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Abstract

proteomics of human sperm cryopreservation.

involving sperm cryopreservation.
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Background: Human sperm cryopreservation is a simple and effective approach for male fertility preservation.

Methods: To identify potential proteomic changes in this process, data-independent acquisition (DIA), a technology
with high quantitative accuracy and highly reproducible proteomics, was used to quantitatively characterize the

Results: A total of 174 significantly differential proteins were identified between fresh and cryoperservated sperm:
98 proteins decreased and 76 proteins increased in the cryopreservation group. Bioinformatic analysis revealed that
metabolic pathways play an important role in cryopreservation, including: propanoate metabolism, glyoxylate and
dicarboxylate metabolism, glycolysis/gluconeogenesis, and pyruvate metabolism. Four different proteins involved in
glycolysis were identified by Western blotting: GPI, LDHB, ADH5, and PGAM1.

Conclusions: Our work will provide valuable information for future investigations and pathological studies

Keywords: Cryopreservation, Fertility preservation, Reproductive techniques, assisted, Metabolic networks and

Background

Human sperm cryopreservation plays an important role
in the treatment of male infertility when the male part-
ner has severe abnormalities in semen parameters [1].
Furthermore, this technique is a simple and effective ap-
proach to male fertility preservation [2, 3], and is the
only approach used in the clinic in many countries [4].
However, the cryopreservation protocols will induce a
notable decrease in sperm motility, as well as affecting
other parameters, including: membrane and acrosome
integrity, DNA fragment, and reactive oxygen species [5,
6]. Certain intracellular and extracellular factors have
been shown to lead to cryo-damage [7, 8]. However, the
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related pathogenesis of sperm cryo-damage during the
process of cryopreservation shaould be clarified by fur-
ther study.

Proteomics, especially sperm proteomics, is a new field
in human reproduction studies. Ptoteomics can elucidate
complex biological systems, including sperm motility
and fertilization, and it can discover the potential patho-
genic mechanisms and the biomarkers associated with
male infertility [9, 10]. Data-independent acquisition
(DIA) is, a novel proteomics technology, based on acquir-
ing fragment ion information for all precursor ions within
a certain range of m/z values [11]. Different from data-
dependent acquisition (DDA), the DIA strategy has the
characteristics of high quantitative accuracy and high
reproducibility; and the experimental method has broad
applicability: up to 5000 proteins can be detected and
quantified in one experiment [11, 12]. To the best of our
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knowledge, this technique has not previously been applied
to the study of human cryopreserved sperm.

For these reasons, the aim of the current study is to
compare the proteomic differences between fresh and
cryopreserved human sperm, using DIA mass data. A
further understanding the sperm proteins would be very
helpful in explaining sperm cryoinjury and may establish
biomarkers for sperm motility.

Methods

Ethics statement and sample collection

The study was approved by National Research Institute
for Family Planning Ethics Committee on Human Sub-
jects (2018018). Ejaculates were obtained from healthy
semen donors attending the Human Sperm Bank, Na-
tional Research Institute for Family Planning, in Beijing
China. Informed consent was obtained from all the
sperm donors involved in the study.

Study design and sample collection

Paired design was applied to this study. Every semen
sample was divided into two parts: one for the cryopre-
served group and the other for the fresh group. Our
focus was the difference between the cryopreserved and
fresh human sperm.

A total of 14 semen samples from 14 qualified healthy
sperm donors were collected. The ages of the sperm do-
nors were between 22 years and 29 years. One ejaculate
was collected from these volunteers by masturbation
after 3—5 days of sexual abstinence. Routine semen ana-
lyses were performed by Computer Aided Sperm Ana-
lysis (CASA)(HTM-IVOS, USA), according to the World
Health Organization (WHO 2010) guidelines.

Among the whole sample of each group, 9 cryopre-
served and fresh samples were used for proteomics ana-
lysis. Similar to the previous study [13], the 9 donors’
ejaculates (each one divided into fresh and cryopreserved
vials) were divided into 3 groups of 3. Then 5 for Western
blot analysis.

Semen cryopreservation protocols

After complete liquefaction, 2 mL of each semen sample
was divided into two parts: one for cryopreservation and
the other placed in a 37°C water bath as the control.
Glycerol-egg-yolk-citrate (GEYC) was used as cryopro-
tectant containing 15% glycerol, 20% egg yolk, 1.3% gly-
cine, 1.5% glucose, and 1.3% sodium citrate tribasic
dehydrate, with a pH of 6.8—7.2. One volume of GEYC
was added to two volumes of semen, drop by drop with
swirling, and the mixture was incubated at 30-35 °C for
5min. A slow sperm freezing method was performed
according to the standardized programmable freezers
(Kryo 360-1.7, Planner, United Kingdom) in our unit
[12, 14]. Briefly, one volume of GEYC cryoprotectant
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was added to two volumes of semen, and the program
was as follows: the samples tubes waerw cooled at 1.5°C
per minute from 20 °C to - 6 °C, at 6 °C per minute to -
100 °C, and at - 100 °C for 30 min, then the sample tubes
were transferred to liquid nitrogen. After being pre-
served in the liquid nitrogen for a minimum of 2 days, a
small portion (10 pL) of the frozen sample was thawed
for sperm quality assessment.

Protein extraction and digestion

Protein extraction and digestion were performed as de-
scribed previously [15]. The fresh and cryopreserved
semen were centrifuged at 800 g for 10 min to remove
seminal plasma, round cells and the cryoprotectant. Then,
the sperm were washed three times with phosphate-
buffered saline (PBS). Five hundred microliters of lysis
buffer [8M UREA, 100 mM Tris-HCl, pH7.6, 1 mM
PMSF (phenylmethylsulfonyl fluoride)(Roche, Germany)]
was added to each sample. Then, the samples were sonica-
ted(Sonics, USA) at 20 joules for 2 s x 10 at intervals of 15
s, and centrifuged at 18000 g for 15 min, after which the
supernatant was extracted. Quantification was performed
using the BCA method. The protein sample was frozen at
- 80°C. An aliquot of 20 pg was used for each sample to
build the mixed and pooled library. Six samples and the
pooled samples were subjected to enzymatic hydrolysis
using a FASP (filter-aided sample preparation) enzymatic
method.

Then, protein digestion was performed using the FASP
protocol. In brief, protein (200 pg) was diluted with 50
mM dithiothreitol and incubated for 40 min at 56 °C.
Further operation was carried out using the ultrafiltra-
tion tube method. The ultrafiltration tube was placed in
a collection tube, and the protein sample was added to
the ultrafiltration tube and centrifuged at 12000 g for 15
min. One hundred microliters of urea buffer containing
50 mM iodoacetamide was added to the ultrafiltration
tube and it was then incubated for 20 min in the dark.
The sample was washed twice by adding 100 pL urea
buffer and centrifugede at 12000 g for 10 min to remove
irrelevant substances. Then, 80 uL of 50 mM trypsin in
NH,HCO; was added to ultrafiltration tube, and the
protein-to-enzyme ratio was 50:1. The samples were
incubated at 37°C for 16 h, and the released peptides
were collected through centrifugation and directly deter-
mined by the protein concentration detection mode in
the Nano-Drop instrument.

Spectral library generation

The samples (1 pg) were analyzed on an EASY-Nano-LC
mass spectrometer (Thermo, USA). The peptides were
separated using 0.1% formic acid, containing iRT stand-
ard peptide(Buffer A) and acetonitrile containing 0.1%
formic acid(Buffer B), along a linear gradient from 3 to
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32% at 300 nL/min for 120 min. The gradient of chroma-
tographic separation was as follows: 3-7% buffer B for
0-3 min, 7-20% buffer B for 80 min,20-32% buffer B for
24 min, 32-90% buffer B for 1 min, and 100% buffer B
for 120 min. For DDA, the source was operated by Orbi-
trap Fusion (Thermo Scientific, USA), at 2.1kV. The
DDA scheme included a full MS survey scan from m/
2350 to m/z 1500 at a resolution of 60 k full-width half-
maximum (FWHM)(at m/z 200) with automatic gain
control(AGC) set to 4E5 (maximum injection time of 50
ms). The parameters of MS2 were as follows: 30 k FWHM
(@ m/z 200), isolation window 1.6 Th, AGC set to 4e5
(maximum injection time of 50 ms). For, high-energy colli-
sion dissociation (HCD): MS2 Activation (collision energy:
35) was used, and dynamic exclusion was set to 40s.

For the generation of the spectral library, DDA data ana-
lysis was performed using Protein Discoverer 2.1 SP1(SE-
QUEST HT). The database is human proteins database
from UniProt: “uniprot-organism-9606 + reviewed-yes.fasta,
” and iRT peptide sequences were added to the database:
(>Biognosys|iRT-Kit|Sequence_fusion LGGNEQVTRYILA
GVENSKGTFIIDPGGVIRGTFIIDPAAVIRGAGSSEPVTG
LDAKTPVISGGPYEYRVEATFGVDESNAKTPVITGAPYE
YRDGLDAASYYAPVRADVTPADFSEWKLFLQFGAQGS
SPFLK).

Raw data were analyzed according to the user guide of
the software. The parameters were set as follows: the ini-
tial mass tolerance for precursor ions was: 10 ppm, and
the mass tolerance for product ion spectra was 0.02 Da.
Tryptic cleavage was selected, and the maximum allow-
able number of missing cleavage was 2. Carbamidomethyl
of cysteine was set as the fixed modification, while oxida-
tion of methionine and N terminal acetylation were set as
variable modifiers. The identifications were filtered to sat-
isfy an FDR of 1%, and the unique peptide number per
protein was greater than one. Then, the result was used to
build the DDA spectral library in Spectronaut Pulsar
X(Biognosys, Switzerland). The library parameters used
the default optimal parameter “GBS factory setting”.

Protein identification and quantitation

For DIA, 2 ug peptides was taken from each sample and
mixed with appropriate iRT standard peptides. Each
sample was tested by DIA mass spectrometry for 2 h.
The method consisted of a full MS1 scan at a resolution
of 60 K from m/z 350 to m/z 1500, with AGC set to 4E5
(maximum injection time of 50 ms), followed by 46 DIA
windows acquired at a resolution of 30 K FWHM with
AGC set to 5e5 (maximum injection time of 55 ms);
HCD: MS2 activation (collision energy: 35).

Finally, qualitative and quantitative analyses of DIA
raw data were performed in Spectronaut Pulsar X. Data-
base parameters were as follows: peptides FDR\ PSM
EDR\ proteins FDR was 1%; at least three proteins were
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selected for each peptide, at most 6 optimal ion gener-
ation library spectra were selected, and iRT calibration
R > 0.8. The quantitative parameters were set as follows:
the iTR standard used a nonlinear fit (local (non-linear)
regression), the protein identification used a precursor
Qvalue cutoff 0.01, the protein Qvalue cutoff of 0.01, the
protein quantification used the peak area of sub-ions,
and the average Intensity of at least three sub-ions was
selected to quantify the protein. Protein quantification
uses the ion peak area, and at least the average intensity
quantification of three sub-ions is selected. Paired t-test
was used as the analytical approach and P-value of 0.05
was set.

Bioinformatics analysis

All significantly differential proteins were used as input.
The OmicsBean analysis tool [16] was used to retrieve
the Gene Ontology Consortium categories, including:
molecular function (MF), cellular component (CC) and
biological process (BP). KEGG [17] pathway enrichment
analysis was performed using the Kanehisa databases
web service (https://www.kanehisa.jp/en/archive.html).
The protein-protein interaction network (PPI) was con-
structed using the STRING [18] web service (http://
www.string-db.org/).

Western blotting

According to our previous experience [19], the sperm
protein samples were separated by 10% SDS polyacryl-
amide gel electrophoresis. The samples were then trans-
ferred to a polyvinylidene fluoride membranes, blocked
with 2% (w/v) skim milk for 1h, and incubated over-
night with the primary antibody of glucose-6-phosphate
isomerase (GPI), lactate dehydrogenase B (LDHB), alcohol
dehydrogenase 5 (ADH5), and phosphoglycerate mutase 1
(PGAM1) (1:1000) (Abclone, China) at 4 °C temperature.
After three washes with TBST, the membranes were incu-
bated with horseradish peroxidase (HRP) in combination
with anti-IgG for 1h at room temperature (18-22°C).
Enhanced chemiluminescence revealed immunoreactivity.
The relative signal intensity of protein bands was analyzed
with Quantity One v.4.6.2.

Statistical analysis

Data are expressed as the mean + SD and were analyzed
with SPSS22.0 software (IBM, USA). Paired t-test was
used as the analytical approach, and a P-value of 0.05
was set.

Results

Sperm motility

We aimed to assess the impact of cryopreservation on
sperm motility (Table 1). Compared with fresh semen, a
significant decrease in the percentage of progressive
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Table 1 Characteristics of motility of fresh and post-thaw human sperm (n = 14) (Mean + SD)

Percentage of PR(%) VAP (um/s) VSL (um/s) VCL (um/s)
Fresh sperm 670+ 75 424+ 09 310+ 1.7 652+12
Post-thaw sperm 453 £ 251% 378 £ 24 29 £ 0.5* 586 £ 58*

*: P<0.05 compared with the Fresh group
PR progressive; VAP average path velocity; VSL straight line velocity; VCL curvilinear velocity.

sperm, and sperm motion parameters was observed in KEGG pathway and protein-protein interaction (PPI)
cryoperserved sperm, including average path velocity  network analysis
(VAP), straight line velocity (VSL), and curvilinear vel-  Pathway enrichment analysis was also performed by

ocity (VCL). KEGG enrichment in order to identify the major bio-
chemical pathways and signal transduction pathways.
Quantitative results of differential proteins Several pathways were significantly disturbed in cryopre-

Compared with the spectral library, a total of 29,495 served sperm, such as: ribosome, carbon metabolism and
unique peptides and 5246 proteins were identified. Finally, lysosome (Fig. 2). The details of the 16 pathways with
3790 proteins were quantitatively analyzed. Using the 1.5-  significant differences are shown in Table 2. To show
fold or 0.67-fold change and the FDR-adjusted p-value of the main interactions and regulatory relationships of
0.05 as cutoffs, 174 (4.6%) significantly differential proteins  these proteins, the PPI network was constructed (Fig. 3).
were identified between fresh and cryopreserved sperm: According to the KEGG analysis, the results showed
76 were increased and 98 were decreased in the cryopre- found that the metabolic pathways play an important
served group. The detail of the differential proteins due to  role in cryopreservation (Fig. 2), including: propanoate
cryopreservtaion are provided in the Additional file 1: metabolism, glyoxylate and dicarboxylate metabolism,

Table S1. glycolysi/gluconeogenesis, and pyruvate metabolism. Most
of these pathways were down regulated in the cryopre-
Gene ontology enrichment served sperm group (the green in the Fig. 3).

Enrichment analysis was performed based on the 174

significantly deregulated proteins. A total of 1544 bio-  Validation of the glycolysis metabolic proteins

logical processes(BPs), 275 cell components(CCs) and To further validate the outcome of the KEGG analysis,
261 molecular functions(MFs) were involved in the GO  we used Western blotting to quantify the four dysregu-
enrichment, and there were significant differences be- lated protein enzymes in glycolysis: GPI, LDHB, ADHS5,
tween the fresh and cryopreserved sperm(P < 0.05). The and PGAMI.

number of differential proteins contained in each entry These protein analysis results confirmed the previous
and its percentage of total differential protein are shown genomic analysis of metabolomics, and the results con-
in Fig. 1. The detailed results of the GO enrichment are  firmed the differential protein levels observed via 2DE

provided in Additional file 2: Table S2. (Fig. 4). The cryopreserved group had lower levels of
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Fig. 1 Gene Ontology analysis classification and the enrichment result of differentially expressed proteins in the human freeze-thaw samples
compared to the fresh group, in terms of Biological Process, Cell Component and Molecular Function
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Carbon metabolism GGG B (1.11e-04) B Ao
Propanoate metabolism NG 4 (7.66e-04)
Glyoxylate and dicarboxylate metabolism NN 3 (5.72e-03) AA
Glycolysis / Gluconeogenesis  INEG_G_—_—_—_—_—_—_ 4 (1.15e-02) A
Pyruvate metabolism N 3 (1.54e-02)
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Glutathione metabolism IS 3 (3.08e-02) B AF
Ribosome I 11 (1.66e-06) L
Protein processing in endoplasmic reticulum B 10 (5.94e-05) l BC B8
Protein export I 4 (2.07e-04)
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Fig. 2 Kyoto Encyclopedia of Genes and Genomes(KEGG) pathway enrichment analysis
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GPI, LDHB, and PGAMI1. and a higher level of ADH5
than the fresh sperm (Fig. 4).

Discussion

Worldwide, the percentage of male infertility ranges be-
tween 20 and 70% [20], and men with azoospermia or
severe oligozoospermia will benefit from sperm cryo-
preservation. Furthermore, cryopreservation is a simple
and effective technique for preserving fertility potential
[4, 21]. However, after sperm cryopreservation, too many
sperm lose their motility and fertility [5, 22]. Some
sperm proteins have been recognized to be associated
with sperm quality, and the loss of these proteins may
be responsible for the decrease in fertility in sperm cryo-
preservation, such as: heat-shock protein 90 [23] and,
Enolasel (ENO1). However single protein bioresearch
can only partly explain the cryodamage, and further study
should be based on direct or indirect protein-protein
interaction and mechanistic factors.

Proteomics technology has been identified as valuable
tool for sperm [15, 24, 25]. Proteomic changes in human
sperm as a result of cryoinjury have been reported previ-
ously. Wang et.al [13] found twenty-seven proteins that
differed in abundance between fresh and cryopreserved
sperm, by using two-dimensional polyacrylamide gel

electrophoresis (2-DE) and mass spectrometry. However
2-DE has its limitations, including a low sensitivity of
the densitometry analysis. Bogle et al. [26] used tandem
mass tag (TMT) technology to identify potential prote-
omic changes at every stage of the cryopreservation
process, but they did not compare fresh and cryopre-
served sperm. Different from TMT, the DIA strategy has
the characteristics of high quantitative accuracy and high
reproducibility [11, 27]. Due to its global nature and
enormous multiplexing capacity, DIA has been widely
used in mechanistic studies and clinical biomarker
screening in human reproduction for the enhanced pro-
tein coverage and analytical reproducibility [28]. In our
study, a total of 174 significantly differential proteins
were identified from 3790 quantitatively analyzed pro-
teins, which is much more than previously reported dis-
coveries [13, 26].

Improving upon previous studies on human cryopre-
served sperm proteomics analysis [13, 26], our study
performed KEGG analysis for the different proteins.
KEGG is a frontier interdisciplinary subject based on life
science and computer science. Bioinformatics analysis
has been widely used as a powerful tool for data process-
ing and prediction by employing various databases, and it
has been widely used in the discovery of new biomarkers
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and the study of new therapeutic targets [29, 30]. Accord-
ing to the KEGG analysis, the present study revealed that
the metabolic pathways were affected by cryopreservation.
This result confirmed previous research. Wang et al.
found the decreased abundance of succinyl-CoA:3-ketoa-
cid CoA transferase (OXCT1) in cryopreservated sperm,
and this enzyme is involved in ketone metabolism and
might be associated with glycolysis in sperm [13]. Accord-
ing to Bogle et al. [26], energy- and metabolism- related
proteins account for 15% of the collated differential
proteins.

Different studies have proven that the pathway of car-
bon metabolism is associated with sperm and male infer-
tility [31]. In addition, sperm are highly specialized
mammalian cells; the sperm must reserve enough adeno-
sine triphosphate (ATP) to maintain the physiological
processes, including motility, capacitation, hyperactiva-
tion, acrosome reaction and fertilization, all of which are
highly energy dependent processes. The ATP is formed
via two metabolic pathways: glycolysis and oxidative
phosphorylation (OXPHOS) [32], which are extremely
down regulated in the post-thaw sperm. The present
study is beneficial for the further study of energy meta-
bolic pathways involved in cryoinjury.

While many studies have reported that glycolysis is the
primary source of ATP during sperm motility [32-34],
OXPHOS is involved in maturation and differentiation
[35]. Many study have also shown that sperm motility will
significantly decrease in the process of cryopreservation
and that ATP is extremely decrease in the post-thaw
sperm [5, 36, 37]. Based on thede results, we focuesd the
glycolysis pathway in future research. The four proteins
related to glycolysis were identified by Western boltting.
This study shows the a correlation between GPI and
sperm motility. Consistent with previous research [37],
our study show that GPI is an important factor of thawed
sperm. The variability of LDHB in the process of sperm
cryopreservation has also been identified in the sturgeon
[38]. Early research suggests that PGAM [39] and ADH
[40] is associated with spermatogenic distinction and
affects the function of cell proliferation, apoptosis and
migration. Further research on the correlation between
PGAMI1/ADH and sperm cryopreservation requiresis
needed.

Conclusions

Human sperm cryopreservation is a simple and effective
approach for male fertility preservation. To identify poten-
tial proteomic changes in this process, Data-independent
acquisition (DIA), a proteomics technology with high
quantitative accuracy and high reproducibility was used to
quantitatively characterize the proteomics of human sperm
cryopreservation. A total of 174 significantly differential
proteins were identified between fresh and cryoperservated
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sperm: 98 were decreased and 76 were increased in the
cryopreservation group. Bioinformatic analysis revealed
that metabolic pathways play an important role in cryo-
preservation, including propanoate metabolism, glyoxylate
and dicarboxylate metabolism, glycolysi/gluconeogenesis,
and pyruvate metabolism. The four different proteins
involved in glycolysis were identified by Western Blotting:
GPI, LDHB, ADH5, and PGAMI. Our work will provide
valuable information for future investigations and patho-
logical studies involving sperm cryopreservation.
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