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Abstract
Purpose  Polyamine modulating factor 1 binding protein (PMFBP1) acts as a scaffold protein for the maintenance of 
sperm structure. The aim of this study was further to identify the new role and molecular mechanism of PMFBP1 during 
mouse spermatogenesis.
Methods and Results  We identified a profile of proteins interacting with PMFBP1 by immunoprecipitation combined 
with mass spectrometry and demonstrated that class I histone deacetylases, particularly HDAC3 and chaperonin-
containing TCP1 subunit 3 (CCT3), were potential interaction partners of PMFBP1 based on network analysis of 
protein-protein interactions and co-immunoprecipitation. Immunoblotting and immunochemistry assays showed that 
loss of Pmfbp1 would result in a decline in HDACs and change the proteomic profile of mouse testis, in which differ-
ently expressed proteins are associated with spermatogenesis and assembly of flagella, which was proved by proteomic 
analysis of testis tissue obtained from Pmfbp1−/− mice. After integrating with transcriptome data for Hdac3−/− and 
Sox30−/− round sperm obtained from a public database, RT-qPCR confirmed ring finger protein 151 (Rnf151) and 
ring finger protein 133 (Rnf133) were key downstream response factors of the Pmfbp1-Hdac axis affecting mouse 
spermatogenesis.
Conclusion  Taken together, this study indicates a previously unidentified molecular mechanism of PMFBP1 in spermato-
genesis whereby PMFBP1 interacts with CCT3, affecting the expression of HDAC3, followed by the downregulation of 
RNF151 and RNF133, resulting in an abnormal phenotype of sperm beyond the headless sperm tails. These findings not 
only advance our understanding of the function of Pmfbp1 in mouse spermatogenesis but also provide a typical case for 
multi-omics analysis used in the functional annotation of specific genes.
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Introduction

Spermatogenesis is a complex process that includes spermat-
ogonial self-renewal and differentiation, meiosis, postmeiotic 
spermiogenesis, and finally the formation of mature sper-
matozoa [1, 2]. Abnormalities in these processes may lead 
to male reproductive disorders ranging from azoospermia to 
oligozoospermia, asthenozoospermia, and teratozoospermia. 
Acephalic spermatozoa syndrome (ASS) is a classical type 
of the most serious teratozoospermia, defined as headless 
spermatozoa predominance in the ejaculate. Partial ASS 
originates from a developmental disturbance of the sperm 
head-tail coupling apparatus (HTCA). Recently, significant 
progress in the discovery of genetic causes of ASS was estab-
lished, and some key pathogenic genes were identified to 
play an important role in ASS including SUN5, PMFBP1, 
TSGA10, BRDT, DNAH6, and CEP112 [3–5].

Polyamine modulating factor 1 binding protein 
(PMFBP1) is the major pathogenic gene responsible for 
ASS, which is characterized by an abnormal head-tail con-
nection and ejaculate of nearly 100% abnormal spermatozoa 
in semen, including a large number of headless sperm tails, 
a small number of tailless sperm heads, and a few sperm 
with an abnormal head-tail junction [3, 5–10]. Our previous 
research has shown that PMFBP1 acts as a scaffold protein 
in the sperm head-to-tail coupling apparatus (HTCA), which 
maintains the head-tail structural integrity by the formation 
of a sandwiched localized structure that cooperates with 
SUN5 and SPATA6, and that the absent of PMFBP1 leads to 
acephalic spermatozoa [3, 11]. Mutations in PMFBP1 (11%) 
and SUN5 (59%) have been found to account for approxi-
mately 70% of all cases of ASS, which suggests that defects 
in these genes could be relevant in the clinical diagnosis of 
this syndrome. Recently, Zhang et al. found that CENTLEIN 
could interact with PMFBP1 and SUN5 to participate in the 
assembly of the HTCA [5]. A comparison of the proteome 
of testicular sperm of the Pmfbp1 knockout mouse with that 
of the wild-type mouse has identified the profile of differ-
entially expressed proteins (DEPs) in sperm [7], in which 
Pmfbp1 acts as a scaffold protein for the connection between 
HTCA and the nuclear membrane of sperm and maintains its 
head-tail structural integrity. PMFBP1 is initially expressed 
at the early round spermatid (RS) stage when the germ cells 
are undergoing transcriptome and proteome remodeling in 
preparation for the elongation of spermatids. The distribu-
tion of PMFBP1 was shifted to the implantation fossa during 
elongation of the cytoplasm, eventually becoming located 
at the junction of the head and mid-piece in mature sperm 
[7, 11]. Although PMFBP1 has been extensively studied in 
mature sperm, little is known about its functional and kinetic 
features before the elongation of RS during spermatogenesis.

With the advent of sequencing technology, it is now 
possible to obtain a comprehensive understanding of 
human health and disease at multiple levels, including 
the genome, epigenome, transcriptome, proteome, and 
metabolome [12–15]. Therefore, we sought to identify the 
functions of Pmfbp1 in mice by proteomic analysis. Using 
this method, we systematically characterized the network 
of protein-protein interactions (PPIs) in which Pmfbp1 is 
involved. First, the proteins that interact with Pmfbp1 were 
identified in mouse testis lysate using affinity purification 
mass spectrometry (AP-MS). The key proteins that poten-
tially interact with PMFBP1 were identified by analysis of 
interactions within the PPI network and gene functional 
analysis. Combined with transcriptome analysis of data for 
Hdac3−/− and Sox−/− round sperm obtained from a public 
database, we identified the important downstream target 
genes of PMFBP1. Overall, this research has clarified the 
role of PMFBP1 in the formation of sperm, providing evi-
dence from a typical case to increase our understanding 
of the mechanism of the PMFBP1 deficiency that results 
in asthenoteratozoospermia and male infertility by multi-
omics analysis. Our findings will assist in the elucidation 
of the pathogenic mechanism of ASS and the development 
of novel clinical diagnostic and treatment methods.

Materials and Methods

Animals

C57BL/6 Pmfbp1−/− mice were generated by CRISPR/Cas9 
targeting exons 3 and 10 of the Pmfbp1 gene, which has been 
described in detail elsewhere [3]. The primers used for geno-
typing were as follows: WT-FP, 5′-GAT​GAG​TAA​TAA​CAG​
CCC​AGG-3′ and WT-RP, 5′-CTT​GAT​GCA​TGC​GCA​GTT​
AG-3′ for the identification of wild-type alleles; and KO-FP, 
5′-GAT​CTC​AGA​CTC​CCT​CGT​CAA​CTC​-3′ and KO-RP, 
5′-GGA​GTG​GGC​AGG​ATT​GAA​AG-3′ for the identification 
of knockout alleles. All experimental procedures involving 
mice were conducted according to the guidelines of the Labo-
ratory Animal Ethical Commission of the Chinese Academy 
of Sciences and the “Instructive Notions with Respect to Car-
ing for Laboratory Animals” established by the Ministry of 
Science and Technology of the People’s Republic of China. 
All experimental procedures were authorized by the Commit-
tee for Animal Research, Anhui Medical University, China.

Construction of Recombinant Plasmids

Total RNA was isolated from testis tissue harvested from 
21-day-old mice or a human cell line HeLa using TRIzol 
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reagent (Cat# 15596026; Invitrogen, Waltham, MA, USA). 
Reverse transcription was then performed using a Primer-
Script RT reagent kit (Cat# RR037B; Takara Bio Co., Ltd., 
Kusatsu City, Shiga Prefecture, Japan) to gain the comple-
mentary DNA as the template. The primers for polymerase 
chain reaction (PCR) amplification and vector are listed 
in Supplementary Table 1. The cDNA was digested with 
restriction enzymes (Cat# R0101/R3138/R0146; New Eng-
land Biolabs, Inc., Ipswich, MA, USA) and connected to a 
linearized vector (Ordinary DNA Product Purification Kit, 
Cat# DP204-02; Tiangen Biotech, Beijing, China) using 
a T4 DNA ligase kit (Cat# 2011A; Takara Bio). Parts of 
recombinant plasmids were constructed by homologous 
recombination using a ClonExpress II One Step Cloning 
Kit (Cat# C112; Vazyme, Nanjing, China).

Cell Culture and Transfection

Human embryonic kidney cells 293T (HEK293T; American 
Type Culture Collection, Manassas, VA, USA) and human 
cervical cells (HeLa; American Type Culture Collection) were 
cultured in Dulbecco’s Modified Eagle’s Medium with 4.5 
g/L D-glucose (Cat# A4192101; Gibco, Thermo Fisher Sci-
entific, Waltham, MA, USA) supplemented with 10% of fetal 
bovine serum (Cat# C04001; VivaCell, Shanghai, China) and 
1% of penicillin-streptomycin (Cat# P1400; Solarbio, Beijing, 
China). When the density of cells was about 70%, the plas-
mids were transfected into cells using Lipofectamine 2000 
(Cat# 11668019; Thermo Fisher Scientific).

Affinity Purification and Mass Spectrometry (AP‑MS 
Assays)

Protein purification and mass spectrometry were performed 
as previously described [16, 17]. First, pCDNA3.1-3xflag-
Pmfbp1 and the empty vector were respectively transfected 
into HEK293T cells (2 × 107). After 24 h, the cells were 
collected and lysed in RIPA buffer containing protease 
inhibitor and phosphatase inhibitor (Cat# C510006; Sangon 
Biotech, Shanghai, China). FLAG-Pmfbp1 was extracted 
with anti-flag-M2 Affinity Gel (Cat# A2220; Millipore, 
Sigma-Aldrich, St. Louis, MO, USA) and incubated with 
whole protein extracts from 21-day-old mouse testis tissue. 
The potential binding protein of Pmfbp1 was dissolved in 
1 × Laemmli sample loading buffer (0.1 M Tris-Cl, pH 6.8, 
1% sodium dodecyl sulfate, 5% glycerol, 0.5% 2-mercap-
toethanol, and 2.5 mg of bromophenol blue) by boiling for 
5 min at 95 °C. The eluates were assessed with silver stain-
ing using a Fast Silver Stain Kit (Cat# P0017S-1; Beyotime 
Biotechnology, Shanghai, China). The target-stained protein 
bands were excised from the gel and then enzymatically 
digested into peptides, which were purified for analysis 
by mass spectrometry using an Orbitrap Elite ETD hybrid 

mass spectrometer (Thermo Fisher Scientific), as mentioned 
earlier.

The raw mass spectrometry data were processed using 
MaxQuant (v.1.5.3.8) with the following settings. Trypsin 
was the proteolytic enzyme, and up to two missed cleav-
ages were allowed with a minimum peptide length of seven 
amino acids. Proteins or gene-specific peptides with q val-
ues ≤ 0.01 were used for the identification and quantifi-
cation of proteins. All proteomic data were then searched 
against the mouse proteome downloaded from the UniProt 
database with mass error tolerances of 15 ppm and 0.05 Da. 
The peptide false discovery rate was set to < 0.05. The 
identified proteins were subjected to pathway enrichment 
analyses using the Metascape database. Further bioinfor-
matics analysis of the data was carried out using Perseus 
(v.1.6.5.0), STRING, Metascape, R (v.4.1.1), Cytoscape, and 
the CORUM databases [18, 19]. The STRING database was 
used to predict the interactions between identified proteins, 
and the Biological General Repository for Interaction Data 
(BioGRID, http://​thebi​ogrid.​org/) and Search Tool for the 
Retrieval of Interacting Gene/Protein database (STRING, 
http://​string-​db.​org/) were used to compile the protein inter-
action network [20, 21]. The Cytoscape software platform 
(version 3.8.2) was used to visualize high-confidence PPIs.

Co‑Immunoprecipitation

The plasmids for expressing CCT3, HDAC1, HDAC2, 
HDAC3, HDAC4, and HDAC5 with FLAG or GFP tag were 
co-transfected into HEK293T cells (1 × 105 cells/well) 
with Lipofectamine 2000 (Invitrogen, Waltham, MA, USA) 
according to the manufacturer’s protocol. Cells were col-
lected 24 h after transfection, washed in ice-cold phosphate-
buffered saline, and lysed with 1 mL of lysis buffer (50 mM 
HEPES pH 8.0, 5 mM EDTA, 150 mM NaCl, 50 mM NaF, 
0.5% IGEPAL, 1 mM dithiothreitol, 1 mM PMSF, 1.5 mM 
Na3VO4, 1× protease inhibitor cocktail) per well on ice. The 
clarified cell lysates were incubated with FLAG-M2 resin 
(Sigma) for 2 h. For endogenous co-immunoprecipitation, 
the testis extracts were collected to incubate with specific 
antibody-coupled Strep-Tactin® Sepharose® resin (50% 
suspension, IBA Lifesciences GmbH, Göttingen, Germany) 
on a rotation wheel at 4 °C for 2 h. Finally, the binding 
fraction was washed with lysis buffer 3 times before being 
resolved by SDS-PAGE and immunoblotted with the indi-
cated antibodies.

Western Blot

The testis tissues from Pmfbp1−/− and Pmfbp1+/+ mice 
were lysed with M-PER reagent (Cat# 78505; Thermo 
Fisher Scientific) containing phenylmethanesulfonyl fluo-
ride and a protease inhibitor cocktail. The concentrations 

http://thebiogrid.org/
http://string-db.org/
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of the extracted proteins were determined using a BCA 
protein assay kit (Cat# CW0014S; Beijing CoWin Biotech 
Co., Ltd., Beijing, China). Tissue lysate (30 μg/lane) was 
separated by 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and electrotransferred onto polyvi-
nylidene difluoride membranes. After blocking with 5% 
bovine serum albumin, the membranes were succes-
sively incubated with specific primary antibodies and 
horseradish peroxide-conjugated secondary antibodies. 
The primary antibodies used are listed in Supplementary 
Table 2. Signals were detected using a Pro-Light horse-
radish peroxidase kit (PA112 Tiangen Biotech). Positive 
bands were detected using a FluorChem E System (UVP, 
Uplands, CA, USA) and normalized to GAPDH or tubulin 
expression.

Immunofluorescence Staining

The pCDNA3.1-3xflag-PMFBP1 plasmid was transiently 
transfected into HeLa cells (1 × 106 cells/well) cultured 
on cover glasses (Cat# 12-545-80; Fisherbrand, Thermo 

Fisher Scientific) using Lipofectamine 2000 transfection 
reagent (Cat# 11668030; Thermo Fisher Scientific) fol-
lowing the manufacturer’s instructions. After 24 h, the 
cells were fixed in 4% paraformaldehyde (Cat# E672002; 
Sangon Biotech) for 5 min, then permeabilized with 0.1% 
Triton X-100 (Cat# A110694; Sangon Biotech) for 1 min 
after transfection for 24 h [22]. After blocking with 1% 
bovine serum albumin (Sigma-Aldrich, Santa Clara, CA, 
USA) at room temperature for 1 h, the cells were incu-
bated overnight with specific antibodies (Supplementary 
Table 2) at 4 °C, followed by fluorescent-labeled second-
ary antibodies (Cat# A21422/A11008/A31572/A21202; 
Thermo Fisher Scientific) for 1 h. DAPI (Cat# D9542; 
Sigma-Aldrich) was used to label the nuclei. Images were 
obtained and processed by a laser confocal microscope 
(LSM 800; Zeiss, Oberkochen, Germany) and analyzed 
using ImageJ software (National Institutes of Health, 
Bethesda, MD, USA).

Testis tissues from 21-day-old Pmfbp1−/− and 
Pmfbp1+/+ mice were fixed in 4% paraformaldehyde (Cat# 
BC-B-002; Biochannel, Nanjing, China) overnight at 4 °C 
and then dehydrated in a 20% sucrose-phosphate-buffered 
saline solution for 24 h and embedded in OCT compound 
(Cat# 4583; Sakura Finetek Inc., Torrance, CA, USA). 
Next, the testis tissues were sectioned into 5-μm slices 
using a freezing microtome (Leica Biosystems, Wetzlar, 
Germany). Frozen sections of the testis samples were then 
fixed in 4% paraformaldehyde, permeabilized with 0.2% 
Triton X-100, and blocked with blocking buffer (10% 
bovine serum albumin and 1% Triton X-100 in 1× phos-
phate-buffered saline) for 30 min at room temperature. 
Sections were stained as above.

Proteomic Analysis

Testes from three 21-day-old Pmfbp1−/−mice and three 
21-day-old wild-type mice were ground into a powder 
with liquid nitrogen for the extraction of protein. Next, the 
powder was dissolved in lysis buffer (7 M urea, 2 M thio-
urea, 4% w/v CHAPS, 65 mM dithiothreitol) containing 
a protease inhibitor cocktail and phenylmethanesulfonyl 
fluoride. After sonication, the supernatant was collected 
by centrifugation, and the protein concentration was deter-
mined using a BCA protein assay kit (Cat# CW0014S, 
Beijing CoWin Biotech). Each sample corresponding to 
240 g was reduced using 10 mM dithiothreitol for 30 min 
at 56°C for 1 h and alkylated with 55 mM iodoacetamide 
for 45 min in the dark at room temperature. Next, 100 
mM triethylammonium bicarbonate was used to dilute the 
protein sample to urea with a concentration of less than 
2 M. Trypsin was added to the mixture at a trypsin-to-
protein ratio of 1:100 and kept at 37 °C overnight. Finally, 
0.1% trifluoroacetic acid was added to stop the digestion 

Fig. 1   CCT3 interacts with PMFBP1. a Label-free mass spectrom-
etry analysis of proteins that interact with Pmfbp1 in the testis of a 
21-day-old mouse. Graphic representation of Pmfbp1 expression dur-
ing spermatogenesis. The recombinant plasmid of the mouse Pmfbp1 
gene was transfected into HEK293T cells. After 24 h, the total cell 
proteins were extracted for incubation with Flag-probe antibody aga-
rose beads; these bead-bound proteins were incubated as bait with 
whole protein extracts from the testis of a 21-day-old mouse. The 
proteins that interacted with the Pmfbp1 protein were obtained for 
label-free mass spectrometry analysis. b Bar graph showing pathway 
enrichment of 74 Pmfbp1 interacting proteins identified by the affin-
ity purification mass spectrometry approach via the Metascape data-
base. Only the significant Gene Ontology terms (P < 0.05) are shown 
in rows. Terms with the prefix “GO” are from the Gene Ontology 
Consortium; the prefix “R-HSA” from the Reactome; the prefix “WP” 
from the WikiPathways, and the prefix “hsa” from the KEGG data-
base. c The immunoprecipitation experiment was carried out using 
FLAG-M2 beads, and the lysates of HEK293T cells were transfected 
with FLAG-PMFBP1 and GFP-CCT3. The isolated proteins were 
then analyzed by western blotting with anti-FLAG and anti-GFP anti-
bodies, respectively. This experiment was repeated three times, and 
representative blots are presented. d Immunofluorescent staining indi-
cates the subcellular localization of PMFBP1 and CCT3. The upper 
panel of HeLa cells was transfected with the pEGFP-N2-PMFBP1 
plasmid, and the lower panel was transfected with pEGFP-N2-
PMFBP1 and pCDNA3.1-CMV-3×flag-CCT3 plasmids. Subcellular 
localization of CCT3 (red) was probed with an anti-FLAG antibody. 
Cell nuclei were counterstained with DAPI. Scale bar: 10 μm. e A co-
immunoprecipitation assay confirmed the interaction between endog-
enous mouse Cct3 and Pmfbp1 in the mouse testis. The anti-IgG or 
anti-Pmfbp1 antibody and protein A/G beads were used for immuno-
precipitation, and anti-Cct3 and anti-Pmfbp1 antibodies were used for 
western blot analysis. f Immunofluorescent staining of Cct3 (green) 
and DAPI (nucleus, blue) on frozen sections from P21 Pmfbp1−/− 
and wild-type mouse testes. Scale bar, 20 μm. CCT3, chaperonin-
containing TCP1 subunit 3; GFP, green fluorescent protein; KEGG, 
Kyoto Encyclopedia of Genes and Genomes; P21, postnatal day 21; 
PMFBP1, polyamine modulating factor 1 binding protein

◂
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reaction. After trypsin digestion and purification, the 
peptides were reconstituted in 0.5 M triethylammonium 
bicarbonate and processed using the TMT Tagging kit 
(Cat#90060; Thermo Fisher Scientific) according to the 
manufacturer’s instructions. The peptides were then sub-
jected to LC-MS/MS identification and quantification on 
a Q Exactive™ Plus system (Thermo Fisher Scientific) 

coupled online to an ultraperformance liquid chromatog-
raphy system.

The raw MS/MS data were processed using the Max-
Quant software (version 1.6.17.0) with default set-
tings. The resulting sequences were searched against 
the UniProt mouse proteome database, including a list 
of common contaminants. Carbamidomethylation (C) 

Fig. 2   Protein-protein interactions in the CCT3 network. a Protein-
protein interactions in the CCT3 network (green, CCT3; red, top 19 
proteins interacting with CCT3; yellow, other potentially common 
targets of CCT3) were generated by Cytoscape (version 3.8) (http://​
cytos​cape.​org/). b Venn diagram showing overlap of the genes iden-
tified by the BioGriD (blue) and STRING (yellow) databases. The 

g:Profiler based on information from the CORUM database was used 
to determine the specific cellular protein complexes (right panel) 
involved by the overlap of 47 proteins. Half of the prey belongs to dif-
ferent protein complexes that are highlighted by color coding. CCT3, 
chaperonin-containing TCP1 subunit 3; PMFBP1, polyamine modu-
lating factor 1 binding protein

http://cytoscape.org/
http://cytoscape.org/
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was considered a fixed modification, whereas oxidation 
(M), acetylation (protein N-term), and GlyGly (K) were 
specified as variable modifications. The false discovery 
rates at the protein and peptide–spectrum match levels 
were adjusted to < 1%, and the minimum score for 
modified peptides was set to > 40. The minimal peptide 
length was set to 7 amino acids, and the match-between 
runs option was enabled. Protein groups f lagged as 
“reverse,” “potential contaminant,” or “only identified 
by site” were removed. All downstream analyses of 
the resulting output were performed using R (version 
4.1.1), including heat maps, hierarchical clustering, 
and principal component analysis (implemented in 
DESeq2). Next, two-sided Student’s t-tests were used 
to compare the differential protein abundance between 
samples. The ratio thresholds for the upregulation and 
downregulation of proteins were set to > 1.50 and < 
0.67, respectively, with a P-value < 0.05. The altered 
proteins were further analyzed by bioinformatics meth-
ods. The Kyoto Encyclopedia of Genes and Genomes 
(KEGG) database was used to annotate the protein 
pathway. DEPs were used to perform Gene Ontology 
(GO) enrichment by ClueGo [23]. GO terms with an 
adjusted P-value < 0.05 were selected for visualiza-
tion. A PPI network of DEPs was constructed using 
the STRING database (version 11.5) [24]. Interactions 
that had a confidence score ≥ 0.7 were collected. The 
final data were visualized, and the key proteins in the 
interaction network were identified using Cytoscape 
software (version 3.8.2) [25].

Transcriptome Analysis

The transcriptomic data for purified RS from control 
and Stra8-cre/Hdac3fl/− mice or Sox30 knockout mice at 
postnatal day 21 (P21) or postnatal day 23 (P23) were 
respectively downloaded from the Gene Expression Omni-
bus database (P21 RS from Stra8-cre/Hdac3fl/– mice, 
number GSE153065; P23 RS from Sox30−/− mice, num-
ber GSE113073) and the National Omics Data Encyclo-
pedia (P21 RS from Sox30−/− mice, accession number 
OEP000012). The ChIP-seq data in this study were gener-
ated from Sox30−/− RS using the Hdac3 antibody and wild-
type mouse RS using the Sox30 antibody and downloaded 
from the Gene Expression Omnibus (GSE153065) database. 
The overlap between P21 Hdac3−/− RS, P23 Sox30−/− RS, 
P21 Sox30−/− RS, and the wild-type RS stages was obtained 
using the Draw Venn Diagram (http://​bioin​forma​tics.​psb.​
ugent.​be/​webto​ols/​Venn/). Pathway enrichment analysis of 
the overlapping genes was carried out using the Metascape 
database. The ChIP-seq data were visualized using Integra-
tive Genomics Viewer software (version 2.5.0).

Quantitative Real‑Time PCR

The isolated RNA sequencing samples from the testes of 
three Pmfbp1−/− mice and three wild-type mice were used 
to perform quantitative real-time PCR analysis. The total 
RNA was reverse-transcribed to single-stranded comple-
mentary DNA using the PrimerScript RT reagent kit with 
gDNA Eraser (Cat# RR037A; Takara Bio) according to 
the manufacturer’s instructions. Quantitative real-time 
PCR was performed on Quantitative real-time PCR (ABI, 
StepOnePlus) using SYBR® Premix Ex Taq™ II kits 
(Cat# RR820A; Takara Bio) under the following cycling 
conditions: 94 °C for 5 min followed by 40 cycles at 94 
°C for 15 s and 60°C for 30 s. Relative expression was 
calculated using the 2−ΔΔCT method; all reactions were 
performed in triplicate; and each treatment had three bio-
logical repeats. GAPDH was used to compare the relative 
levels of mRNA. The primer sequences are shown in Sup-
plementary Table 3.

Results

CCT3 May Be the Critical Protein that Interacts 
with PMFBP1 in Spermatogenesis

The AP-MS approach was used to systematically investigate 
the proteins that interact with PMFBP1 in an attempt to gain 
further insight into the molecular mechanisms of male infertil-
ity caused by PMFBP1 deficiency. As shown in Fig. 1a, mouse 
Pmfbp1 proteins fused with the Flag-tag were overexpressed 
in HEK293T cells, after which purified FLAG-Pmfbp1 was 
incubated with testis lysate from 21-day-old mice. The tagged 
Pmfbp1 proteins were affinity purified in biological triplicate 
and analyzed by mass spectrometry to identify co-purifying 
proteins. Seventy-four proteins were identified with high confi-
dence (Supplementary Table 4). Functional enrichment analysis 
showed that significant GO-enriched terms were mostly related 
to cytoplasmic proteins involved in protein folding, intermediate 
organization of the filament cytoskeleton, and the ATP metabolic 
process (Fig. 1b). Among these, Cct3 was significantly enriched 
in the protein folding pathway. A previous study indicated that 
CCT3, a component of the chaperonin-containing T-complex 
(TRiC) involved in the assembly of the BBSome complex, which 
functions as a coat complex required for sorting of specific mem-
brane proteins to the primary cilia, may have functions in sper-
matogenesis and ciliogenesis [26, 27]. Therefore, we performed a 
co-immunoprecipitation assay to confirm an interaction between 
CCT3 and PMFBP1 (Fig. 1c). The immunofluorescence analysis 
also suggested the co-localization of CCT3 and PMFBP1 in the 
cytoplasm (Fig. 1d). Of note was that overexpression of CCT3 
markedly diminished the aggregation “hot spot(s)” induced by 

http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/
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PMFBP1 overexpression alone, which was expected from its pro-
tein folding function. In the mouse testis, Cct3 also interacted 
with Pmfbp1 (Fig. 1e). There was no significant difference in 
the expression between Pmfbp1 knockout mice and wild-type 
mice (Fig. 1f).

In order to further elucidate the function of the PMFBP1-
CCT3 complex, the potential interacted proteins were pre-
dicted using BioGRID and STRING analyses (Fig. 2a, Fig-
ure S1). In total, 543 and 119 high-confidence PPIs were 
identified, respectively, including 47 proteins that intersected 
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(Fig. 2b). The bioinformatics analysis from the CORUM 
database also indicated that CCT3 and its associated proteins 
including HDAC3 could form several important functional 
protein complexes, including a CCT complex, a BBS-chap-
eronin complex, and a prefoldin complex, which have been 
demonstrated to be critical for regulating ciliogenesis and 
protein folding [27] (Fig. 2b). Due to the fact that HDAC3 
can interact with SMRT to regulate gene transcription after 
priming activation of the cellular chaperone [28], our results 
serve as a reminder that PMFBP1 may have an important role 
in spermatogenesis by interacting with HDAC3 in the pres-
ence of the cellular chaperone CCT3.

Pmfbp1 Interacts with Hdac3 and Affects its 
Expression in the Mouse Testis

In order to evaluate the predicted association between 
PMFBP1 and its potential binding protein, co-immunopre-
cipitation experiments were carried out, which revealed that 
HDAC1, HDAC2, and HDAC3 could specifically interact 
with PMFBP1, and the highest affinity was between HDAC3 
and PMFBP1 (Fig. 3a, Figure S2). The endogenous co-
immunoprecipitation analysis using P21 mouse testicular 
lysate also showed that Hdac3 and Pmfbp1 could pull down 
with each other (Fig. 3b and c). Immunofluorescence assays 
were performed to examine the distribution and expression 
of Hdacs in the mouse testis in response to the Pmfbp1 defi-
ciency. Expression of Hdac1, Hdac2, and Hdac3 tended to 
decrease in Pmfbp1 knockout mice (Fig. 3d–f). Moreover, 
western blot analysis also revealed that expression levels of 
Hdac1, Hdac2, and Hdac3 were significantly lower in the 
Pmfbp1−/− mouse testis than in the wild-type mouse testis 
(Fig. 3g). This suggests that PMFBP1 may be involved in 
TRiC-mediated folding of HDAC3, consequently regulating 

the expression of HDAC3 and affecting spermatogenesis in 
late meiosis and early RS stages.

The Pmfbp1‑Hdac3 Complex May Be the Key Factor 
Involved in Spermatogenesis in Mice

Proteins are major biological macromolecules that func-
tion in various histogeneses and life processes. To char-
acterize the novel molecular mechanism of PMFBP1, 
we isolated the testes of three wild-types and three 
Pmfbp1−/− mice to observe the proteomic changes at P21 
in view of the fact that Pmfbp1 has been expressed by this 
time and considering the difficulty involved in collecting 
intact sperm from the epididymis of a Pmfbp1−/− mouse. 
The amount of protein in these samples was analyzed by 
label-free quantification based on LC-MS/MS. A total of 
7315 proteins were identified, with at least two unique 
peptides at a false discovery rate of < 1%. After quan-
tification, 138 proteins were screened out as DEPs with 
a fold change of > 1.5 and a P-value of < 0.05, among 
which 125 were downregulated and only 13 were upregu-
lated in Pmfbp1−/− mice when compared with the wild-
type controls (Fig. 4a, Supplementary Table 5). Further 
bioinformatics analysis performed on these 138 DEPs 
showed that the terms annotated by GO were involved 
in spermatogenesis, the assembly of flagella, and ATP-
dependent microtubule motor activity (Fig.  4b). As 
expected, the highly enriched proteins were associated 
with the assembly of cilia and spermatogenesis. KEGG 
pathway enrichment analysis demonstrated that many dys-
regulated proteins were involved in metabolism-related 
pathways, including AMP-activated protein kinase sign-
aling, peroxisome proliferator-activated receptor signal-
ing, pyruvate metabolism, and glycolysis/gluconeogen-
esis signaling related to spermatogenesis (Supplementary 
Table 6).

To evaluate the significance of the interaction between 
PMFBP1 and HDAC3, we also compared the gene expres-
sion profile of the mouse testis between Hdac3 knock-
out mice and Pmfbp1−/− mice. We analyzed the differ-
entially expressed genes (DEGs) that were common to 
the proteome of the Pmfbp1−/− testis and the transcrip-
tomic data for Stra8-cre/Hdac3fl/− RS in mice at P21 
(the latter was downloaded from the Gene Expression 
Omnibus database [GSE153065] [29]), which showed 
that there were 70 genes in common (Fig. 4c). Quanti-
tative real-time PCR proved that there were significant 
differences in the mRNA expression of some common 
genes in Pmfbp1−/− mice, including Ccdc13, Cep41, 
Spag6, Ccdc65, Rsph6a, Dnajb13, Tekt1, Tekt2, and Tekt4 
(Fig. 4d), all of which are involved in the formation of 
sperm. Western blotting and immunofluorescence assays 
using mouse testis at P21 also indicated that several other 

Fig. 3   PMFBP1 interacts with HDAC3 and affects its expression 
level. a A co-immunoprecipitation assay confirmed the interaction 
of exogenous human GFP-PMFBP1 and FLAG-HDAC1/2/3/4/5 in 
HEK293T cells. FLAG-M2 beads were used for immunoprecipitation 
and anti-GFP and anti-FLAG antibodies for western blot analysis. 
The co-immunoprecipitation assay confirmed the interaction between 
endogenous mouse Pmfbp1 and Hdac3 in the mouse testis (b, c). 
Anti-Pmfbp1 and anti-Hdac3 antibodies were used for western blot 
analysis. (d–f) Hdac1, Hdac2, and Hdac3 expression in Pmfbp1−/− 
and wild-type mouse testes at P21. Hdac1, Hdac2, and Hdac3 expres-
sions are shown in green and the nuclei in blue. Scale bar, 20 μm. 
g Western blot analysis of the Pmfbp1 and Hdac1/2/3 in Pmfbp1−/− 
and wild-type mouse testes at P21. GAPDH is shown as the load-
ing control. The bands in the left panel were quantified by ImageJ 
software and show that the abundance of Hdac1, Hdac2, and Hdac3 
proteins in the Pmfbp1−/− mouse was significantly lower than that in 
the wild-type animal. The expression level was set as 1 in the wild-
type samples. *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s 
t-test). GFP, green fluorescent protein; HDAC3, histone deacetylase 
3; PMFBP1, polyamine modulating factor 1 binding protein; P21, 
postnatal day 21

◂
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DEPs, including Efhc1, Spag6, Tekt4, Dnajb13, Nme5, 
Odf1, Nme5, and Spag19, were present at the signifi-
cantly lower relative abundance in the Pmfbp1−/− mouse 
testis than in the wild-type mouse testis (Fig. 4e, Fig-
ure S3). SPAG6, TEKT4, EFHC1, and NME5 were also 
found to be consistently downregulated in the sperm 

of a sterile patient with c.2725C>T [p.Arg909*] and 
c.2092delG [p.Ala698 Profs*7] mutations in the PMFBP1 
gene [3] (Fig. 4f). These findings suggest that PMFBP1 
may affect spermatogenesis by regulating the expression 
level of HDAC3 and the function of PMFBP1 is highly 
conserved in both mice and humans.
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Rnf151 and Rnf133 are Potential Critical Response 
Factor Downstream of the Pmfbp1‑Hdac3 Axis 
with an Effect on Spermatogenesis in Mice

A previous study identified that Hdac3 could coordinate with 
Sox30 to form a transcriptional program in a deacetylase-
independent manner during the meiotic-to-postmeiotic tran-
sition in spermatogenesis [29]. To further test the correlation 
of PMFBP1 with HDAC3 and identify the key factor down-
stream of the PMFBP1-HDAC3 axis, we analyzed the DEGs 
in common between the transcriptomic data for round sperm 
from Sox30 knockout mice and Stra8-cre/Hdac3fl/– mice. The 
published sequencing data for these two types of mice were 
downloaded from the Gene Expression Omnibus database 
(P21 RS from Stra8-cre/Hdac3fl/− mice, number GSE153065; 
P23 RS from Sox30−/− mice, number GSE113073) and 
the National Omics Data Encyclopedia (P21 RS from 
Sox30−/− mice, accession number OEP000012) [29–31]. 
Transcriptome profiling revealed a considerable overlap of 
193 downregulated genes between P21 Sox30−/− RS, P23 
Sox30−/− RS, and P21 Stra8-cre/Hdac3fl/− RS (Fig. 5a). Path-
way enrichment analyses according to the Metascape data-
base indicated that these downregulated genes were related to 

biological processes, including spermatogenesis (i.e., Rnf133 
and Rnf151), fertilization, and the movement of cilia (Fig. 5a). 
Rnf151 and Rnf133 are two putative RING family E3 ubiq-
uitin ligases, which have already been confirmed to play a 
critical role during spermiogenesis [32]. The alignments of 
downloaded ChIP-seq data for Rnf151 and Rnf133 using 
Integrative Genomics Viewer (IGV) software showed that 
Hdac3-Sox30 heterodimer binding to the promoter of Rnf151 
and that of Rnf133 was significantly lower in the testes of 
mice lacking Sox30 than in wild-type mice (Fig. 5b). The 
result of quantitative real-time PCR also showed that Rnf151 
and Rnf133 transcription levels were significantly lower in 
Pmfbp1−/− mice than in wild-type mice (Fig. 5c). It was worth 
mentioning that a droplet of cytoplasm is retained outside the 
flagellum in the sperm of Pmfbp1−/− mice [3, 7], and a similar 
abnormality has been observed in Rnf133 knockout sperm 
[32]. These observations suggest that Rnf133 is a critical 
response factor downstream of the Pmfbp1-Hdac3 axis and 
provide further biological evidence for Hdac3 being the key 
effector via which Pmfbp1 regulates spermatogenesis in mice.

So, we propose that Pmfbp1 could regulate the abundance 
of Hdac3 in spermatogenesis by cooperating with its inter-
acting protein Cct3 and finally act on the downstream target 
genes. Furthermore, downregulated Rnf133 induces reten-
tion of the droplet of cytoplasm outside sperm, resulting in 
an abnormal phenotype beyond the headless sperm tails in 
Pmfbp1−/− mice.

Discussion

PMFBP1 is a testis-specific protein that has been iden-
tified to participate in the formation of normal sperm in 
humans and mice and to locate at the sperm head-to-tail 
connecting piece cooperating with SUN5 and SPATA6 [3, 
7]. Although many studies of PMFBP1 in ASS have been 
reported, the molecular mechanisms underlying some of 
the phenotypic defects have not been well explained, such 
as disorganization of the mitochondrial sheath, a defect of 
the microtubule doublets in the axoneme, and the residue 
of a cytoplasmic droplet without distribution of PMFBP1. 
Our present study, which included mass spectrometry and 
proteomic data integrated with an analysis of publicly 
available data, provides further evidence for the key inter-
action protein Pmfbp1 during mouse spermatogenesis. Our 
three main findings are as follows. First, label-free mass 
spectrometry and co-immunoprecipitation revealed that 
CCT3, PMFBP1, and HDAC3 can form a functional pro-
tein complex in testicular cells. Second, proteomic analysis 
confirmed a general downregulation of proteins in Pmfbp1-
defective mice; these proteins include Efhc1, Spag6, Tekt4, 
Dnajb13, Nme5, and Odf1, all of which are involved in 
spermatogenesis, assembly of flagella, and ATP-dependent 

Fig. 4   Pmfbp1 may cooperate with Hdac3 to affect gene expression 
profiling in the P21 mouse testis. a Heat map representing differen-
tially regulated proteins (fold-change >1.5, P-value < 0.05, two-tailed 
Student’s t-test, false discovery rate < 0.05) in P21 mouse testis tissue 
after knockout of Pmfbp1. The color gradient represents the changes 
(log2 scale) from the most downregulated (dark blue) to the most 
upregulated (red) genes. Each row is a gene, and each column rep-
resents replicates (average of n = 3 replicates). b Histogram show-
ing the Gene Ontology enrichment analysis results for 138 DEPs 
between the control group and the Pmfbp1−/− mouse. The tassel size 
corresponds to the −log10 P-value of the enrichment while the color 
to the genes belonging to each category. (c) Venn diagram of DEGs 
and DEPs. In total, 5126 DEGs and 138 DEPs were respectively 
identified in Hdac−/− and Pmfbp1−/− mouse testes at P21. Seventy 
overlapping target genes were found between the two sets. d Quan-
titative polymerase chain reaction analysis of key gene expression 
in P21 wild-type and Pmfbp1−/− testes (n = 3 each). Data are shown 
as the mean ± standard deviation. *P < 0.05, **P < 0.01, and ***P 
< 0.001 (Student’s t-test). e Western blot showing that the Efhc1, 
Spag6, Tekt4, Dnajb13, Nme5, and Odf1 proteins involved in mouse 
spermatogenesis were downregulated in Pmfbp1−/− mice. The P21 
testis lysate was subjected to sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis. α-Tubulin was used as the loading control. The 
right panel shows the quantified western blot bands for Pmfbp1−/− 
and Pmfbp1+/+ mice by ImageJ software (right). The expression level 
of the wild-type samples was set at 1. f The indicated proteins in 
sperm samples from a patient with PMFBP1 deficiency were immu-
nodetected using specific antibodies. α-Tubulin was used for the load-
ing control. Bands for the patient and a normal subject were quanti-
fied by ImageJ software (right). The expression level of the wild-type 
samples was set at 1. BP, biological process; CC, cellular component; 
MF, molecular function; DEGs, differentially expressed genes; DEPs, 
differentially expressed proteins; HDAC3, histone deacetylase 3; 
PMFBP1, polyamine modulating factor 1 binding protein; P21, post-
natal day 21

◂
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microtubule motor activity. More than half of the DEPs 
were consistent with the transcriptional profile of Hdac3 
knockout mice, and abnormal expression of key genes 
always leads to morphological abnormality in sperm, such 
as the abnormal “9 + 2” structure of the sperm flagellum 
[33]. Third, Hdac3 coordinates with Sox30 to achieve a 
transcriptional program during the meiotic-to-postmeiotic 
transition in spermatogenesis [32]. The results of our bio-
informatics analysis show that there are binding sites for 

Hdac3-Sox30 on the promoters of the RING family E3 
ubiquitin ligases Rnf151 and Rnf133 based on public tran-
scriptomes and ChIP-seq data. Our real-time PCR experi-
ment confirmed that Rnf151 and Rnf133 are downregulated 
in the Pmfbp1 knockout mouse testis at P21.

The chaperonin-containing TCP1 (CCT) complex is 
responsible for the ATP-dependent folding of client proteins 
[34]. CCT3 is an important member of the CCT family and 
participates in protein-folding reactions that include actin and 

Fig. 5   Rnf151 and Rnf133 may be the response factor downstream of 
the Pmfbp1-Hdac3 axis in mouse spermatogenesis. a Venn diagram 
showing the overlapping downregulated genes among P21 Hdac3−/− 
round spermatids, P23 Sox30−/− round spermatids, and P21 Sox30−/− 
round spermatids compared with wild-type round spermatids. The 
193 overlapping genes in these three groups were subjected to gene 
functional analysis using the Metascape database. The most signifi-
cantly enriched pathway of these genes is “GO:0007283 spermato-
genesis,” which harbors Rnf133 and Rnf151. b The Hdac3 ChIP-seq 
and Sox30 ChIP-seq reads in wild-type and Sox30 knockout testes at 
P20–P21 are aligned to the genomic sequence of Rnf151 (left) and 

Rnf133 (right) in the mouse reference genome. (C) Pmfbp1, Rnf151, 
and Rnf133 mRNA levels in testis tissue from Pmfbp1−/− (n = 3) and 
wild-type (n = 3) mice at P21. Values were determined by quanti-
tative real-time polymerase chain reaction and are expressed as the 
mean ± standard error of triplicate experiments after normalization to 
BACT mRNA levels. The expression level of the wild-type samples 
was set at 1. The data are shown as the mean ± standard deviation. *P 
< 0.05, **P < 0.01, and ***P < 0.001 (Student’s t-test). GO, Gene 
Ontology; HDAC3, histone deacetylase 3; PMFBP1, polyamine mod-
ulating factor 1 binding protein; P20, postnatal day 20; P21, postnatal 
day 21; P23, postnatal day 23; Rnf, ring finger protein
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tubulin to prevent protein aggregation in the crowded cel-
lular environment [35]. Intriguingly, we observed that CCT3 
may promote protein folding of PMFBP1 (Fig. 1d). There is 
already some evidence indicating that HDAC3 interacts with 
SMRT after activation of a cellular chaperone such as TRiC 
and regulates gene transcription and that CCT3 is a compo-
nent of TRiC that is required for the assembly of HDAC3 
into the SMRT complex [28, 36, 37]. HDAC1, HDAC2, and 
HDAC3 are class I HDACs that serve as the catalytic subu-
nits of various transcriptional co-repressor complexes [38]. 
A prominent transcriptomic switch from late spermatocyte 
to RS is associated with a dynamic change in histone acet-
ylation, which suggests that HDACs are involved in sperm 
formation in late meiosis and early RS stages via histone 
acetylation. However, a deficiency in HDAC3 catalytic activ-
ity does not cause infertility. Importantly, Hdac3 is the only 
Hdac with high expression levels during spermatogenesis, the 
only protein that shows a dynamic pattern of expression in 
germ cell development, and peaks at P21 in mice [29]. Our 
data show that Hdac3 was significantly downregulated in the 
Pmfbp1−/− mouse testis. We collected testis tissue at P21 for 
proteomic analysis, which indicates that Pmfbp1, Cct3, and 
Hdac3 could interact with each other in certain ways, and the 
assembly of the Cct3-Pmfbp1-Hdac3 complex would result in 
an abundance of Hdac3, which would impact a broad range of 
cellular processes during spermiogenesis in mice [29, 39–42]. 
However, we cannot rule out the possibility that other factors  
downstream of PMFBP1 affect expression of HDAC3 beyond 
the direct effect by PMFBP1-CCT3 on protein folding of  
HDAC3, thereby affecting the protein abundance of HDAC3. 
Hence, more experimental evidence is needed to confirm 
whether the spatiotemporal interaction of these three proteins 
regulates spermatogenesis.

The architecture of spermatozoa is remodeled to meet the 
requirement for fertilization [43]. During the maturation of 
spermatids from RS to the elongated sperm, unnecessary 
proteins, organelles, and bulk cytoplasm of the spermatid 
are discarded by extrusion of droplets from the cytoplasm, 
which, coupled with mitochondrial rearrangement around 
the flagella at the mid-piece of the tail, eventually leads to 
the formation of normal sperm [44]. Previous studies have 
identified many types of sterile sperm caused by inappropri-
ate retention of cytoplasmic droplets and endoplasmic retic-
ulum-associated degradation [32, 45]. The findings of prot-
eomic analysis of sperm from the Pmfbp1 knockout mouse 
reflect the important role of PMFBP1 in sperm, namely, its 
function as a scaffold protein for the connection between 
HTCA and the nuclear membrane of sperm to maintain its 
head-tail structural integrity in the cytoplasm [7]. Further-
more, the sperm of Pmfbp1 knockout mice also exhibited 
cytoplasmic droplets outside the sperm flagella. The down-
regulated Rnf151 and Rnf133 genes in the Pmfbp1−/− mouse 
testis were confirmed to be the potential response factor in 

the Pmfbp1-Hdac3 signal axis when combined with previ-
ous reports on Hdac3 and Sox30 in mouse spermatogenesis 
[29–31]. These two E3 ubiquitin ligases of the RING family 
are testis-specific proteins that are expressed during sper-
matogenesis and are required for fecundity in mice [32, 46]. 
The Rnf133 knockout male exhibits aberrant head-neck mor-
phology, and droplets of cytoplasm are retained in Rnf133 
knockout spermatozoa, similar to the Pmfbp1 knockout [32]. 
Notably, a defect in the sperm head-tail junction does not 
affect fertilization or development of the embryo after intra-
cytoplasmic sperm injection, which is an effective assisted 
reproductive technology strategy in patients with PMFBP1 
mutations and Pmfbp1 knockout male mice, as previously 
described [3, 47]. Overall, our observations strongly suggest 
that RNF151 and RNF133 respond to the PMFBP1-HDAC3 
axis during spermatogenesis. Despite the conservation and 
functional similarity of PMFBP1 that localizes within cells 
and related phenotypic variations between humans and mice, 
we cannot rule out the possibility that there are differences in 
the molecular mechanisms of spermatogenesis between mice 
and humans. Therefore, a straightforward strategy would be 
to generate gene-edited mice using gene editing technology 
such as CRISPR-Cas9 to replace the mouse Pmfbp1 gene 
with the human PMFBP1 gene in mice for functional inves-
tigation of human PMFBP1 in vivo.

In summary, we have shown that dynamic assembly of 
the CCT3-PMFBP1-HDAC3 complex by regulation of target 
gene expression is essential for spermatogenesis in humans 
and mice, and a steady-state imbalance would result in a 
phenotype of defective sperm. The findings of this study 
further highlight the important role of Pmfbp1 during sper-
matogenesis in mice.
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