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Abstract

Tektins are microtubule inner proteins (MIPs) and localize at the inside lumen of doublet microtubules (DMTs) of cilia/fla-
gella. TEKTIP1, a newly identified protein by cryo-electron microscopy (cryo-EM), is proposed to be localized at the center
of the tektin bundle and hypothesized to recruit tektins or stabilize the bundle. However, the physiological role of TEKTIP1
is unknown. In this study, we generated TektipI-knockout (Tektipl~'~) mice and showed that they were male subfertile pri-
marily due to reduced sperm motility. A high percentage of sperm from Tektipl~'~ mice showed moderately disorganized
axoneme structures and abnormal flagellar waveforms. TEKTIP1 predominately interacted with TEKT3 among tektins. Loss
of TEKTIP1 partially disturbed the organization of tektin bundle by mainly affecting the native status of TEKT3 and its
interaction with other tektins. Collectively, our study reveals the physiological role and potential molecular mechanism of
TEKTIP1 in axonemal structure and sperm motility, highlights the importance of MIPs in stabilizing DMTs, and suggests
a potential relevance of TEKTIP1 deficiency to human asthenospermia. Tektip! ™'~ mice will be an excellent animal model

to study the DMT organization of sperm flagella using cryo-EM in future.
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Introduction

Cilia and flagella are evolutionarily conserved organelles
that play central roles in motility and other biological events
in diverse cell types and organs [1]. Dysfunction of cilia
and flagella is highly associated with a variety of human
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diseases, including primary ciliary dyskinesia (PCD) and
multiple morphological abnormalities of the sperm flagella
(MMAF). PCD (MIM: 244400) refers to a multisystem dis-
order that includes chronic airway diseases, situs inversus,
hydrocephalus, and/or sterility. MMAF (MIM: 617576), a
subtype of astheno-teratozoospermia, is characterized by
short, coiled, absent, and/or irregular flagella without any
other symptoms of PCD.

The axoneme, the core of motile cilia and flagella, con-
sists of a well-organized ‘942’ microtubule structure with
nine DMTs surrounding a central pair singlet microtubule
[2]. MIPs are localized at the luminal surfaces of DMTs [3,
4]. Given that MIPs bind to the inside of microtubules, they
are proposed to assemble and/or stabilize DMTs [5]. Cryo-
EM studies have identified many MIPs in mammalian cilia
and flagella [3, 4]. Despite genetic studies in mice showing
that ablation of MNS1 [6] or CFAP53 [7], two MIPs, causes
loss of outer dynein arms from axonemes and disrupts cili-
ary motility, the physiological significance of other MIPs is
largely unclear.

Tektins are insoluble a-helical proteins and are among
the most abundant and conserved ciliary/flagella proteins
[8]. Tektins form stable polymers that are proposed to
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resemble intermediate filaments [9]; however, cryo-EM
study considers tektins (helix-turn-helix organization)
and intermediate filaments (coiled-coil architecture) to
be structurally distinct classes of cytoskeletal filaments
[4]. A pentagonal tektin bundle formed by TEKT1/2/3/4
filaments is revealed by the cryo-EM structural analysis
of bovine respiratory DMTs [4]. Structural comparison
between mammalian sperm DMT and respiratory DMTs
reveals that nearly all MIPs in respiratory DMTs are pre-
sent in the sperm DMT, including the pentagonal tektin
bundle formed by TEKT1/2/3/4 filaments [10, 11]. A
unique feature of mouse sperm DMTs is the presence
of seven classes of TEKTS5 based on their positions and
orientations [10, 11]. Tektin organizations also slightly
differ between species. For example, TEKT3 homodimer
that forms the pentagonal arrangement of tektin filaments
within the A tubule of bovine DMTs is missing in humans
[12]. Only four classes of TEKTS are present in the human
sperm DMTs, which have fewer MIPs compared with the
mouse sperm DMTs [10, 11].

To reach and fuse with the egg, sperm must complete a
long journey through the female reproductive tract pow-
ered by its flagella [13]. The pathogenic mutations in genes
coding for axonemal proteins are well-known genetic fac-
tors accounting for male infertility with asthenospermia
[14, 15]. Tektins have been reported to be critical for
sperm motility and male fertility using knockout mouse
models. Tekt2-knockout mice exhibit male infertility due
to impaired inner arm dynein function [16]. The absence
of TEKT4 causes subfertility with drastically reduced
motility but grossly unaltered flagellar ultrastructure in
mice [17]. Although Tekt3-knockout mice exhibit normal
male fertility, they produce sperm with reduced motility
and increased flagellar structural beading defects [18]. A
recent study identified two homozygous TEKT3 mutations
in infertile men with oligo-astheno-teratozoospermia [19],
highlighting the relevance of tektins deficiency to male
infertility.

A cryo-EM study published in Cell in 2021 [4] identi-
fied TEKTIPI, a functionally unknown protein, is proposed
to be localized at the center of the tektin bundle. Given its
central position, TEKTIP1 is hypothesized to function to
recruit tektins or stabilize the bundle. However, the physi-
ological roles of TEKTIP1 are unknown due to a lack of
animal evidence. Does TEKTIPI play essential roles in the
tektin bundle, axoneme structure and sperm motility? To
address this question, we generated Tektip I-knockout mice
and found that they were male subfertile due to a disrup-
tion in sperm motility. The waveform of sperm flagella and
ultrastructure of axonemes were moderately altered after the
loss of TEKTIP1. The impact of TEKTIP1 deficiency on the
expression and organization of tektins was further investi-
gated at molecular levels.
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Results

TEKTIP1 is enriched in the testis and distributed
in sperm flagella

Using sequence alignment analysis, we demonstrated that
TEKTIP1 was conserved among mammals, including
humans, chimpanzees, dogs, cattle, mice, rats, horses, and
domestic ferrets (Supplementary Fig. 1). According to the
Human Protein Atlas, human TEKTIP1 mRNA was highly
expressed in the testis (Supplementary Fig. 2A). By sin-
gle-cell type analysis, TEKTIPI mRNA was found to be
restricted to early and late spermatids within the human
testis (Supplementary Fig. 2B). Using TEKTIP1 antiserum
generated by our laboratory, we showed that TEKTIP1 was
localized at full-length flagella of human sperm (Supple-
mentary Fig. 2C). According to mouse ENCODE transcrip-
tome data, Tektip] mRNA was predominantly expressed
in the testes (Supplementary Fig. 2D). In mice, TEKTIP1
was abundant in the testis and sperm, and a very low level
of TEKTIP1 was detected in trachea and ependyma; unde-
tectable levels of TEKTIP1 were revealed in other organs/
tissues, including the heart, lung, whole brain, liver, kid-
ney, spleen, bronchus, fallopian tube, and nasal epithelium
(Fig. 1A). We further revealed that TEKTIP1 is expressed
in mouse testes starting from approximately postnatal day
28 (Fig. 1B), which corresponded with the first detection of
haploid spermatids. These expression analyses indicate that
TEKTIP1 may function in cilia/flagella development and/
or function.

Generation of Tektip1~'~ mice

Given the proposed central position of TEKTIPI in the
tektin bundle, TEKTIPI is hypothesized to recruit tektins
or stabilize the bundle [4]. To elucidate its physiological
function, we established a Tektip] ™'~ mouse line, using the
CRISPR—Cas9 genome editing system (Fig. 1C). In short,
two sgRNAs that targeted exons 2 ~4 were administered to
zygotes in combination with Cas9 mRNA. The founder mice
were then mated with wild-type (WT) females, thereby giv-
ing rise to heterozygous mice carrying a 2141-bp deletion
in the Tektip] gene (Supplementary Fig. 3). Tektipl ™'~ mice
were obtained by mating heterozygous mice and subsequent
genotyping. TEKTIP1 expression was absent in the protein
lysates of testes and sperm from TektipI ~'~ mice (Fig. 1C).
TEKTIPI was localized along the sperm flagella of WT
mice, while its expression disappeared in the sperm flagella
of Tektipl™~ mice (Fig. 1D).
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Fig. 1 Expression of TEKTIP1
and establishment of Tektipl ™'~
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Tektip1~'~ male mice are subfertile

Tektip] ™'~ male mice were healthy and developed with
no identifiable abnormalities, including laterality abnor-
malities, hydrocephalus, or respiratory problems. Normal
development in cilia and axoneme of ependyma and tra-
chea from Tektip]l ™'~ mice was revealed by scanning elec-
tron microscopy (SEM) and transmission electron micros-
copy (TEM) (Supplementary Fig. 4). To examine the
fertility of male mice, we mated Tektip/~'~ male mice and
their littermate WT male mice with WT female mice for
2 months (Fig. 2A). Although Tektipl~~ male mice were
able to mate normally with females, both the pregnancy
rate of mating females and pups that were born from 7ek-
tip]~'~ males were significantly reduced (Fig. 2B, C). We
next performed in vitro fertilization (IVF) using sperm
of Tektipl™'~ mice or their littermate WT mice (Fig. 2D).
The percentages of two-cell embryos and blastocysts using
sperm of Tektipl ™~ mice were also significantly decreased
(Fig. 2E, F). Accordingly, Tektipl~~ male mice are sub-
fertile. We further dissected the male reproductive system
and performed the histological examination. The testis size
and weight were similar between Tektipl~'~ mice and their
littermate WT mice (Fig. 2G). Histological examination of
testis and cauda epididymis from Tektip!~'~ mice further

Mouse

revealed a generally normal spermatogenesis and sperm
production (Fig. 2H).

TEKTIP1 deficiency disturbs axonemal
ultrastructure, flagellar waveform, and sperm
motility

We next examined semen characteristics and sperm mor-
phology. Although the sperm count was similar between
Tektipl™~ mice and WT mice (Fig. 3A), the progressive
motility of sperm was markedly reduced in Tektip! =~ mice
(~16%) as compared with WT mice (~45%) (Fig. 3B). The
morphology of sperm from Tektipl~'~ mice was gener-
ally normal; however, bent tails were frequently observed
(arrows indicated in Fig. 3C). We further characterized the
flagellar beat of single sperm by tethering their heads to the
glass surface. A symmetric flagellar beat was observed in
sperm of WT mice, whereas the flagella of some sperm from
Tektip] ™'~ mice were beating asymmetrically (Fig. 3D).
The amplitude angle of sperm of WT mice was between
60° and -60°, while it was between 90° and -30° in sperm
of Tektip]™'~ mice (Fig. 3E). The percentage of sperm
showing abnormal beating was significantly higher in Tek-
tip]™"~ mice (~38%) than in WT mice (~10%) (Fig. 3F).
Moreover, we observed the ultrastructure of axoneme by
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Fig.2 Fertilizing ability and sperm parameters of Tektipl ™'~ mice. A

Adult Tektip] ™'~ male mice and their littermate WT mice (n=3 each
group) were continuously coupled with adult WT female mice at a
sex ratio of 1:2 for 2 months. B The pregnancy rate was calculated.
Data are represented as the mean+SD, Student’s ¢ test (unpaired,
two-tailed), **p<0.01. C The litter size was calculated. Data are
represented as the mean+ SD, Student’s ¢ test (unpaired, two-tailed),
*#p<0.01. D An in vitro fertilization (IVF) assay was performed
using sperm from adult Tektipl~~ mice and WT mice (n=3 for each

TEM. Compared with the well-organized “9+2” axoneme
in sperm of WT mice, some DMTs in the principle piece
and mid-piece of sperm flagella from Tektipl ™'~ mice were
dislocated or partially missing (Fig. 3G). The percentage of
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Epididymis

group). E The images of two-cell embryos and blastocyst. F The per-
centage of two-cell embryos and blastocysts was calculated. Data are
represented as the mean +SD, Student’s ¢ test (unpaired, two-tailed),
*#%p <0.001. G Representative images of the testis and epididymis.
Evaluation of the weight ratio of the testes/body from adult Tektipl ™'~
mice and WT mice (n=3 for each group). ns not significant, ¢ testis,
Epi epididymis. Scale bar, 0.4 cm. H Histological evaluation of the
testis and epididymis from adult Tektipl ™~ and WT mice. Scale bar,
50 pm

sperm exhibiting abnormal axoneme ultrastructure in 7Tek-
tip] ™'~ mice (~42%) was significantly greater than that in
WT mice (~12%) (Fig. 3H). Collectively, these data sug-
gest that Tektip] ~'~ male mice are subfertile mainly due to a
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Fig.3 Flagellar waveform and ultrastructural assessment of sperm
from Tektipl~'~ mice. A Sperm counts were determined using a fer-
tility counting chamber under a light microscope. Data are repre-
sented as the mean+SD (n=3 each group), Student’s ¢ test (unpaired,
two-tailed), ns, not significant. B Progressive motility was assessed
via computer-assisted semen analysis (CASA). Data are represented
as the mean+SD (n=3 each group), Student’s ¢ test (unpaired, two-
tailed), **p<0.01. C Light microscopy analysis of sperm from Tek-
tip]™~ mice and WT mice using Papanicolaou staining. Red arrows
indicated bent-tail sperm. Scale bar, 10 pm. D Flagellar waveforms of
head-tethered sperm from Tektipl ™~ mice and WT mice. Scale bar,
5 pm. E The amplitude angle of flagellar waveforms was recorded for
1 s. Flagellar waveforms of sperm from WT mice were symmetrical

higher percentage of sperm exhibiting disordered axonemal
ultrastructure and abnormal sperm motility.

Proteomic analysis of sperm from Tektip1~~ mice
and WT mice

To try to determine the molecular basis of the deficiency of
sperm motility after the loss of TEKTIP1, we first applied

& \&Q\’
<0

(£60°). Flagellar waveforms of sperm from Tektipl ™'~ mice were
asymmetrical (-30°~90°). F Percentage of sperm showing abnormal
beating patterns from Tektipl ™'~ mice and WT mice. One hundred
spermatids in each group were counted. Data are represented as the
mean+SD (n=3 each group), Student’s ¢ test (unpaired, two-tailed),
**p<0.01. G Transmission electron microscope (TEM) analysis
showing the principle piece and mid-piece of sperm flagella from
Tektipl"‘ mice and WT mice. ODF, outer dense fibre; MS, mito-
chondrial sheath; FS, fibrous sheath. Scale bar, 100 nm. H Percentage
of sperm showing abnormal axoneme structures from Tektipl ™'~ mice
and WT mice. Twenty-five spermatids in each group were counted.
Data are represented as the mean +SD (n=3 each group), Student’s ¢
test (unpaired, two-tailed), ***p <0.001

quantitative iTRAQ (isobaric tags for relative and absolute
quantification) and mass spectrometry to identify the dif-
ferentially expressed (DE) proteins of sperm from adult
Tektipl™'~ mice and WT mice (n =3 samples each group)
(Supplementary Fig. 5A). A cut-point of 1.5-fold change
and a p value (student’s 7 test) less than 0.05 were selected.
Compared with WT group, TEKTIP1 deletion only caused
a significant decrease of 32 and a significant increase of
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28 proteins in sperm (Supplementary Fig. 5B). All DE
proteins were listed in Supplementary Table S1 and the
mass spectrometry proteomics data have been deposited to
ProteomeXchange with the dataset identifier PXD044492.
Among significantly downregulated sperm proteins in 7ek-
tip]~'~ mice, the enriched pathways primarily included
‘seminal vesicle proteins/sperm capacitation’, ‘male fer-
tility/cilia & flagella’, ‘ribosomal proteins’, and ‘extra-
cellular matrix’, as revealed by Kyoto Encyclopedia
of Genes and Genomes (KEGG) and presented as pro-
tein—protein interaction networks using STRING (Supple-
mentary Fig. 5C). Gene set enrichment analysis (GSEA)
showed significant enrichment (INormal ESI> 1, Normal
p value <0.05, FDR < 0.25) in ‘spermatogenesis’, ‘cilium/
flagella movement’, and ‘sperm capacitation/fertilization’
among all DE sperm proteins between WT mice and Tek-
tip]~'~ mice (Supplementary Fig. 5D). Given that there is
no evidence to indicate the direct regulation of these DE
proteins by TEKTIP1, we suggest that the alternation of
protein expression may be secondary effects. Moreover,
the protein levels of tektins and identified MIPs in mouse
sperm lysates did not differ between Tektipl~'~ mice and
WT mice (Supplementary Table S2), indicating that loss
of TEKTIP1 may affect the organization rather than the
expression of tektins and MIPs.

TEKTIP1 interacts with TEKT3 but not TEKT1, TEKT2,
or TEKT4

Although TEKTIP1 is proposed to be located at the center
of the tektin bundle, as revealed by cryo-EM [4], the inter-
action between TEKTIP1 and tektins is still unclear. By
coimmunoprecipitation (co-IP) assays, we showed that
Flag-tagged TEKTIP1 was immunoprecipitated with Myc-
tagged TEKT3 in the protein lysates of HEK293T cells
(Fig. 4C). However, no detectable interactions between
Flag-tagged TEKTIP1 and Myc-tagged TEKT1, TEKT2,
or TEKT4 could be identified (Fig. 4A, B and D). The
TEKTIP1-TEKT3 connection was further confirmed by
endogenous co-IP using mouse testis extracts (Fig. 4G).
Similarly, TEKTIP1 could not be immunoprecipitated
by TEKT1, TEKT2, or TEKT4 in mouse testis lysates
(Fig. 4E, F and H). We investigated this further using a
proximity ligation assay (PLA) [20]. Using TEKTIP1 and
TEKTS3 antibodies, PLA revealed a positive staining along
the sperm flagella of WT mice but not Tektipl ™'~ mice
(Fig. 4K). Closely interaction between TEKTIP1 and
TEKT1/2/4 in sperm flagella was also not revealed by
PLA (Fig. 41, J, L). The tight interaction of TEKTIP1
with TEKT3 but not other tektins indicates that loss of
TEKTIP1 may influence the tektin bundle organization
primarily through TEKTS3.
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Loss of TEKTIP1 interferes TEKT3 organization
and its connection with other tektins

Sperm proteomic analysis indicated that loss of TEKTIP1
did not alter the protein levels of tektins (Supplementary
Table S2). Western blotting further confirmed that the pro-
tein levels of TEKT1 ~4 in mouse testis lysates did not
obviously changed between WT mice and Tektipl ™~ mice
(Fig. 5A). After treatment of sperm samples with SDS-
EDTA solution, TEKT1 ~4 were predominantly distributed
in the pellet (Fig. 5B). Both the constituent distributions
and expression of TEKT1 ~4 in sperm were similar between
Tektip]™'~ mice and WT mice (Fig. 5B).

Although loss of TEKTIP1 does not affect the expres-
sion of tektins in samples of testis and sperm, TEKTIP1
may regulate the organization of tektin bundles. The
expression patterns of tektins were further examined using
native—PAGE. Compared with those in WT mice, the con-
tent level of TEKT3 high polymers was reduced, while its
oligomer expression was increased in testis protein lysates
of Tektipl '~ mice (Fig. 5C). Furthermore, the polymers of
TEKTI, 2, 4 were also slightly less abundant in testis pro-
tein lysates of Tektipl ™'~ mice (Fig. 5C). We further exam-
ined the interaction between TEKT3 and other tektins in
testis protein lysates of WT mice and Tekzip! ™'~ mice by
co-IP assays. The amounts of TEKT3-immunoprecipitated
TEKTI1, TEKT2, or TEKT4 were significantly reduced in
Tektipl™~ mice (Fig. 5D and F). In contrast, the amounts
of TEKT4-immunoprecipitated TEKT1 or TEKT2 were
indistinguishable between WT mice and Tektipl ™'~ mice
(Fig. 5SE and G). Collectively, these data suggest that loss of
TEKTIP1 predominantly affects the native organization of
TEKT?3 and its connections with other tektins, further influ-
encing the integrity and stability of tektin bundles.

Discussion

MIPs are localized at the luminal surfaces of nine DMTs,
which are core axonemal components of cilia and flagella.
Emerging cryo-EM studies provide valuable information
for the presence of MIPs and their spatial organization [4,
10-12, 21-23]. It is speculated that MIPs function to assem-
ble and/or stabilize the tubulin-organized axoneme; however,
their physiological roles are largely unclear.

Tektin bundles are well-known MIPs inside DMTs and
mainly contain tektin 1-4. A recent cryo-EM study discov-
ered that TEKTIP1, a functionally unknown protein, is pro-
posed to be localized at the center of the tektin bundle [4].
TEKTIP1 is thus hypothesized to function to recruit tektins
or stabilize the bundle; however, animal evidence is lack-
ing to explore its physiological role in the motility of cilia/
flagella.
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Fig.4 TEKTIPI interacts with TEKT3 but not TEKT1, TEKT2, or
TEKT4. A-D Myc-tagged plasmids of TEKT1~4 and Flag-tagged
plasmid of TEKTIP1 were constructed. Flag-tagged TEKTIP1 was
immunoprecipitated with Myc-tagged TEKT3 but not Myc-tagged
TEKT1, TEKT2, or TEKT4 in HEK293T cell lysates using co-IP
assays. E-H An interaction between endogenous TEKTIP1 and
TEKT3 was identified in mouse testis lysates using a co-IP assay.

Our current study showed that Tektipl~'~ mice were
subfertile primarily due to impaired sperm motility. The
ultrastructure of the axoneme was moderately disorganized
in the sperm flagella of Tektipl~'~ mice. Tektipl ™'~ mice
were not totally infertile, indicating that deletion of a
single TEKTIP1 may not severely affect the stability of
the axoneme. Similarly, Tekt4-knockout also causes male
subfertility with reduced motility but grossly unaltered
flagellar ultrastructure in mice [17]. Tekt3™'~ mice pro-
duce sperm with reduced motility and increased flagellar
structural beading defects but not male infertility [18].
Tekt5~'~ mice are still fertile but have a lower fraction of

Endogenous TEKTIP1 was not immunoprecipitated with TEKTI,
TEKT?2, or TEKT4. Rabbit IgG served as the negative control. I-L
Representative immunofluorescence images from a PLA performed
on sperm from WT and Tektipl.”~ mice. Closely interaction was
revealed by positive signals (red). Sperm heads were stained with
DAPI (blue)

motile sperm and a higher percentage of defective sperm
flagella with 180° bends [24].

Although TEKTIP1 was first identified in bovine respira-
tory cilia by cryo-EM [4], it is predominantly expressed in
the human and mouse testis, as indicated by public database
and our Western blotting analysis. Within the testis, TEK-
TIP1 is restricted to early/late spermatids and specifically
localized along the sperm flagella. Tektipl ™'~ mice do not
display obvious symptoms of ciliopathy, including lateral-
ity abnormalities, hydrocephalus, and defects of respiratory
cilia. We suggest that TEKTIP1 may be selectively required
for mouse sperm flagella. The differential requirements
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Fig.5 Expression and connections of tektins after the loss of TEK-
TIP1. A Expression of TEKT1~4 was analysed by Western blotting
(SDS—PAGE) in testis lysates of adult Tektipl ~~ mice and WT mice.
B-Actin served as a loading control. B Sperm samples were treated
with SDS-EDTA solution. Supernatant and pellet samples were
resolved by SDS—PAGE. Expression of TEKT1~4 was analysed by
Western blotting (SDS—PAGE) in sperm lysates of adult Tektipl ™~
mice and WT mice. C Expression of TEKT1~4 was analysed by
Western blotting (Native—PAGE) in testis lysates of adult Tekzipl ™'~
mice and WT mice under native conditions. D Endogenous TEKT3
was immunoprecipitated from testis protein lysates of Tektipl ™"~ mice

of proteins for cilia and flagella are also observed in other
knockout mice. For example, IQUB expression is detected
in tissues other than the testis, such as the lung and brain;
however, IQUB deletion only affects beating of sperm fla-
gella but not respiratory cilia [25].

Our study reveals the potential mechanism of TEKTIP1
in the organization/stability of tektin bundles at molecular
level. Although TEKTIP1 is proposed to be localized at the
center of the tektin bundle, we found that it only strongly
interacts with TEKT3 but not TEKT1, TEKT2, or TEKT4.
As co-IP assay could not detect low-affinity interaction, we
could not fully exclude the possibility that TEKTIP1 may
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TEKT1 TEKT2 TEKT3

and WT mice. The amounts of TEKTI1, TEKT2, or TEKT4 coimmu-
noprecipitated by TEKT3 were further detected by Western blotting.
E The amounts of TEKT1, TEKT2, or TEKT3 coimmunoprecipitated
by endogenous TEKT4 were detected in testis protein lysates of Tek-
tipl™'~ mice and WT mice. F Bar graph representing the band inten-
sities of TEKT3-immunoprecipitated TEKT1, TEKT2, or TEKT4.
Data represent the mean+SD (n=3 each group), Student’s ¢ test

(unpaired, two-tailed), ““p<0.001. G Bar graph representing the

band intensities of TEKT4-immunoprecipitated TEKT1, TEKT2, or
TEKTS3. Data represent the mean +SD (n=3 each group), Student’s ¢
test (unpaired, two-tailed), **p <0.01; ns, not significant

also interact with other tektins. TEKTIP1 is critical for the
organization of TEKT3 because the content level of TEKT3
polymers was reduced while its monomer expression was
increased in testis protein lysates of Tekzipl ™'~ mice. TEK-
TIP1 further assists the connection of TEKT3 with other
tektins. Attenuated TEKT3-TEKT1, TEKT3-TEKT?2, and
TEKT3-TEKT4 were observed in the testis protein lysates
of Tektipl =/~ mice. In contrast, the amounts of TEKT4-
immunoprecipitated TEKT1 and TEKT?2 in the testis protein
lysates were similar between Tektip] ™'~ mice and WT mice.

A very recent study [24] analyzes the sperm doublet
structure of Tekt5~~ mice and compares it with the WT
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counterpart, providing a first example to apply cryo-EM
technology to a knockout mouse strain. Tektin homolog
substitute on the same position of 3-helix bundle in the
absence of TEKTS; however, the occupancy of broken and
curved helical bundles is largely lost [24]. It should be
emphasized that a cryo-EM analysis of sperm DMTs from
Tektip]~'~ mice will provide direct evidence to explore the
effects of TEKTIP1 on DMT stability. Molecular and bio-
chemical experiments in our current study indirectly indi-
cate that tektin bundle is partially impaired after TEKTIP1
loss. The dislocated or partially missing DMTs identified
by TEM analysis of sperm in Tektipl ™~ mice are most
likely to be a secondary effect. It will be of great interest
to find out how lack of TEKTIP1 directly affects tektin
bundle, its luminal localization, and organization of the
adjacent MIPs by applying cryo-EM technology in future.

Zhou et al. recently discovered variants in 10 distinct
MIPs (FAM166A, CCDC105, TEX37, EFCAB6, EFHC2,
FAM166C, MNS1, TEKT1, CFAP45, and CFAP21) asso-
ciated with a subtype of asthenozoospermia termed MIP-
variant-associated asthenozoospermia (MIVA), which is
characterized by impaired sperm motility without evi-
dent morphological abnormalities [11]. Furthermore, two
homozygous TEKT3 mutations have been recently identi-
fied in infertile men with asthenospermia [19], highlight-
ing the relevance of tektins deficiency to human male
infertility. Our animal study suggests that TEKTIP1 is
essential for mouse sperm motility and that its deficiency
may be a potential genetic cause of human male infertility
with MIVA. However, clinical evidence linking TEKTIP1
to male infertility is still lacking. Whole-exome sequenc-
ing of a large cohort of infertile men primarily with asthe-
nospermia will be useful to screen any pathogenic muta-
tions in TEKTIP]I.

Emerging cryo-EM studies resolve axonemal proteins
in native mammalian ciliary/flagellar axoneme, which pro-
vide valuable information for functional studies. Surpris-
ingly, some MIPs, such as SPACA9, SAXO1, TEKT3,
and TEKTS, were structurally important for axoneme as
revealed by cryo-EM study; however, their knockout mice
are all fertile [18, 24, 26, 27]. Although cryo-EM studies
provide valuable information for the presence of MIPs and
their spatial organization, functional studies are essential to
confirm the physiological roles of candidate (structurally
important) MIPs. Accordingly, we suggest that combined
cryo-EM and knockout mouse studies are a comprehensive
approach to understand the axonemal architecture and the
motility function of cilia/flagella.

In summary, our results revealed that TEKTIP1 mainly
interacts with TEKT3 within tektin bundles and is criti-
cal for its organization and connection with other tektins.
Moderate instability of the microtubule inner tektin bundles
led to the partially disorganized axoneme of sperm flagella

and ultimately altered sperm motility and male subfertility
(Fig. 6).

Methods

Generation of Tektip1~'~ mice

Animal experiments were approved by the Animal Care and
Use Committee of the College of Life Sciences, Beijing Nor-
mal University. The mouse Tektipl gene has 4 transcripts
and is located on the chromosome 10. Exons 2 ~4 of the
Tektip1-201 (ENSMUST00000020456.5) transcript were
selected as the knockout region. Mouse zygotes were coin-
jected with an RNA mixture of Cas9 mRNA (TriLink Bio-
Technologies, CA, USA) and sgRNAs. The injected zygotes
were transferred into pseudopregnant recipients to obtain the
FO generation. DNA was extracted from tail tissues from
7-day-old offspring and PCR amplification was carried out
with genotyping primers using the Mouse Tissue Direct
PCR Kit (Tiangen Biotech, China). A stable F1 generation
(heterozygous mice) was obtained by mating positive FO
generation mice with wild-type C57BL/6JG-pt mice. The
gRNA sequence, genotyping, and Sanger sequencing were
provided in Supplementary Fig. 3.

Expression plasmids and transient transfection

Full-length cDNA encoding TEKTIP1, TEKT1, TEKT2,
TEKTS3, or TEKT4 was amplified by PCR and cloned into
Flag- or Myc-tagged pCMYV vectors (Beyotime, Shanghai,
China). HEK293T cells (ATCC, NY, USA) were cultured
at 37 °C in a 5% CO, incubator with Dulbecco’s modified
Eagle’s medium with 10% fetal bovine serum and 1% peni-
cillin—streptomycin (Gibco, NY, USA). Transient transfec-
tion of HEK293T cells was performed using Lipofectamine
3000 transfection reagent (Invitrogen, Shanghai, China).
Primers for amplification are listed in Supplementary
Table 3.

Generation of TEKTIP1 antibody

Full-length mouse TEKTIP1 was cloned into the pET-N-
His-C-His vector (Beyotime, Shanghai, China) and then
transfected into the ER2566 E. coli strain (Weidi Biotech-
nology, Shanghai, China). Protein expression was induced
by 1 mM IPTG (Beyotime) at 30 ‘C overnight. After cen-
trifugation, the bacterial pellet was resuspended in buffer
(50 mM Tris—HCI pH 8.0, 200 mM NaCl), and the proteins
were released by sonication. After centrifugation, anti-
His beads (Beyotime) were added to the supernatant and
incubated overnight at 4 °C. After washing, recombinant
protein was eluted with 250 mM imidazole (Beyotime).
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Fig.6 Schematic diagram of the physiological role of TEKTIP1 in
tektin bundle, sperm motility and male fertility. Although TEKTIP1
does not regulate the expression of tektins and other MIP proteins,
loss of TEKTIP1 causes moderately disordered tektins bundle at the
level of protein—protein interaction. As a consequence, the percentage

Coomassie brilliant blue stain of the gel of purified TEK-
TIP1 was shown in Supplementary Fig. 6. Recombinant
TEKTIPI protein was emulsified at a 1:1 ratio (v/v) with
Freund’s complete adjuvant (Beyotime) and administered
subcutaneously into ICR female mice at multiple points.
For the subsequent three immunizations, recombinant
TEKTIP1 protein was emulsified with incomplete Freund’s
adjuvant (Beyotime) at an interval of 2 weeks. One week
after the last immunization, blood was collected, and the
serum was separated.
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Asymmetric waveform?{
Altered sperm motility{

of sperm exhibiting unstabilized DMTs, asymmetric waveform, and
altered sperm motility was increased, finally leading to male subfertil-
ity of Tektipl™'~ mice. MIP microtubule inner protein, DMT doublet
microtubule. Some cartoon elements were modified from reference
[4, 28].

Fertility testing

To confirm the fertility of Tektip] ™'~ mice, natural mating
tests were conducted. Briefly, adult Tekzip! ™'~ male mice
and their littermate WT mice (n=3 each) were mated with
WT C57BL/6 J females (male: female = 1:2) for two months.
The vaginal plugs of the mice were examined every morn-
ing. Female mice with vaginal plugs were separately fed,
and female mice were replenished. The number of pups per
litter was recorded.
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Histological analysis

The testes and caudal epididymis were dissected and fixed
in 4% PFA overnight at 4 “C. Fixed tissues were embedded
in paraffin, sectioned (5 pm thick), dewaxed, and rehydrated.
The sections were stained with Periodic Acid Schiff’s solu-
tion (Solarbio, Beijing, China) before imaging using a Leica
DM-500 optical microscope (Leica Microsystems, German).

Sperm count, motility, and morphology

Sperm counts were determined using a fertility counting
chamber (Makler, Israel) under a light microscope. Sperm
mobility was assessed via the application of a computer-
assisted sperm analysis (CASA) system (SAS Medical,
China). The sperm suspension was mounted on a glass slide,
air-dried, and fixed with 4% PFA for 20 min at room tem-
perature. The slides were stained with Papanicolaou solu-
tion (Solarbio, Beijing, China) and observed using a DM500
optical microscope (Leica, Germany).

Immunofluorescence staining

After permeabilization with 1% Triton X-100 for 1 h, the
slides of mouse sperm were blocked with 5% goat serum
for 1 h. Mouse TEKTIP1 antiserum (our homemade, 1:100)
and rabbit anti-acetylated tubulin (Cell Signaling Technol-
ogy, #5335, Shanghai, China, 1:100) were added to the
slide and incubated overnight at 4 ‘C. After washing three
times with 1 X PBS, slides were incubated with Alexa Fluor
484-labelled donkey anti-mouse IgG (Beyotime, Shanghai,
China, A0428, 1:200) and 555-1abelled donkey anti-rabbit
IgG (Beyotime, A0453, 1:200) for 1 h at room temperature.
The slides were counterstained with DAPI dye and imaged
with a fluorescence microscope (Leica Microsystems,
Germany).

Proximity ligation assay (PLA)

Duolink in situ PLAs were carried according to the manu-
facturer’s instructions (Sigma-Aldrich, DU0920102, CT,
USA). Briefly, sperm slides were blocked with Duolink
blocking solution for 1 h at 37 °C. Primary antibodies were
diluted in Duolink antibody diluent and incubated overnight
at 4 °C. Mouse TEKTIP1 antiserum (our homemade, 1:100)
and rabbit anti-TEKT1 (Proteintech, 18968—1-AP, 1:200),
anti-TEKT2 (Proteintech, 13518-1-AP, 1:200), anti-TEKT3
(Proteintech, 12959—1-AP, 1:200), or anti-TEKT4 (Protein-
tech, 17058-1-AP, 1:200) were used in PLA. Anti-rabbit
PLUS and anti-mouse MINUS secondary antibodies were
added for 1 h at 37 °C. A ligation reaction was performed
using the Duolink ligation solution and ligase at 37 C for
30 min. Duolink amplification solution and polymerase were

utilized for rolling circle amplification and hybridization at
37 °C for 1.5 h. Slides were mounted with Duolink mount-
ing medium with DAPI, and imaged with a fluorescence
microscope (Leica Microsystems, Germany).

In vitro fertilization (IVF)

Adult C57BL/6 J female mice were superovulated by inject-
ing 5 IU of pregnant mare serum gonadotropin (PMSG), fol-
lowed by 5 IU of human chorionic gonadotropin (hCG) 48 h
later. Sperm capacitation was performed for 50 min using
TYH solution. Cumulus-oocyte complexes (COCs) were
obtained from the ampulla of the uterine tube at 14 h after
hCG injection. COCs were then incubated with~35 pl sperm
suspension (sperm concentration: 1~5x 10°) in HTF liquid
drops at 37 °C under 5% CO,. After 6 h, eggs were trans-
ferred to liquid drops of KSOM medium. Two-cell embryos
and blastocysts were counted at 1 and 4 days postfertiliza-
tion, respectively. All reagents were purchased from Aibei
Biotechnology (Nanjing, China).

Transmission electron microscopy (TEM)

Mouse sperm were fixed with 2.5% (vol/vol) glutaraldehyde
in 0.1 M phosphate buffer (pH 7.4) at 4 ‘C. The samples
were washed four times in PB and first immersed in 1% (wt/
vol) OsO4 and 1.5% (wt/vol) potassium ferricyanide aque-
ous solution at 4 °C for 2 h. After washing, the samples
were dehydrated through graded alcohol into pure acetone.
Samples were infiltrated in a graded mixture of acetone and
SPI-PONS812 resin, and then the pure resin was changed. The
specimens were embedded in pure resin with 1.5% BDMA,
polymerized for 12 h at 45 °C and 48 h at 60 °C, cut into
ultrathin Sects. (70 nm thick), and then stained with ura-
nyl acetate and lead citrate for subsequent observation and
photography with a Tecnai G2 Spirit 120 kV (FEI) electron
microscope. All reagents were purchased from Zhongjin-
gkeyi Technology (Beijing, China).

Native—PAGE

Native—PAGE gel preparation and electrophoresis were
performed using a commercial kit (Real-Timers Biotechnol-
ogy, Beijing, China). Protein samples were extracted using
the Pierce IP Lysis Buffer (Thermo Fisher Scientific, MA,
USA), mixed with native gel sample loading buffer (without
boiling), and subjected to electrophoresis in Tris—glycine
running buffer (without SDS). Thyroglobulin (669 kDa), fer-
ritin (440 kDa), catalase (232 kDa), lactate dehydrogenase
(140 kDa), and albumin (66 kDa) were prepared into a native
electrophoresis protein marker.
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iTRAQ quantification proteomics

Proteins were extracted from the sperm samples of adult
Tektip]™~ mice and their littermate WT mice (n=3 each
group) using 0.1 M Tris—HCL (pH 8.0), 0.1 M dithiothrei-
tol (DTT), 4% SDS, 1 mM PMSF, and 2% (v/w) protease
inhibitor cocktail (Roche, Basel, Switzerland), followed by
sonication (20% amplitude, 10 pulses, three times) on ice.
The supernatants were collected following centrifugation at
12,000 g for 20 min. Trypsin enzyme solution was added to
100 pg protein samples, vortexed, centrifuged at low speed
for 1 min, and incubated at 37 °C for 4 h. The peptide liquid
obtained after salt removal was freeze-dried. The peptide
sample was dissolved in 0.5 M TEAB and added to the cor-
responding iTRAQ labelling reagent, followed by storage at
room temperature for 2 h. The Shimadzu LC-20AB liquid
phase system was used, and the separation column was a
5 pm 4.6 X250 mm Gemini C18 column for liquid phase
separation of the sample. The dried peptide samples were
reconstituted with mobile phase A (2% ACN, 0.1% FA) and
centrifuged at 20,000 x g for 10 min, and the supernatant
was taken for injection. Separation was performed by Ulti-
Mate 3000 UHPLC (Thermo Fisher). The sample was first
enriched in a trap column and desalted, and then entered a
self-packed C18 column. The peptides separated by liquid
phase chromatography were ionized by a nanoESI source
and then passed to a tandem mass spectrometer Q-Exactive
HF X (Thermo Fisher) for DDA (Data Dependent Acquisi-
tion) mode detection. Raw data were converted to mgf files
for bioinformatics analysis, and protein identification from
tandem mass spectra was performed by database searching
(UniProt). The protein quantification process includes the
following steps: protein identification, tag impurity correc-
tion, data normalization, missing value imputation, protein
ratio calculation, statistical analysis, and results presenta-
tion. Proteins with a 1.5-fold change and p value (using Stu-
dent’s ¢ test) less than 0.05 were defined as differentially
expressed proteins. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Con-
sortium via the iProX partner repository with the dataset
identifier PXD044492.

Western blotting

Proteins from HEK293T cells, mouse tissues, and mouse
sperm were extracted using RIPA lysis buffer containing
1 mM PMSF and 2% (v/w) protease inhibitor cocktail
(Roche, Basel, Switzerland) on ice. Supernatants were col-
lected following centrifugation at 12,000 x g for 10 min.
Proteins were electrophoresed in 10% SDS—PAGE gels
and transferred to nitrocellulose membranes (GE Health-
care, USA). The blots were blocked in 5% milk and incu-
bated with primary antibodies overnight at 4 °C, followed
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by incubation with secondary antibody for 1 h. For pri-
mary antibodies, mouse anti-TEKTIP1 (our homemade,
1:500), rabbit anti-TEKT1 (Proteintech, 18968-1-AP,
1:1000), rabbit anti-TEKT2 (Proteintech, 13518-1-AP,
1:1000), rabbit anti-TEKT3 (Proteintech, 12959-1-AP,
1:1000), or rabbit anti-TEKT4 (Proteintech, 17058—1-AP,
1:1000) were used. Mouse anti-f-Actin (Abcam, ab8226,
1:2000) served as an internal control. For secondary
antibodies, goat anti-rabbit IgG H&L (HRP) (Abmart,
M212115, 1:5000) or rabbit anti-mouse IgG H&L (HRP)
(Abmart, M212131, 1:5000) was utilized. The signals
were evaluated using Super ECL Plus Western Blotting
Substrate and a Tanon-5200 Multi chemiluminescence
imaging system (China).

SDS-EDTA treatment of sperm

Sperm were homogenized in 1 mL of SDS-EDTA solu-
tion (1% SDS, 75 mM NaCl, 24 mM EDTA, pH 6.0) and
centrifuged at 5000 X g for 30 min. Then, 100 pL of SDS—
PAGE sample buffer (62.5 mM Tris, pH 6.8, 3% SDS, 10%
glycerol, 5% p-mercaptoethanol, 0.02% bromophenol blue)
was added to 100 uL of supernatant, while the pellet was
resuspended in 200 pL of SDS—PAGE sample buffer.

Coimmunoprecipitation (co-IP)

HEK?293T cells were transfected with Myc-tagged TEKT]I,
2, 3, or 4 alone (control group) or together with Flag-TEK-
TIP1 (IP group). Forty-eight hours after transfection, cells
were lysed with Pierce™ IP Lysis Buffer (Thermo Fisher,
CA, USA) containing a 2% (v/w) protease inhibitor cock-
tail (Roche, Basel, Switzerland) for 30 min at 4 °C and
then centrifuged at 12,000 x g for 10 min. Protein lysates
were incubated overnight with Myc-Tag antibody (Abmart,
M20002, 2 pg) at 4 C. The lysates were then incubated
with 20 pl Pierce™ Protein A/G-conjugated Agarose for
4 h at 4 °C. The agarose beads were washed five times with
Pierce™ IP Lysis Buffer and boiled for 5 min in 1 X SDS
loading buffer. Input and IP samples were analysed by
Western blotting using HRP conjugated anti-Flag-Tag anti-
body (Abmart, PA9020, 1:1000) or anti-Myc-Tag antibody
(Abmart, M20019, 1:1000). For endogenous co-IP, adult
mouse testis tissues were lysed with Pierce™ IP Lysis
Buffer. The IP group was treated with rabbit anti-TEKT1
(Proteintech, 18968-1-AP, 1:1000), rabbit anti-TEKT2
(Proteintech, 13518-1-AP, 1:1000), rabbit anti-TEKT3
antibody (Proteintech, 12959-1-AP, 2 pg), or rabbit anti-
TEKT4 antibody (Proteintech, 17058-1-AP, 2 pg), and
the negative control group was treated with 2 pg rabbit
IgG (Beyotime).
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Statistical analyses

Data are presented as the mean + standard deviation (SD)
and were analysed using GraphPad Prism version 5.01
(GraphPad Software). Student’s ¢ test (unpaired, two-
tailed) was used for the statistical analyses. *p <0.05,
**p <0.01 and ***p <0.001.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-023-05081-3.

Acknowledgements We would like to thank Dr Liu Jin from the
Experimental Technology Center for Life Sciences, Beijing Normal
University for cell culture assistance. We also acknowledge Dr Li Xi-
Xia and Lv Zhong-Shuang from the Center for Biological Imaging
(CBI), Institute of Biophysics, Chinese Academy of Sciences for TEM
analysis assistance.

Author contributions SC and BW: supervised the project, conceived
the study, generated animal models, and wrote the manuscript. XG:
bred mice and performed most of the experiments. HJ: performed some
of the co-IP experiments. LX: analysed the data. All authors com-
mented on the manuscript and approved its publication.

Funding This work was supported by the National Natural Science
Foundation of China (32370905), National Key Research and Devel-
opment Project (2019YFA0802101), Fundamental Research Funds for
the Central Institutes (2023GJZDO01), Open Fund of Key Laboratory
of Cell Proliferation and Regulation Biology, Ministry of Education.

Data availability The authors declare that all the original data related
to the figures and supplementary materials published in this article
are available upon rationale request to the corresponding author. All
related data are included in either the manuscript or supplementary
information.

Declarations

Conflict of interest The authors declare no competing interests.
Ethical approval Not applicable.

Consent to participate Not applicable.

Consent for publication The author’s consent to publication.

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

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Satir P, Christensen ST (2007) Overview of structure and func-
tion of mammalian cilia. Annu Rev Physiol 69:377-400

Inaba K (2011) Sperm flagella: comparative and phyloge-
netic perspectives of protein components. Mol Hum Reprod
17:524-538

Ma MS et al (2019) Structure of the decorated ciliary doublet
microtubule. Cell 179:909-922

Gui M et al (2021) De novo identification of mammalian ciliary
motility proteins using cryo-EM. Cell 184:5791-5806
Ichikawa M, Bui KH (2018) Microtubule inner proteins: a mesh-
work of luminal proteins stabilizing the doublet microtubule.
BioEssays 40:1700209

Zhou J, Yang F, Leu NA, Wang PJ (2012) MNSI is essential
for spermiogenesis and motile ciliary functions in mice. PLoS
Genet 8:¢1002516

Ide T et al (2020) CFAP53 regulates mammalian cilia-
type motility patterns through differential localization and
recruitment of axonemal dynein components. PLoS Genet
16:¢1009232

Linck RW, Albertini DF, Kenney DM, Langevin GL (1982)
Tektin filaments: chemically unique filaments of sperm flagellar
microtubules. Prog Clin Biol Res 80:127-132

Amos LA (2008) The tektin family of microtubule-stabilizing
proteins. Genome Biol 9:229

Leung MR et al (2023) Structural specializations of the sperm
tail. Cell 186(13):2880-2896

Zhou LN et al (2023) Structures of sperm flagellar doublet
microtubules expand the genetic spectrum of male infertility.
Cell 186(13):2897-2910

Gui M et al (2022) SPACADO is a lumenal protein of human cili-
ary singlet and doublet microtubules. Proc Natl Acad Sci U S
A 119:€2207605119

Suarez SS, Pacey AA (2006) Sperm transport in the female
reproductive tract. Hum Reprod Update 12:23-37

Jiao SY, Yang YH, Chen SR (2021) Molecular genetics of infer-
tility: loss-of-function mutations in humans and corresponding
knockout/mutated mice. Hum Reprod Update 27:154—189
Toure A et al (2021) The genetic architecture of morphological
abnormalities of the sperm tail. Hum Genet 140:21-42
Tanaka H (2004) Mice deficient in the axonemal protein Tek-
tin-t exhibit male infertility and immotile-cilium syndrome
due to impaired inner arm dynein function. Mol Cell Biol
24:7958-7964

Roy A, Lin YN, Agno JE, DeMayo FJ, Matzuk MM (2007)
Absence of tektin 4 causes asthenozoospermia and subfertility
in male mice. FASEB J 21:1013-1025

Roy A, Lin YN, Agno JE, DeMayo FJ, Matzuk MM (2009)
Tektin 3 is required for progressive sperm motility in mice. Mol
Reprod Dev 76:453-459

Liu YY et al (2023) Bi-allelic human TEKT3 mutations cause
male infertility with oligoasthenoteratozoospermia due to acro-
somal hypoplasia and reduced progressive motility. Hum Mol
Genet 32:1730-1740

Soderberg O et al (2006) Direct observation of individual
endogenous protein complexes in situ by proximity ligation.
Nat Methods 3:995-1000

Walton T, Wu H, Brown A (2021) Structure of a microtubule-
bound axonemal dynein. Nat Commun 12(1):477

Kubo S et al (2021) Remodeling and activation mechanisms of
outer arm dyneins revealed by cryo-EM. EMBO Rep 22:¢52911
Zheng W et al (2021) Distinct architecture and composition of
mouse axonemal radial spoke head revealed by cryo-EM. Proc
Natl Acad Sci U S A 118:¢2021180118

@ Springer


https://doi.org/10.1007/s00018-023-05081-3
http://creativecommons.org/licenses/by/4.0/

118 Page 14 of 14 X.-Y.Geng et al.

24. Chen Z et al (2023) De novo protein identification in mamma- 28. Miyata H, Morohoshi A, Ikawa M (2020) Analysis of the

lian sperm using in situ cryoelectron tomography and Alpha- sperm flagellar axoneme using gene-modified mice. Exp Anim
Fold2 docking. Cell 186(23):5041-5053 69:374-381

25. Zhang X et al (2022) Differential requirements of IQUB for the
assembly of radial spoke 1 and the motility of mouse cilia and Publisher's Note Springer Nature remains neutral with regard to
flagella. Cell Rep 41:111683 jurisdictional claims in published maps and institutional affiliations.

26. Castaneda JM et al (2021) FAM209 associates with DPY 1912,
and is required for sperm acrosome biogenesis and fertility in
mice. J Cell Sci. 134:259206

27. Robertson MJ et al (2020) Large-scale discovery of male repro-
ductive tract-specific genes through analysis of RNA-seq data-
sets. BMC Biol 18:103

@ Springer



	Tektin bundle interacting protein, TEKTIP1, functions to stabilize the tektin bundle and axoneme in mouse sperm flagella
	Abstract
	Introduction
	Results
	TEKTIP1 is enriched in the testis and distributed in sperm flagella
	Generation of Tektip1−− mice
	Tektip1−− male mice are subfertile
	TEKTIP1 deficiency disturbs axonemal ultrastructure, flagellar waveform, and sperm motility
	Proteomic analysis of sperm from Tektip1−− mice and WT mice
	TEKTIP1 interacts with TEKT3 but not TEKT1, TEKT2, or TEKT4
	Loss of TEKTIP1 interferes TEKT3 organization and its connection with other tektins

	Discussion
	Methods
	Generation of Tektip1−− mice
	Expression plasmids and transient transfection
	Generation of TEKTIP1 antibody
	Fertility testing
	Histological analysis
	Sperm count, motility, and morphology
	Immunofluorescence staining
	Proximity ligation assay (PLA)
	In vitro fertilization (IVF)
	Transmission electron microscopy (TEM)
	Native‒PAGE
	iTRAQ quantification proteomics
	Western blotting
	SDS-EDTA treatment of sperm
	Coimmunoprecipitation (co-IP)
	Statistical analyses

	Acknowledgements 
	References


