pathways. Mol Biol Cell. 2017; 28: 712-5.

Wandinger-Ness A, Zerial M. Rab proteins and the compartmentalization of
the endosomal system. Cold Spring Harb Perspect Biol. 2014; 6: a022616.

Chau YY, Liang HB, Tung WL, et al. Structural basis for Rab23 activation and
a loss-of-function mutation in Carpenter syndrome. ] Biol Chem. 2025; 301:
108036.

Liew GM, Ye F, Nager AR, et al. The intraflagellar transport protein IFT27
promotes BBSome exit from cilia through the GTPase ARL6/BBS3. Dev Cell.
2014; 31: 265-78.

Upadhyai P, Bose D, Quadri N. A tale of Rabs and the exocyst complex in
ciliary trafficking and biogenesis. Front Cell Dev Biol. 2025; 13: 1574638.
Steger M, Tonelli F, Ito G, et al. Phosphoproteomics reveals that Parkinson's
disease kinase LRRK2 regulates a subset of Rab GTPases. Elife. 2016; 5: €12813.
Karunakaran KB, Haparala SC, Lo CW, et al. Cilia interactome with predicted
protein-protein interactions reveals connections to Alzheimer's disease, aging
and other neuropsychiatric processes. Sci Rep. 2020; 10: 15629.

Webster KE, O'Bryan MK, Fletcher S, et al. Meiotic and epigenetic defects in
Dnmt3L-knockout mouse spermatogenesis. Proc Natl Acad Sci U S A. 2005;
102: 4068-73.

Reyes JG, Farias JG, Henriquez-Olavarrieta S, et al. The hypoxic testicle:
physiology and pathophysiology. Oxid Med Cell Longev. 2012; 2012: 929285.
Yang YD, Li MM, Xu G, et al. Nogo-B receptor directs mitochondria-associated
membranes to regulate vascular smooth muscle cell proliferation. Int J Mol Sci.
2019; 20: 2319.

Wang SX, Wang Y, Liu C, et al. EPAS1 (endothelial PAS domain protein 1)
orchestrates transactivation of endothelial ICAM1 (intercellular adhesion
molecule 1) by small nucleolar RNA host gene 5 (SNHGS5) to promote hypoxic
pulmonary hypertension. Hypertension. 2021; 78: 1080-91.

Tan XL, Feng L, Huang XY, et al. Histone deacetylase inhibitors promote eNOS
expression in vascular smooth muscle cells and suppress hypoxia-induced cell
growth. J Cell Mol Med. 2017; 21: 2022-35.

Filipeanu CM, Zhou F, Claycomb WC, et al. Regulation of the cell surface
expression and function of angiotensin II type 1 receptor by Rabl-mediated
endoplasmic reticulum-to-Golgi transport in cardiac myocytes. ] Biol Chem.
2004; 279: 41077-84.

Henikoff S, Henikoff JG, Kaya-Okur HS, et al. Efficient chromatin accessibility
mapping in situ by nucleosome-tethered tagmentation. Elife. 2020; 9: e63274.

https://www.ijbs.com



