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TDRP deficiency contributes to low sperm motility and is 
a potential risk factor for male infertility
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Abstract: TDRP (Testis Development-Related Protein), a nuclear factor, might play an important role in spermatogen-
esis. However, the molecular mechanisms of TDRP underlying these fundamental processes remain elusive. In this 
study, a Tdrp-deficient mouse model was generated. Fertility tests and semen analysis were performed. Tdrp-defi-
cient mice were not significantly different from wild-type littermates in development of testes, genitourinary tract, or 
sperm count. Morphologically, spermatozoa of the Tdrp-deficient mice was not significantly different from the wild 
type. Several sperm motility indexes, i.e. the average path velocity (VAP), the straight line velocity (VSL) and the cur-
vilinear velocity (VCL) were significantly decreased in Tdrp-deficient mice (p<0.05). The proportion of slow velocity 
sperm also increased significantly in the mutant mice (p<0.05). However, fertility tests showed that no significant 
difference inaverage offspring amount (AOA), frequency of copulatory plug (FCP), and frequency of conception (FC). 
Furthermore, TDRP1 could interact with PRM2, which might be the molecular mechanism of its nuclear function in 
spermatozoa. In conclusion, these data collectively demonstrated that Tdrp deficiency impaired the sperm motility, 
but Tdrp deficiency alone was not sufficient to cause male infertility in mice. Additionally, TDRP1 might participate 
in spermatogenes is through interaction with PRM2.
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Introduction

Reproduction and development is one of the 
most active topics in the field of biomedical 
research in recent years. The prevalence of cur-
rent infertility is approximately 12% [1], with-
males and female scontributingal most equally.
This rateis even higher in low-income countries 
(range, 9%-30%) [2]. Although the prevalence 
of infertility in most regionshas remained sta-
ble, the absolute number of couples affected 
by infertility has increased [3]. Infertility leads 
to significant public health consequences, 
including psychological distress [4], financial 
and emotional burdens [5], and social stigmati-
zation [6]. Infertility is a worldwide, major, mul-
tifaceted factor affecting human health.

Despite its importance in human health, the 
pathogenesis of male infertility remainspoorly 
understood. A multitude of conditions can 
cause male infertility, such as congenital mal-

formations, exposure to polluted environment, 
genetic and endocrine disorders, and infec-
tious, inflammatory and immunologic condi-
tions [7]. The gene knock out mouse model is a 
powerful tool for investigation of male infertility. 
For example, recent studies showed deficien-
cies of various genes such as Flot2, Arl3, Mns1, 
and Paip2a led to male infertility in mice [8-11].

Previously, our group has cloned a novel full-
length cDNA named Tdrp (encoding testis 
development-related protein) from a cDNA 
library of human testis tissue [12]. Of Tdrp’s two 
distinct transcripts, Tdrp1 and Tdrp2, the for-
mer was predominantly expressed in spermato-
genic cells with particularly high expression in 
spermatocytes, and was also identified as a 
nuclear factor [12]. We generated rabbit poly-
clonal antibodies specific against human 
TDRP1 and found both Tdrp1 mRNA and protein 
increased along with sexual maturation in testis 
tissues in rats. It was also found that TDRP1 
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expression was significantly lower in testis tis-
sues of azoospermic men compared with 
healthy controls [12].

In this study, we have established Tdrp knock-
out mouse model and observed its effects on 
male fertility from the aspects of sperm mor-
phology, sperm motility, as well as fertile func-
tion. In addition, PRM2 was discovered as an 
interacting protein with TDRP1, suggesting the 
mechanism of disordered spermatogenesis 
caused by Tdrp deficiency.

Materials and methods

Animals

C57BL/6 and 129/SV mice obtained from 
Shanghai Research Center for Model Org- 
anisms were used for this study. All experimen-
tal procedures were done in accordance with 
the national experimental animal science guide 
for the care and use of laboratory animals and 
were approved by the Shanghai Animal Care 
and Use Committee on Animals.

Semi-quantitative RT-PCR analysis of expres-
sion profile

One microgram of total RNA extracted from tes-
tis was reverse-transcribed with oligo (dT) using 
the Omniscript Reverse Transcription kit 
(Qiagen). To normalize the expression level of 
Tdrp1 among different tissues, actin was used 
as reference. One microliter of RT product was 
amplified with primer pairs specific for mouse 
Tdrp1 by using HotStarTaq PCR kit (Qiagen). 
PCR conditions and primer sequences were 
available on request. Each RT-PCR product was 
loaded on 1.5% agarose gel and stained with 
0.5 µg/ml ethidium bromide. Gel images were 
analyzed and quantified by Image J.

Construction of the Tdrp targeting vector and 
generation of Tdrp-deficient mice

DNA fragments for 5’ and 3’ homology arms 
were amplified from mouse (129/SvEv) genom-
ic DNA by PCR to generate the Tdrp targeting 
vector. The upstream arm consists of a 2903 
bp 5’ coding region and the downstream arm is 
a 2653 bp 3’ coding region. Both arms were 
cloned into the vector with phosphoglycerate 
kinase-neomycin (PGK-neo) and phosphoglyc-
erate kinase-thymidine kinase (PGK-TK) se- 
quences as positive or negative selection cas-
settes. They were confirmed by sequencing.

The Tdrp targeting vector was electroporated 
into 2610019F03Rik (129Sv derived) embry-
onic stem (ES) cells. Through drug selection of 
G418(+) and ganciclovir(-), 96 resistant ES cell 
clones survived and eight targeted ES cell 
clones that had undergone homologous recom-
bination with the targeting vector were subse-
quently identified from among these. Primers 
for the 5’arm were P1 (5’-CCACTCTGCTTT- 
CAGACTGTTAGG-3’) + P2 (5’-GGCCTACCCGC- 
TTCCATTGCTC-3’) and for the 3’arm P3(5’-
CCGTGCCTTCCTTGACCCTGG-3’) + P4 (5’-GGC- 
TGCTTCCTCTATGGCTAAG-3’) with 3329 bp and 
3011 bp product lengths respectively. All eight 
positive ES cell clones were re-verified by DNA 
sequencing. These ES cell clones were injected 
into blastula and then transferred into pseudo-
pregnant foster mother mice. The chimeras 
were bred with C57BL/6 mice to obtain mutant 
mice on a 129Sv×C57BL/6 mixed background. 
Homozygotes were obtained by multiple inter-
crosses between heterozygotes. Mouse geno-
types were identified by southern blotting 
analysis.

Germ cell purification and western blotting 
analysis

Spermatogenic cells were isolated from adult 
mouse testes and discrete populations of germ 
cells were isolated using unit sedimentation 
velocity in 2-4% BSA gradient when required. 
The purity of the isolated germ cells was moni-
tored by phase-contrast microscopy.

For western blotting, anti-TDRP1 and anti-GAP-
DH antibody were diluted in 2-4% BSA. Extracts 
were diluted in SDS-loading buffer and western 
blotting was performed as described previously 
[12].

Electron microscopy

Testis and epididymis from wild type and Tdrp-
deficient mice were examined with both scan-
ning and transmission electron microscopy 
(EM) as described [13]. In brief, testis and epi-
didymis were fixed in 2.5% glutaraldehyde and 
2% paraformaldehyde for 4 h, and postfixed in 
1% osmium tetroxide for 1 h. The specimens 
were dehydrated in ethanol, transferred to pro-
pylene oxide, andembedded in EM-Bed 812 
medium (Electron Microscopy Sciences). The 
specimens were polymerized at 68°C for 48 h. 
Ultrathin sections were cut with a diamond 
knife, mounted on single-hole grids, stained 
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with bismuth solution, and examined with an 
electron microscope (TITAN Krios).

Fertility test

Adult male mice of three genotypes (homozy-
gote Tdrp-/- heterozygote Tdrp+/-, wild type 
Tdrp+/+) were caged with wild type female mice 
of two different genetic backgrounds (B6 and 
C57BL/6). The reproductive capacity evalua-
tion was performed as described [14]. Male 
mice were housed with two female mice. 
Female mice were replaced weekly. When 
plugged femalemice were found, theywere 
removed and replaced immediately. Pregnancy 
was defined as plugged mice that gave birth to 
offspring. The number of total males and 
females, plugged females, litters, and total off-
spring were counted to calculate frequency of 
copulatory plug (FCP), frequency of conception 
(FC) and average offspring amount (AOA). 
Student’s t-test and χ2 test were used to com-
pare meansand frequencies among groups and 
p<0.05 was considered a significant differ- 
ence.

Semen analysis

Sperm motility parameters were quantified by 
computer-aided semen analysis (CASA). Briefly, 
one side of the cauda epididymis was dissect-
ed from each mouse (8-12 weeks old) and each 
was opened in an identical manner to permit 
the release ofsperm. Afterwards, the cut cauda 
epididymis were separately put into 1.5-ml 
Eppendorf tubes containing 500 μl of human 
tube fluid (HTF) medium [15]. After incubation 
for 5 minutes, sperm from the upper layer of 
the medium were added to a counting chamber 
for analysis. Integrated visual optical system 
software (Hamilton Thorne Biosciences, IVOS) 
was used to generatethe results.

Immunofluorescence microscopy

Squashed samples were prepared and immu-
nofluorescence microscopy was undergone as 
described [13]. Indirect immunofluorescence 
staining to study the localization of TDRP1 and 
PRM2 in testicular germ cells was carried out 
and images of stained cells were captured with 
a Leica TCS SP2 laser confocal microscope.

Yeast two-hybrid assay and co-immunoprecipi-
tation (Co-IP)

To determine factors that interact with TDRP1, 
the ProQuest Two-Hybrid System with 

Gateway® Technology (Invitrogen) was used to 
‘fish’ TDRP1 interacting proteins from a mouse 
testis cDNA library (GibcoBRL). Full-length 
mouse Tdrp1 was cloned into the plasmid 
pDBLeu (GibcoBRL) as ‘bait’. True positive 
cDNA clones that enabled yeast to grow in the 
presence of 25 mM 3-aminotriazole and the 
absence of histidine were further selected by 
uracil-independent growth and β-galactosidase-
producing phenotype.

To confirm the interaction between TDRP1 and 
PRM2 which was identified by the yeast two-
hybrid assay, ectopic and endogenousimmuno-
precipitationwere performed. Forectopic over-
expression, the Tdrp1 gene was cloned into 
p3XFLAG-myc-CMV-24 vector for fusion with a 
Myc tag at the C-terminal end, while the PRM2 
gene was cloned into pCDNA3.1+ with a His tag 
at the C-terminal end. The Myc-tagged TDRP1 
and His-tagged PRM2 fusion plasmids were 
cotransfected into HEK293T cell lines. Im- 
munoprecipitation of Myc-TDRP1 and His-
PRM2 was carried out followed by western blot-
ting. The Myc-tagged fusion protein was detect-
ed with rabbit anti-Myc antibody (CST, #2278) 
and goat anti-rabbit IgG-HRP conjugate 
(Promega). The His-tagged fusion protein was 
detected with mouse anti-His antibody (CST, 
#9991) and goat anti-mouse IgG-HRP conju-
gate (Promega). For endogenous immunopre-
cipitation, the TDRP1 protein was detected with 
rabbit anti-TDRP1 antibody (Customized in 
Raygene Biotech Company, China) and goat 
anti-rabbit IgG-HRP conjugate (Promega). The 
PRM2 protein was detected with goat anti-
PRM2 antibody (Santa Cruz, SC-23104) and 
rabbit anti-goat IgG-HRP conjugate (Promega). 

Results

Testis specific expression pattern of Tdrp1 in 
adult mice

The relative expression levels of Tdrp1 in mouse 
tissues were assayed in cDNA samples pre-
pared from the brain, thymus, heart, liver, 
spleen, lung, kidney, stomach, intestine, blad-
der, marrow, muscle, testis, epididymis, ovary 
and uterus of wild type mice. Semiquantitative 
RT-PCR assays detected a transcript of mouse 
Tdrp1 predominantly in testis tissue and slight-
ly in epididymis, marrow and kidney tissues 
(Figure 1A). Since testis maturation is age-
dependent, we have also investigated the 
expression pattern in different developmental 
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stages at transcriptional and translational  
levels [12] and found notable increases at 3 
weeks postpartum and a peak at 2 months 
postpartum.

Establishment of Tdrp-deficient mouse model

To investigate the role of TDRP during sper-
matogenesis, gene targeting was used to dis-
rupt its function in mice. In the targeted allele, 
the exon 1 sequence encoding Tdrp was 
replaced by a cassette of the PGK-neomycin 
resistance gene (Figure 1B). The targeted dis-
ruption of the Tdrp gene and generation of 
knockout mice were confirmed by PCR of 

genomic DNA (Figure 1C, 1E) and western blot-
ting analysis (Figure 1D). Considering the two 
isoforms of Tdrp, Tdrp1 and Tdrp2, share the 
common exon 1 and exon 2 [12], the knockout 
mouse model is deficient of both isoforms of 
Tdrp. We didn’t check the TDRP2 expression in 
the knockout mice due to unavailability of 
TDRP2 specific antibody.

Interbreeding of heterozygous mice produced 
33 Tdrp+/+, 36 Tdrp+/- and 18 Tdrp-/- mice in F2 
offspring on B6 genetic background. Among 
256 mice from F1 to F8 generation, only 3 mice 
died, suggesting that Tdrp deficiency didn’t lead 
to embryonic lethality. The Tdrp-deficient mice 

Figure 1. Construction of Tdrp-targeting vector and generation of Tdrp-deficientmice. A. RT-PCR analysis of Tdrp1 
expression in adult mouse tissues. The expression level of Tdrp1 in each tissue was normalized by actin. B. Wild-
type allele, targeting construct, and targeted allele of Tdrp gene with the location of primers. C. Identification of the 
specific transcription products through PCR. The transcription product of the mutant is 772 bp; of the wild type is 
539 bp. The heterozygote expresses both 772 bp and 539 bp products. D. Western blotting analysis of the protein 
extracted from testes of 8 week old Tdrp-deficient and wild type mice. Anti-TDRP1 antibody was used. E. RT-PCR 
analysis of genotype. Upstream primer E1 and E2 were located at exon 1 and exon 2 of Tdrp gene, respectively, 
while E3 is downstream primer at exon 3. The product of E1&E3 transcription was full length Tdrp; the product 
transcribed by E2&E3 was truncated Tdrp.
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grew to adulthood with no gross abnormalities 
and no increased lethality, and the adult TDRP 
null mice were normal in appearance. The body 
weight of adult mice with Tdrp deficiency was 
not significantly different from that of wild type 
mice. No obvious anatomical or behavioral 
abnormalities were observed. 

Consequently, targeted disruption of the Tdrp 
gene in mice was successful. The following 
morphological study of testis and spermatozoa, 
and functional study including sperm count and 

fertility rate investigated mechanisms affect-
ingfertility in Tdrp-deficient homozygous mice.

Morphology of testis and mature epididymal 
sperm from Tdrp-deficient mice

The morphology of testis and mature epididy-
mal sperm in Tdrp-deficient mice was normal. 
The appearance of testis, seminal vesicles, and 
caudal epididymis in deficient mice was similar 
towild typemice in size, texture, shape, and 
weight with no differences present by 

Figure 2. Morphology analysis of Tdrp-deficientand wild type mice. (A&B) Histological analysis of testes from wild-
type (A) and Tdrp-deficient (B) mice undergoing H&E staining. (C&D) Ultrastructural analysis of longitudinal sections 
of the head of spermatozoa from wild-type (C) and Tdrp-deficient (D) mice. (E&F) Ultrastructural analysis of cross 
sections of the sperm flagellum from wild-type (E) and Tdrp-deficient (F) mice. (G&H) Ultrastructural analysis of lon-
gitudinal sections of the head of the sperm flagellumfrom wild-type (G) and Tdrp-deficient (H) mice.
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Hematoxylin&Eosin (H.E.) staining (Figure 2A, 
2B). Histology of seminiferous tubules did not 
reveal any gross abnormality in deficient mice. 

Sperm were obtained from the caudal epididy-
mis and observed by both scanning and trans-
mission electron microscopy. The head of Tdrp-
deficient sperm appeared normal in mor- 
phology, except for a slightly looser than the 
wild type in nuclear content (Figure 2C, 2D). 
The characteristic “9+2” microtubular axoneme 
and outer dense fibers (ODFs) of the Tdrp-
deficient mice was not disorganized when com-
paring with the wild type in cross section (Figure 
2E, 2F), as well as in longitudinal section 
(Figure 2G, 2H). These results implied that 
TDRP is not essential for the assembly ofsperm 
flagella in mice, but might affect the nuclear 
function of sperm.

Normal sperm countsbut low sperm motility in 
Tdrp-deficient mice  

To determine the influence of quantity and qual-
ity of sperm on spermiogenesis, we compared-
sperm counts in testis and epididymis between 
the Tdrp-deficient group and the wild type 

sex ratio (Table 2). In order to reduce the impact 
of different genetic backgrounds, mating was 
completed with female mice of different genet-
ic backgrounds (S129 and C57BL/6). No signifi-
cant differences were found among both two 
groups in the ability of male mice of any geno-
type to plug wild type female mice or to make 
them pregnant, and the mean number of off-
spring was almost identical as well (Table 2), 
suggesting deficiency of TDRP does not affect 
the vaginal plug rate or pregnancy rate.

The interaction between TDRP1 and PRM2

The yeast two-hybrid assay indicated that 
TDRP1 interacted with PRM2. Previous work 
has demonstrated that TDRP1 is dominantly 
localized in the nuclei of spermatogenic cells 
[12]. In this study, immunofluorescence stain-
ing was applied to confirm the localization of 
TDRP1 and its relation to PRM2 inmature sper-
matozoafrom human beings and from mice. 
Our data indicated that TDRP1 was also primar-
ily localized in the nuclei of spermatozoa, in 
addition to its distribution along the sperm fla-
gellum, especially the mid-piece, which means 
there was also protein in the cytoplasm (Figure 

Table 1. Comparable motility of cauda epididymal sperm from 
wild type (WT) and Tdrp-deficient mice
CASA parameter WT# Tdrp deficiency# p-value
Total sperm (M) 6.8±2.7 7.0±3.2 0.869
Motile sperm (%) 70.3±8.3 60.8±15.5 0.116
Progressive sperm (%) 57.4±8.3 49.7±14.1 0.167
Path velocity (VAP) (μm/sec) 148.1±10.0 131.8±9.5 0.003*
Prog. velocity (VSL) (μm/sec) 113.0±4.8 103.7±6.2 0.002*
Track speed (VCL) (μm/sec) 246.5±22.4 212.4±17.6 0.003*
Lateral amplitude (ALH) (μm) 12.1±0.8 11.2±1.6 0.149
Beat frequency (BCF) (Hz) 19.2±1.8 20.2±1.3 0.212
Straightness (STR) (%) 75.9±2.8 78.4±2.5 0.065
Linearity (LIN) (%) 48.0±2.8 50.9±3.0 0.052
Elongation (%) 93.3±1.3 92.9±1.6 0.541
Rapid Velocity (level a) (%) 65.7±8.5 56.0±15.8 0.115
Medium Velocity (level b) (%) 3.7±1.2 4.5±1.1 0.152
Slow Velocity (level c) (%) 22.8±4.5 29.8±7.7 0.029*
Static Velocity (level d) (%) 7.1±5.1 9.6±8.1 0.432
a+b (%) 69.4±8.6 60.5±15.4 0.140
c+d (%) 29.9±8.7 39.4±15.5 0.120
*Cauda epididymal sperm were incubated in HTF medium then subjected to 
CASA. At least 1000 sperm were examined for each sperm sample (n=5 for each 
genotype). #Data in sperm analysis are means ± SEM. P<0.05 was regarded as a 
significant difference in all parameters between wildtypeand Tdrp-deficient and 
is indicatedwith*.

(Table 1). The analysis revealed 
no significant difference of total 
sperm number in epididymis. 
The average path velocity (VAP), 
the straight line velocity (VSL) 
and the curvilinear velocity 
(VCL) were significantly de- 
creased in Tdrp-deficient mice 
(p<0.05). The percentage of 
progressive mobile sperm (level 
a and level b) was slightly 
reduced in the deficient group 
(p=0.14) and there was a signifi-
cant increase in the percentage 
of sperm with slow velocity 
(level c) (p<0.05). According to 
the semen analysis, sperm 
motility was impaired with defi-
ciency of Tdrp. 

Deficiency of Tdrp does not af-
fect male fertility in mice

We studied fertility ability in 
Tdrp+/+, Tdrp+/- and Tdrp-/- mice 
by continuously mating them 
with 8-week-oldwild-type female 
mice at a 1:2 male-to-female 
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3A). Moreover, immunofluorescent staining 
revealed similar localization of PRM2 and 
TDRP1 in mature spermatozoa from both 
humans and mice, which means that TDRP1 
mayfunction physiologically through interaction 
with PRM2 (Figure 3B). Immunoprecipitation of 
PRM2 and TDRP1 were confirmed both withec-
topic and endogenous proteins (Figure 4A, 4B). 
Collectively, these data demonstrate that 
TDRP1 mayact as a nuclear factor partially 
through interaction with PRM2 in sper- 
matozoa.  

Discussion

Our previous work has demonstrated that TDRP 
is associated with spermatogenesis in both 
mice and humans [12]. In the present study, we 
further investigated its role in Tdrp-deficient 
mouse models. Here, wereported for the first 
time that Tdrp deficiency alonewas not suffi-
cient for male infertilityin mice, but causeda 
significant decrease in sperm motility. 

It was hypothesized that Tdrp deficiency might 
contribute to the pathogenesis of male infertil-
ity. Therefore, we successfully generated the 
Tdrp-deficient mice with targeting vectors. 
Tdrp-deficient mice had morphologically normal 
spermatozoa. Fertility tests showed no signifi-
cant differences in the ability of male mice of 
any genotype to plug or impregnate wild type 
females. However, the key parameters for 
sperm motility, including VAP, VSL and VCL were 
significantly decreased in Tdrp-deficient mice.

In the present study, low sperm motility caused 
by Tdrp deficiency did notaffect fertility rate in 
mice. In contrast, human male infertility 

patients frequently have low sperm motility, 
and it is well known that sperm motility is a criti-
cal parameter that definesnormal semen. Men 
with impaired sperm motility have reduced fer-
tilization possibility which may result in infertil-
ity. There are several possible explanations for 
the discrepancy between human clinical results 
and the results of the present investigation. In 
the present Tdrp-deficient mouse model, the 
effects of the single mutation of Tdrp could be 
compensated by other motility genes, such as 
Catspers, especially in mice, which haveex-
traordinary reproductive ability [16]. It is impor-
tant to note that the genetic background for the 
reproductive system is different between 
human being and mus musculus. The mouse is 
not a perfect animal model of human reproduc-
tion, since its reproductive ability is much stron-
ger than men [17]. Human beings with TDRP 
deficiency would be more vulnerable to patho-
logical factors and lifestyles, including other 
genetic disorders, genital tract infections, envi-
ronmental contamination and cigarette smok-
ing [18, 19]. It is acknowledged that accumula-
tion of these mild defectscould cause male 
infertility. In addition to multiple pathological 
factors, such as radiation and reactive oxygen 
species, genetic disorders canplay a key role in 
sperm damage [20, 21]. Here we report that 
Tdrp is one of the genes likely involved inmale 
infertility. 

Our team has proved that TDRP1 is primarily 
located inspermatogenic cells of testis, which 
is the precursor of spermatozoa [12]. However, 
the morphology of testis in Tdrp-deficient mice 
is not different fromthe wild type. Tdrp deficien-
cy is not lethal for development of spermatozoa 

Table 2. Targeted disruption of Tdrp did not affect male fertility in mice
Genetic 
background Male mice Female mice Plugged mice Pregnant mice Offspring (M/F)* AOA# FCP (%)$ FC (%)&

C57BL/6 Tdrp-/- (n=5) WT (n=55) 38 32 237 (131:106) 7.4 69.1 58.2
Tdrp+/- (n=5) WT (n=54) 43 37 297 (140:157) 8.0 79.6 68.5

WT (n=5) WT (n=39) 23 22 164 (84:80) 7.5 60.0 56.4
S129 Tdrp-/- (n=2) WT (n=14) 7 6 33 (18:15) 5.5 50.0 42.8

Tdrp+/- (n=3) WT (n=26) 22 18 142 (68:74) 7.9 84.6 69.2
WT (n=3) WT (n=23) 14 11 84 (37:47) 7.6 60.9 47.8

*M, male; F, female. #Average offspring amount (AOA) was calculated as the total number of offspring divided by the number of 
females that gave birth to offspring. $Frequency of copulatory plug (FCP) was calculated as the ratio of the number of plugged 
females to total number of females to which males with the same genotype had access. &Frequency of conception (FC) was 
calculated as the ratio of the number of females that gave birth to offspring to total number of females. p>0.05 for all the 
comparison of FCP or FC.
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Figure 3. Cellular location of TDRP1 and PRM2. A. Localization of TDRP1 in spermatozoa from Homo sapiens and 
Mus musculus. TDRP1 was stained with green fluorescence and DAPI was blue. B. Localization of PRM2 in sperma-
tozoa from Homo sapiens and Mus musculus. PRM2 was stained with red fluorescence and DAPI was blue. 
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within the epithelium of the seminiferous 
tubules in mice. The spermatozoa of this stage 
is morphologically complete but is immotile and 
unable to fertilize an oocyte. This fertilization 
ability is the result of discrete post-gonadaldif-
ferentiation stages during transit along theepi-
didymal tubule. Immunofluorescence staining 
indicated that TDRP1 was not restricted to 
nuclei in mature spermatozoa, but wasalso 
located in the cytoplasm of the head and fla-
gella. Simultaneously, CASA revealed differenc-
es in sperm motility between Tdrp-deficient 
mice and wild type mice. Given that TDRP1 is a 
novel protein that has been cloned recently, its 
biological function remains unclear [22]. It is 
proposed that TDRP1 is exported from nuclei to 
the cytoplasm during maturation in the epididy-
mis and capacitation in vitro, and then plays a 
role in the capacitation process, including the 
efflux of cholesterol from the plasma mem-
brane [23]. The mechanism of its cytoplasmic 
distribution might be post-translational modifi-
cation during epididymal maturation and 
capacitation, such as phosphorylation, acetyla-
tion, or methylation, since spermatozoa are 
transcriptionally and translationally silent [24, 
25].

TDRP1 is primarily located in nuclei of sper-
matogenic cells and spermatozoa, which makes 
it plausible that TDRP1 might possess nuclear 
functions. During sperm maturation and fertil-
ization, sperm protamines (PRM1 and PRM2) 
sequentially replace somatic histones through 
a multi-step process [26]. Both protamines are 
essential, and haploinsufficiency caused by a 
deletion in one allele of PRM1 or PRM2 is suffi-
cient to alter spermatogenesis and prevents 
genetic transmission [27]. PRM1 and PRM2 
may also act as a checkpoint for abnormal prot-
amine ratio leading to an increased level of 

and is unique to haploid cells [30]. Here we 
reported that TDRP1 and PRM2 were both 
localized in the head of mature spermatozoa, 
and TDRP1 and PRM2 could bind to each other. 
This indicates that the nuclear function of 
TDRP1 is partially mediated by PRM2. We 
hypothesized that TDRP1 might function asa 
non-histone protein, acting to complement or 
supplement protamines during spermato- 
genesis. 

It is important to note that, in addition to mice 
and humans, TDRP1 is also associated with the 
reproduction traits of pigs, which indicates that 
TDRP1 has functions in reproduction that are 
conserved among species [39, 40]. However, 
the molecular and cellular mechanism of 
TDRP1 remains elusive and needs further 
investigation.

In conclusion, we successfully generateda 
mouse model with Tdrp deficiency. Although 
morphological examination and fertility test 
shows no significant differences, parameters of 
sperm motility, including VAP, VSL and VCL, 
were significantly decreased in Tdrp-deficient 
mice. Furthermore, we confirmed the subcellu-
lar localization and protein interaction of TDRP1 
and PRM2 in spermatozoa. Although Tdrp defi-
ciencyalone is not sufficient to cause male 
infertility in mice, it impairs sperm motility par-
tially through the interaction with PRM2.
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