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In Brief
Human spermatogenesis is a far
from perfect process and even
fertile men produce high num-
bers of defective spermatozoa.
These cells are often character-
ized by chromatin defects. Fol-
lowing the isolation of normal
and abnormal sperm cells, a la-
bel free comparison (SWATH) of
nuclei from these populations
demonstrates a retention of nu-
clear proteins in abnormal cells.
Validation of mass spectrometry
results by immuno-analysis re-
veals Topoisomerase 2A as a
promising biomarker of sperm
nuclear quality.

Graphical Abstract

Highlights

• Human spermatozoa possess cells of poor morphology that lack nuclear integrity.

• These cells can be isolated by density separation.

• Mass spectrometry reveals their nuclei contain excess protein.

• TOP2A is a promising marker of this poor nuclear development.
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Proteomic Analysis Reveals that
Topoisomerase 2A is Associated with
Defective Sperm Head Morphology*□S

Jacob Netherton‡, Rachel A. Ogle‡, Louise Hetherington‡,
Ana Izabel Silva Balbin Villaverde§, Hubert Hondermarck¶, and Mark A. Baker‡**

Male infertility is widespread and estimated to affect 1 in
20 men. Although in some cases the etiology of the con-
dition is well understood, for at least 50% of men, the
underlying cause is yet to be classified. Male infertility, or
subfertility, is often diagnosed by looking at total sperm
produced, motility of the cells and overall morphology.
Although counting spermatozoa and their associated mo-
tility is routine, morphology assessment is highly subjec-
tive, mainly because of the procedure being based on
microscopic examination. A failure to diagnose male-in-
fertility or sub-fertility has led to a situation where as-
sisted conception is often used unnecessarily. As such,
biomarkers of male infertility are needed to help establish
a more consistent diagnosis. In the present study, we
compared nuclear extracts from both high- and low-qual-
ity spermatozoa by LC-MS/MS based proteomic analysis.
Our data shows that nuclear retention of specific proteins
is a common facet among low-quality sperm cells. We
demonstrate that the presence of Topoisomerase 2A in
the sperm head is highly correlated to poor head morphol-
ogy. Topoisomerase 2A is therefore a potential new
biomarker for confirming male infertility in clinical
practice. Molecular & Cellular Proteomics 19: 444–455,
2020. DOI: 10.1074/mcp.RA119.001626.

A spermatozoon is a unique cell that is well equipped for its
main purpose; to deliver the paternal DNA to the oocyte (1, 2).
Spermatogenesis, a process that involves intense cell division
and morphological changes, is far from being a perfect proc-
ess (3, 4). In fact, so poor is human spermatogenesis, that all
men, even fertile men, produce defective spermatozoa (5).
However, when the number of defective cells reaches a crit-
ical level, a man can become either subfertile or infertile (5).

One of the major issues of male-factor infertility is the actual
diagnosis. Typically, men are classified as infertile or sub-
fertile after looking at the amount of sperm they produce, the
motility of the spermatozoa and the morphology of the cells.

Although measurements of total sperm counts and sperm
motility are consistent worldwide (nowadays commonly
measured by computer), analysis of sperm morphology is
proving to be problematic (6). According to the World Health
Organisation Manual (1992), a spermatozoon can have sev-
eral morphological abnormalities including defects within the
head, tail and/or midpiece, or cells may possess excess re-
sidual cytoplasm. Detailed analysis on how sperm morphol-
ogy should be assessed has been set out (7). However, even
though sperm morphology is guided by specific criteria, inter-
and intra-laboratory differences are prevalent (8) with one
report showing user variation in excess of 12% (9). To illus-
trate how variable the analysis of sperm morphology can be,
the initial examination of 1745 sperm samples over time from
1980 to 1994 showed that sperm morphology had a signifi-
cant decline (10); however, the independent re-assessment of
the same samples revealed no significant morphology drop.
Instead, the previously observed decline was because of in-
consistent analysis of sperm morphology over this time period
(10). The inability to assess sperm morphology and under-
stand its impact on fertility leads to unnecessary treatment
and associated costs to many couples. Indeed, of 1391 cou-
ples that were referred to assisted conception, including male
and female infertility cases, 45.6% ultimately conceived spon-
taneously (11). This suggests that many couples are misdiag-
nosed and better prognostic markers of fertility, particularly
regarding male fertility potential, are desperately needed to
avoid overtreatment of patients (12, 13).

The most common morphological abnormality reported is
that pertaining to the shape of the sperm head. Of concern,
changes to head morphology may reflect the quality and/or
packaging of the DNA (14). During the transition from a round
spermatid to elongating spermatid to spermatozoon, a dra-
matic reduction in the size of the nucleus occurs (15), such
that a sperm nuclear volume is about 1/7th the size of any
somatic cell (16). This is accomplished as the family of his-
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tones are replaced by two smaller and highly charged, pro-
teins known as protamines (PRM1, PRM2). Estimates suggest
that 90% of genomic DNA is bound to PRM1 or PRM2,
while the remaining 10% maintains canonical histone-DNA
interaction (17). Following histone-protamine replacement,
DNA compaction achieves an almost crystalline level when
inter- and intra-molecular disulfide binds are formed between
PRM1 and PRM2 (18–20). Such dense packaging affords
critical protection of the genomic DNA from environmental
factors and offers a hydrodynamic shape for motility. How-
ever, at times, it is evident that chromatin compaction does
not occur correctly. Indeed, poor chromatin compaction is
observed in cohorts of infertile men (21–23) and is also asso-
ciated with lower in vitro fertilization (IVF)1 outcomes (24).

Armed with this background knowledge, the IVF industry
has sought to increase success rates by passing sperm ejac-
ulates through density gradients. During this process, higher
dense cells typically pass through the gradient and pellet at
the bottom of the tube, whereas lower dense cells (including
those with increased nuclear volume) pellet within the gradi-
ent (25). In general, higher dense cells possess better levels of
motility, morphology and chromatin compaction (26) and as
such, would be the same ones responsible for natural fertility.

In previous studies, we have compared the proteomic com-
position of high- and low-dense spermatozoa and demon-
strated protein changes occur between these two cell popu-
lations (27). Of interest, many proteins found to be in higher or
lower abundance within poor quality cells were “common”
across different donors. Although male-factor infertility is of-
ten suggested to have a very heterogeneous etiology, our
dataset suggested the opposite and potentially that the
mechanisms leading to defective sperm formation may be
more common than we previously understood (27). In this
analysis, which was performed on intact spermatozoa, we
noted that very few nuclear proteins were identified. There-
fore, to understand if the nuclear content of poor-quality
spermatozoa is also impacted during spermatogenesis, we
decided to perform subcellular fractionation of the spermato-
zoa. This approach allowed us to then compare the nuclear
protein composition between high- and low-quality sperma-
tozoa and investigate their association with sperm morphol-
ogy (28). In our quest to identify protein biomarkers that would
better predict the fertility status of men, we found that nuclear
protein retention of proteins, including Topoisomerase 2A
(TOP2A), may be a hallmark of low-quality sperm cells. Such
markers could be added to a panel of proteins for better

diagnosis of men’s fertility status in the future, rather than
relying on subjective measurements of sperm morphology.

EXPERIMENTAL PROCEDURES

All chemicals were purchased from Sigma-Aldrich at the highest
research grade, with the exception of albumin and ammonium
persulphate (Research Organics, Cleveland, OH), Percoll (GE
Healthcare, Castle Hill, Australia), HEPES (Gibco, Invitrogen Aus-
tralia, Melbourne, Australia) and 10 � Ham’s F-10 (MP Biomedical,
Seven Hills, NSW, Australia). D-glucose, sodium hydrogen carbon-
ate, sodium chloride, potassium chloride, calcium chloride, potas-
sium orthophosphate and magnesium sulfite were all AnalaR grade.
Chloroform, methanol and formaldehyde were purchased from Fro-
nine (Riverstone, Australia) at the highest purity available. Ultrapure
water was from Fluka (Castle Hill, Australia), Micrococcal Nuclease
(MNase) and 10� MNase buffer were from NEB biolabs (Arundel,
Australia), Tris from ICN biochemicals (Castle Hill, Australia), pre-
cast-SDS gels from BioRad (Gladsville, NSW, Australia) and Com-
plete mini protease inhibitor from Roche (Mannheim, Germany).

Preparation of Human Spermatozoa and Ethics—Institutional and
State Government ethical approval was secured for the use of human
semen samples in this research program. The work was carried out in
accordance with The Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving humans. The study
population was comprised of donors (n � 8) aged from 25 to 70 years
and free of any detectable organic disease. None of the men reported
any obvious infertility-impairment defects such as varicocele. The
semen samples were produced by masturbation after a minimum of 3
days of abstinence. Samples were allowed to stand at 37 °C for at
least 30 min for liquefaction to occur before being processed. Sperm
numbers, morphology and total motility were assessed, according to
the WHO criteria for fertility (29). Semen samples were then pro-
cessed over a three-tier Percoll density gradient. Working solution
was made by diluting Percoll with Biggers, Whitten & Whittingham
(BBW) solution in a 9:1 ratio. A 2 ml aliquot of working solution
(considered 100% Percoll) was placed in a 15 ml falcon tube, and
overlaid with 2 ml of 60% Percoll, followed by 2 ml of 30% Percoll.
The 60 and 30% Percoll solutions were obtained by diluting the
working solution with BWW. Semen samples were gently layered over
the gradients. Samples were then centrifuged at 500 � g for 30 min,
and both the spermatozoa at the bottom of the 100% Percoll solution
(high quality cells) and at the interface between the 100 and 60%
layers (low quality cells), were collected into separate tubes. Cells
were then washed with 5 ml BBW and centrifuged at 500 � g for 15
min. Pellets were resuspended in 1 ml BWW and cell counts were
performed. 10 �l of anti-CD45-coated dynabeads (Thermofisher,
11153D) were washed 3 times in BWW and added to the sample to
ensure that no contaminating leukocytes were present and placed on
a rotator at room temperature for 30 mins (1000 � g, 30 °C). Dyna-
beads were removed using a magnet, and the cells were pelleted at
500 � g for 3 min and washed twice with BWW.

Sperm Swelling and DAPI Staining—Approximately 0.5 � 106 sper-
matozoa were resuspended in 150 �l of buffer 3 (50 mM sodium
borate, 1% (w/v) SDS and 10 mM EDTA; pH 9.0) for 50 mins. The
reaction was quenched by the addition of an equal volume of 4%
paraformaldehyde. Cells were air dried onto glass slides and stained
by overlaying �50 �l of 10 mM DAPI (4�,6-diamidino-2-phenylindole).
Cells were imaged using fluorescence microscopy.

Image J Analysis—Fluorescent images were converted to 8-bit and
the threshold set to create a binary image. The plugin ’Analyze par-
ticles’ was used to measure the area of fluorescence, excluding areas
�50 pixels and with the setting ‘Exclude edges’ selected. At least 100
cells were imaged and compared between groups using students t
test (p � 0.05).

1 The abbreviations used are: IVF, in vitro fertilization; LC-MS/MS,
liquid chromatography tandem-mass spectrometry; MS, mass spec-
trometry; MW, molecular weight; ICSI, intracellular sperm injection;
PMSF, Phenylmethylsulfonyl fluoride; CTAB, 1% (w/v) cetyl-triethyl-
ammonium bromide; DAPI, 4�,6-diamidino-2-phenylindole; BWW,
Biggers Whitten & Whittingham; DDA, data dependent acquisition;
SWATH, sequential window acquisition of all theoretical masses.
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Sperm Nuclei Isolation—A total of 30 � 106 spermatozoa (deter-
mined using a hemocytometer) were resuspended in 750 �l of buffer
1 (1 mM phenylmethylsulfonyl fluoride (PMSF), 1% (w/v) cetyl-trieth-
ylammonium bromide (CTAB), 10 mM DTT and 50 mM Tris, pH 8.0) for
15 min on ice. Afterward, 750 �l of buffer 2 (buffer 1 without DTT) was
added and then incubated for 45 min at 4 °C with gentle rotation.
Cells were then centrifuged at 3000 � g for 5 min at room temperature
and the cell pellet, which consisted of nuclei, was gently resuspended
in 500 �l of buffer 2 and incubated for 30 min. Isolated nuclei were
then gently washed twice in 500 �l and once in 300 �l of washing
buffer (10 mM Tris and 1 mM PMSF; pH 8.0) using 5-min centrifuga-
tions at 3000 � g and 4 °C.

Nuclei Precipitation and Peptide Generation—Nuclei were resus-
pended in 450 �l of tris-buffered saline, supplemented with 10 mM

DTT, and incubated for 30 min at 37 °C. An aliquot of 50 �l of 10x
MNase buffer and 0.5 �l (1,000 U) of MNase were added, and sam-
ples were incubated for a further 30 min at 37 °C. Immediately fol-
lowing MNase digestion, one volume of chloroform and two volumes
of methanol were added to two volumes of sample, and the mixture
vortexed vigorously. This sample was centrifuged (10,000 � g, 2 min)
and, after phase separation, the upper phase was removed. Three
volumes of methanol were added to the remaining lower phase and
the mixture gently inverted twice. The solution was then centrifuged
(10,000 � g, 15 min) to pellet the precipitated protein. The superna-
tant was discarded, and the pellet allowed to air dry. Trypsin was
added to the pellet and digested overnight at 37C. Samples were
centrifuged at 17,000 � g for 20mins, transferred to sample vials and
acidified.

Data Dependent Acquisition (DDA) and Library Generation—To
generate the spectral library, 11 of the samples were randomly se-
lected and fragmentation spectra acquired in DDA mode on a Sciex
6600 triple ToF mass spectrometer as previously described (26). Each
file was loaded into Protein Pilot v5.0.1 (AB Sciex) and searched using
the Paragon algorithm (5.0.1.0, 4895) in “thorough ID” mode, trypsin
as the digestion enzyme, with no cys alkylation, acetylation emphasis
as a special factor, and ID focus on biological modifications. The files
were searched against the human SwissProt database (downloaded
January 2017), which contained 42,324 proteins. Also include in the
search database were proteins identified from the CRAPome (30). The
final spectral library included 389 proteins, comprised of 1331 pep-
tides and 8797 spectra with a global false discovery rate (FDR) of 1%.
An in-depth explanation of how FDR is calculated by the paragon
algorithm, the handling of multiple spectra for peptide ids and the
assignment of variable modifications is explained elsewhere (31).

Sequential Window Acquisition of all Theoretical Masses (SWATH)
Analysis—To obtain peptide quantitative data, the 16 samples (8
high- and 8 low-quality spermatozoa) prepared above, were again run
through liquid-chromatography, coupled to a 6600 Triple ToF mass
spectrometer, running a SWATH acquisition method. For the acqui-
sition of SWATH data, the settings were as follows: a MS1 scan was
performed followed by 100 m/z isolation windows with 1m/z overlap.
The window sizes were determined using the Sciex Variable Window
Calculator 1.0 using a DDA file generated above. The total cycle time
was 2.8s. To quantify peptides, the spectral library generated above
was imported into PeakView (2.2). Files acquired by SWATH-MS were
imported using the SWATH-MS/MSAll Micro app (1.0). The generated
library was imported, excluding modified and non-unique peptides.
Retention times were aligned by manually selecting peptides present
across all samples from proteins known to be in high abundance.
Peptides were taken from an even distribution across the elution time.
All samples were manually inspected to ensure the peptide was
detected and selected correctly by the SWATH algorithm before
elution time recalibration. After recalibration, it was ensured that
linearity between samples was uniform. Following retention time

alignment, the samples were processed to match to the spectral
library within a 5 min RT window. The top six most abundant ions
(excluding the precursor ion) were used for identifying, with a mass
tolerance of 10 ppm for matching between the library and acquired
SWATH data. The area under the curve for identified fragment ions
was calculated automatically by the SWATH algorithm and summed
for matched peptides (99% confidence).

Perseus—Following processing in PeakView, the raw data was
exported into MarkerView (version 1.3.0.1). From here, the data was
again exported as a raw text file, which allows for analysis using the
freeware Perseus software (version 1.5.2.6) (www.perseus-framework.
org). In Perseus, the data was log-transformed then normalized to the
median of each individual sample. Sample groups were compared
using a paired Welchs t test. Proteins with a fold change greater than
2.0 and p value � 0.05 were considered significant.

Immunofluorescence—Immunofluorescence was performed as de-
scribed elsewhere, using a dilution of 1/50 for all primary antibodies
(32). Cell morphology was scored using standard WHO guidelines.
Fluorescent secondary antibodies used were: goat anti-rabbit 488
(Abcam, a1108), donkey anti-sheep- FITC (Sigma, F7634).

Immunoblotting—Whole cells were prepared as described above,
or cell nuclei prepared as above (all steps prior to trypsin digestion).
Proteins were solubilized in SDS extraction buffer (2% (w/v) SDS,
10% (w/v) sucrose, 114 mM Tris and 1 tablet of complete mini pro-
tease inhibitor: pH 7.5). Immunoblotting was performed as described
elsewhere (27). For blots performed on whole cells, �5 �g of protein
was used for analysis, and alpha tubulin used as a loading control. For
protein extracts from nuclei, 10 � 106 nuclei were used for protein
extraction, and a silver stain loaded with equal protein used for
immunoblotting as the loading control. Antibodies used and their
dilutions were as follows: mouse monoclonal antibody against TOP2A
(Abcam, ab52934) diluted 1/1000, sheep polyclonal antibody against
PDIA3 (Bio-techne, AF8219) diluted 1/1000, mouse monoclonal
against alpha tubulin (Sigma, T5168) diluted 1/2000, rabbit polyclonal
against histone H3 (Sigma, H0164) diluted 1/3000. Secondary anti
bodies used for detection: goat anti-rabbit HRP (Sigma, DC03L), goat
anti-mouse HRP (Invitrogen, A16072), rabbit anti-sheep HRP (Sigma,
402100).

Experimental Design and Statistical Rationale—For the mass spec-
trometric analysis of sperm nuclei, ejaculates were processed
through a Percoll gradient to isolate high- and low-quality spermato-
zoa populations. Isolated cells were treated with a detergent to isolate
nuclei and treated with MNase prior to trypsin digestion of whole
nuclei to generate peptides for analysis. 11 samples were used for
library generation (5 high quality/6 low quality, randomly selected),
and 16 samples for SWATH data generation (high/low quality from 8
donors). 8 donors were selected as an appropriate sample size, as we
reached the threshold power of detection at 6 donors, with minimal
increases at 7 and none at 8. For sperm chromatin swelling, immu-
noblotting and immunocytochemistry experiments, high- and low-
quality sperm/nuclei from 3 separate donors were used. For statistical
analysis of SWATH data using Perseus software, data was log2 trans-
formed, median normalized and a Welch’s t test performed (Welch’s
t test was used as the data was assumed to be normally distributed,
and as the welches t test perform as well at the students t test in
situation of equal variance, and out performs in situations of unequal
variance (33)). A p value �0.05 and �2-fold change was used to
threshold changes. For chromatin swelling an unpaired 2 tailed
Welch’s t test was used, and for immunocytochemistry counts a
paired 2 tailed student’s t test was used.

RESULTS

Isolation, Purity and Biochemical Properties of Human
Sperm Nuclei—We compared the composition of nuclear pro-
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tein between high- and low-quality human spermatozoa, aim-
ing to identify protein abundance changes which could be
used to better classify the fertility potential of sperm samples.
To achieve this, we first separated sperm samples into two
populations; one with high-quality spermatozoa and the other
with low-quality cells, using a discontinuous Percoll gradient
protocol adapted from a previously described one (34). In
brief, three different density gradients of Percoll are overlaid
and the sperm samples placed on top, then centrifuged.
Spermatozoa that pellet at the bottom of the tube are of
higher density compared with those that pellet at the 100/
60% Percoll interface (Fig. 1A). We have previously charac-
terized these populations and shown that the majority (�90%)
of the lower dense cells have distinctly poor morphology and
motility (herein referred to as low quality) In contrast, cells of
high density are enriched with morphologically normal, motile
and highly fertile sperm (27) (herein referred to as high quality).
Images of spermatozoa from each fraction are shown in Fig.
1B. Cells in the low-quality fraction often show morphological
defects, including amorphous heads (Fig. 1B, upper image,
black arrows), which contrast with cells from the high-quality
fraction, where morphologically normal cells are enriched (Fig.
1B, lower image, white arrow) (Raw semen analysis of donors
used for SWATH can be found in supplemental Table S1).

To isolate the nucleus, intact sperm cells were treated with
the detergent CTAB as previously described (35). To charac-
terize the purity of nuclei preparations, direct interference
contrast (DIC) images were taken (Fig. 1C). Counting over 400
nuclei derived from either high (Fig 1B, lower), or low (Fig. 1B,
upper) quality cells using direct interference contrast (DIC)
demonstrated there was no evidence of fractured tails or
midpiece. In addition, no round cell contamination was pres-

ent suggesting the population of nuclei are highly pure, which
has also been previously reported by others (35). In confirma-
tion of this, after proteomic analysis of the isolated nucleus
from both high- and low-quality sperm, the major non-nuclear
sperm proteins (e.g. Tubulin, protein kinase A anchoring pro-
tein 3 and 4, and several heat shock proteins) were not
apparent.

Differences in Chromatin Compaction Within the Low-qual-
ity Fractions—Although cells from low quality fraction showed
a higher percentage of abnormal morphology than the high-
quality fraction, this was not the case when we observed only
the nucleus. Both populations produced very similar images
with very little evidence of gross differences regarding nuclear
morphology. As such, to determine if there were biochemical
changes, we challenged spermatozoa with SDS/EDTA (36).
Previous work has shown that when incubated for short pe-
riods of time, sperm with poorly compacted chromatin (the
definition in this case, being that they look “granular” under
electron microscope) decondense rapidly, showing the chro-
matin was not tightly compact (compact sperm nuclei are very
electron dense) (36). As seen in Fig. 2A, the chromatin of
some spermatozoa from the low quality population undergoes
rapid decondensation, or enlargement, following SDS/EDTA
treatment (Fig 2A, white arrow). To quantify this, the area of
nuclei in both populations following treatment was measured
using Image J. Examples from three donors are shown (Fig.
2B). In each case, there is a significant increase in the DAPI
stained area from high- to low-quality cells. However, the total
number of cells that showed this increase varies between
donors. This data demonstrates that, despite no gross differ-
ences in nuclear morphology observed, chromatin derived
from low-quality spermatozoa are more susceptible to SDS-

FIG. 1. Isolation of high and low quality spermatozoa through Percoll density gradients. A, The ejaculate is placed over a discontinuous
Percoll gradient as shown. High quality spermatozoa have a greater density than low quality cells. B, Phase contrast image of intact
spermatozoa obtained from either the high- (lower) or low- (upper) quality Percoll fractions. Black arrows indicate amorphous heads, white
arrow indicates normal morphology. C, Direct contrast image of nuclei obtained following CTAB detergent treatment from high- (lower) or low-
(upper) quality human spermatozoa. Scale bar � 5 �M.
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EDTA treatment than those derived from high quality cells and
are therefore likely to be less compact.

Generation of SWATH Library—To determine quantitative
differences between the nuclear composition from both high-
and low-quality sperm population, we performed a proteomic
analysis using Sequential Window Activation of all Theoretical
spectra, or SWATH. Following trypsin digestion, 11 samples
consisting of 5 high- and 6 low-quality fractions from 6 donors
were randomly selected and used to generate the spectral
library by running the mass spectrometer in data-dependent
mode. The library generated consisted of 389 proteins, which
comprised of 1331 peptides and 8797 spectra at a global
false discovery rate (FDR) of 1%. In comparison, proteomic
analysis of somatic nuclei preparations usually produce
�2500 protein identifications (28). However, it needs to be
recognized that to protect the DNA, spermatozoa possess a
highly compact nuclei, which has been described as crystal-
like with (almost) no nucleoplasm (18–20). This explains why
we find reduced amounts of total protein identifications com-
pared with somatic cell nuclei (28).

A comparison of our list of sperm nuclear proteins to the
only previously published study (34) is shown in supplemental
Fig. S1. We were initially concerned that only a �50% overlap
of proteins was found between both studies. However, it
appears that (1) sample purity and (2) reporting of redundant
hits explain the discrepancies. Examining the list unique to De
Mateo et al. (35), we could identify some proteins that are
unlikely to be associated with the nucleus, suggesting that a
minor contamination of the nuclear preparation may have
occurred. Examples include albumin, protein kinase A an-
choring protein 3 or 4 , many of the mitochondrial proteins
(37), fibronectin (38), ferritin (39), lactate dehydrogenase (40),
prostatic acid phosphate (41) and tubulin. However, perhaps
the greatest discrepancy is the way protein hits were re-
ported. De Mateo et al. appear to have used redundancy in
reporting protein hits (i.e. if one peptide matches to multiple

proteins, then all proteins are reported), whereas our report
uses non-redundant hits (that is, if one peptide is found to
match to many proteins, but within the same protein group,
and a second peptide is found that matches to only one
protein isoform, then only this protein isoform is reported).
There is no “correct” method given redundant reporting gives
many false positives, but leaves few false negatives, whereas
non-redundant reporting gives fewer false positives, but may
fail to identify proteins that are present. However, the two
approaches greatly exaggerate differences between the lists.
For example, 15 isoforms of histone H2B are reported by De
Mateo et al. (35), whereas our list only contains histone
H2B2E, H2BFM and H2B1A. However, all 15 H2B isoforms
reported by De Mateo et al. would not have a unique peptide
(something our study requires), because they only differ by a
few amino acids at the N terminus of the protein, which is rich
in lysine and arginine (the same amino acid cut by trypsin).
Thus, in this example alone, we only have 3 “overlapping
proteins,” whereas in reality, if both methods used non-redun-
dant reporting, the lists would be extremely close. Therefore,
our criterion was more stringent and that likely explains the
difference between the identifications reported by both stud-
ies. The protein identifications from both lists (De Mateo et al.,
and ours) are given in supplemental Table S2.

Quantitative SWATH Analysis—To quantitatively compare
proteins from high- and low-quality sperm nuclei, eight men
gave donations and the sperm nuclei were isolated and run on
the Triple-ToF 6600 in SWATH mode. Relative quantification
was performed using the freeware statistical analysis pack-
age, Perseus (www.perseus-framework.org). Data was log2

transformed to reduce sample spread and then normalized to
the median value for each individual sample to account for
variation. Using a paired Welchs t test, we identified signifi-
cant protein changes only in proteins with the minimum cri-
teria cut off value of p � 0.05 and a fold change no less than
2. In total, 26 proteins were significantly different between the

FIG. 2. The nuclei of low quality
spermatozoa are more susceptible to
decondensation following treatment
with SDS/EDTA. Following Percoll frac-
tionation A, high- (upper) and low-
(lower) quality spermatozoa were chal-
lenged with SDS/EDTA then stained with
DAPI. Decondensed nuclei are shown
(white arrow); scale bar � 5 �M. B, Box
and whisker plot of DAPI fluorescent ar-
eas from �100 cells in high- and low-
quality populations of sperm isolated
from three donors and subjected to de-
condensation (*p � 0.00001).
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groups, which represents 6.7% (26 of 389) of the total protein
identified here. Proteins with significant regulation can be
found in Table I.

Protamine 2 and Histones Do Not Change Within the Low-
quality Cells—Several reports have suggested that infertile
men lack protamine 2 specifically (42), or have a change in the
ratio of protamine 1/protamine 2 (43, 44). Furthermore, others
have suggested that within infertile spermatozoa, there are
increased amounts of histone (21). However, our SWATH data
indicated that neither protamine 2, nor any of the histone
proteins were significantly different. To confirm this, we com-
pared high- and low-quality sperm fractions using antibodies
against histone H3. As shown (Fig. 3A), we found no change
in the level of H3 when normalized to the loading control
�-Tubulin. The quantitative SWATH data for comparison are
plotted (Fig 3B).

SWATH Analysis Suggests That Nuclear Retention of Pro-
teins Is a Hallmark of Low Dense Spermatozoa—Inspection of
Table I demonstrates that all proteins significantly different
between groups, were exclusively more abundant within the
low-quality fraction cells. From a germline developmental
point of view, this data can be reasonably explained. During
spermatogenesis, the sperm genome is packaged to near
crystalline-state (45). During these events, there is a charac-
teristic reduction in nuclear volume to around one-seventh the
size of any somatic cell (16) that enables a more hydrody-

namic head shape and protects the DNA from toxic insult (45).
The processes that lead to a reduction in nuclear volume are
unclear but may involve ubiquitin-dependent degradation (46)
and/or manchette removal of protein and nuclear compaction
(47–53). Less likely, but potentially still a factor, are tubulob-
ulbular complexes (54) and ectoplasmic specialization re-
moval of proteins (55). The finding that low-dense spermato-
zoa have more abundant proteins suggests a failure in one or
more of these processes, by which nuclear volume is re-
duced. To validate the SWATH analysis, we performed immu-
noblotting. The proteins topoisomerase 2 alpha (TOP2A) and
protein disulfide isomerase A3 (PDIA3) were selected because
of their significant fold change and their potential importance
within the nucleus of a developing spermatozoon. Nuclei from
high- and low-quality human spermatozoa were taken, the
proteins extracted and separated via SDS-PAGE. Following
transfer, the nitrocellulose was probed with antibodies against
these proteins. As shown, PDIA3 protein was more abundant
within the low-quality sperm nuclei (Fig. 4A). Inter-donor var-
iation of the changes was seen. For example, donor 1 (Fig 4A)
appeared to have less PDIA3 than donor 3, despite near equal
loading (Fig 4B). However, in all cases, PDIA3 was consis-
tently higher in the nucleus of the low-quality sperm fractions.
This was in accord with the proteomic data plotted as nor-
malized expression (Fig. 4C) (note that the negative value

TABLE I
Significantly regulated proteins that are more abundant in low-quality human spermatozoa following Percoll density gradient separation

Uniprot
Accession #

Gene name Protein Name
Log2 Fold
Change

p value

P27487 DPP4 Dipeptidyl peptidase 4 -5.20 6.01E-06
O00468 AGRN Agrin -4.82 5.30E-05
P54107 CRISP1 Cysteine-rich secretory protein 1 -4.44 0.004512
P35052 GPC1 Glypican-1 -3.78 0.000514
P11388 TOP2A DNA topoisomerase 2-alpha -3.61 0.000816
Q7Z6Z7 HUWE1 E3 ubiquitin-protein ligase HUWE1 -3.50 0.00303
P26641 EEF1G Elongation factor 1-gamma -3.26 0.000194
P26640 VARS Valine–tRNA ligase -3.25 0.000107
P04083 ANXA1 Annexin A1 -3.23 0.001318
P02751 FN1 Fibronectin -3.067 0.003391
Q8IX12 CCAR1 Cell division cycle and apoptosis regulator protein 1 -3.01 0.012372
Q15046 KARS Lysine–tRNA ligase -2.97 6.36E-05
P15144 ANPEP Aminopeptidase N -2.82 0.004911
P29692–2 EEF1D Isoform 2 of Elongation factor 1-delta -2.69 0.000117
P26583 HMGB2 High mobility group protein B2 -2.59 0.03805
P30101 PDIA3 Protein disulfide-isomerase A3 -2.58 0.000584
P06748 NPM1 Nucleophosmin -2.52 0.003851
P24534 EEF1B2 Elongation factor 1-beta -2.49 0.003658
Q5BJF6–7 ODF2 Isoform 7 of Outer dense fiber protein 2 -2.47 0.00268
O95473 SYNGR4 Synaptogyrin-4 -2.31 0.015401
P49913 CAMP Cathelicidin antimicrobial peptide -2.25 0.005459
P30084 ECHS1 Enoyl-CoA hydratase, mitochondrial -2.24 0.001973
Q04837 SSBP1 Single-stranded DNA-binding protein, mitochondrial -2.12 0.007349
P07355–2 ANXA2 Isoform 2 of Annexin A2 -2.09 0.035633
P14923 JUP Junction plakoglobin -2.08 0.015926
P39023 RPL3 60S ribosomal protein L3 -2.01 0.000688
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associated with the high-quality sperm cells is because of the
normalization against the median).

Immunocytochemical analysis of intact sperm against
PDIA3 demonstrated great variation in staining (Fig. 5A). The
protein was shown to be located to several different area of
the cell including the redundant nuclear envelope (Fig. 5A, ii,
a), perinuclear theca (Fig. 5A, ii, b) and residual cytoplasm
(Fig. 5B, ii, c). Note, it is for this reason (particularly the
residual cytoplasm staining), that the immunoblot in Fig. 4
was performed against isolated nuclei. We observed that a
greater number of spermatozoa were positive with PDIA3 in
the low-quality sperm fraction compared its high-quality
counterpart. In most cases, staining was associated with poor
sperm morphology, consistent with the notion that PDIA3 was
higher in low quality cells. However, given the variation in
staining patterns, we did not pursue this further.

Top 2A Is Associated with Low-quality Sperm Heads—
Immunoblotting demonstrated that TOP2A (Fig. 6A) was
more abundant within the low-quality fractions, which is
consistent with the quantitative SWATH data (Fig. 6B). Im-
munohistochemical staining demonstrated that TOP2A was
localized to the redundant nuclear envelope (Fig. 7A). The
redundant nuclear envelope consists of excess vestments
of the nuclear envelope after compaction of the nucleus
during sperm development. The proximity of TOP2A with
DAPI-stained nuclei is shown (Fig. 7A, iv). The overlay dem-
onstrates that TOP2A is part of the nuclear compartment of
the sperm cell.

During our analysis, we noted that some sperm cells were
stained with TOP2A, whereas others were not. To investigate
this further, we counted the number of sperm within the high-
and low-quality fractions that were positive for TOP2A and

FIG. 3. Levels of histone H3 are consistent between high and low quality spermatozoa populations. A, Immunoblot of SDS extracted
proteins from high- and low-quality spermatozoa isolated from three ejaculates, probed using anti-H3. Cross-reacting bands were visualized
with chemiluminescence after addition of horse-radish peroxidase conjugated secondary antibody. Lower Blot: following recording of
chemiluminescence, the nitrocellulose was stripped of primary antibody, re-blocked and probed with anti-� Tubulin. The chemiluminescent
signal obtained was used a loading control. B, The abundance of histone H3 according to the SWATH analysis between high- and low-quality
sperm cells demonstrates no significant difference between the populations (n � 8, p � 0.05).

FIG. 4. PDIA3 is detected in greater abundance in spermatozoa derived from the low quality fractions. A, Human sperm ejaculates were
taken from individual donors and high- and low-quality fractions were isolated through Percoll density gradients. Nuclei isolated from
spermatozoa were then lysed and separated via SDS-PAGE. Following transfer, the nitrocellulose was probed with primary antibodies against
PDIA3. Cross-reacting bands were visualized with chemiluminescence after addition of horse-radish peroxidase conjugated secondary
antibody. The approximate position of the molecular mass markers are shown. B, An equal sized aliquot of the same sample used for
immunoblot was loaded into SDS page, run and total protein was detected via silver stain. C) PDIA3 abundance according to the SWATH
analysis between high- and low-quality sperm cells demonstrates significantly more abundance within the latter (n � 8, *p � 0.01).
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found a significant difference with more sperm positive for
TOP2A in the low-quality fractions (Fig. 7B).

Finally, we determined the morphology of spermatozoa that
were positive for TOP2A staining. To achieve this, we isolated

both high- and low-quality spermatozoa and then proceeded
to characterize the morphology of sperm cells positive for
TOP2A in both populations. Regardless of their origin from the
Percoll fraction, we found that the overwhelming majority of

FIG. 5. Immunocytochemical analysis of PDIA3. Spermatozoa were fixed and settled onto poly-lysine slides. Following permeabilization
with 0.2% Triton-X and blocking with 3% BSA, the cells were incubated with primary anti-PDIA3 antibody then secondary alexafluor-488-
conjugated antibody and counterstained with DAPI. A, (i) Phase image of spermatozoa, (ii) Immunofluorescent image using anti-PDIA3
antibody. Staining can be observed in a- redundant nuclear envelope, b-perinuclear theca, c-residual cytoplasm. (iii) DAPI staining of
spermatozoon DNA, (iv) composite image of DAPI and PDIA3 fluorescence. Scale bar � 5 �M. B, Comparison of cells with detected PDIA3
fluorescence between high- and low-quality cell populations (n � 3, *p � �0.01).

FIG. 6. TOP2A is more abundant in spermatozoa derived from the low quality fractions. Human spermatozoa from individual donors
were fractionated through Percoll density gradients. Intact cells were lysed and run into SDS-PAGE. Following transfer, the nitrocellulose was
probed with primary antibodies against A, TOP2A (upper blot). Cross-reacting bands were visualized with chemiluminescence after addition
of horse-radish peroxidase conjugated secondary antibody. Lower Blot: Following recording of chemiluminescent, the nitrocellulose was
stripped of primary antibody, re-blocked and probed with anti-� Tubulin. B, The TOP2A abundance according to the SWATH analysis between
high- and low-quality sperm cells demonstrates significantly more abundance within the latter (n � 8, *p � 0.0001).

FIG. 7. Immunofluorescent detection of TOP2A in spermatozoa demonstrates the protein is associated with amorphous heads.
Spermatozoa were fixed and settled onto poly-lysine slides. Following permeabilization with 0.2% Triton-X and blocking with 3% BSA, the cells
were incubated with primary anti-TOP2A antibody then secondary alexafluor-488-congucated antibody and counterstained with DAPI A, (i)
Phase image of spermatozoa, (ii) Immunofluorescent image using anti-TOP2A antibody fluorescence within spermatozoa, (iii) DAPI staining of
spermatozoon DNA, (iv) composite image of DAPI and TOP2A fluorescence. Scale bar � 10 �M. B, Comparison of cells with detected TOP2A
fluorescence between high- and low-quality cell populations (n � 3, *p � �0.0001).
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spermatozoa positive for TOP2A demonstrated amorphous
heads (Fig. 8). As the high quality Percoll fraction is enriched
for morphologically normal spermatozoa, this data explain
why TOP2A is more abundant in the lower quality cells.

DISCUSSION

Male infertility is a growing medical condition. Although
solutions are available through a variety of assisted reproduc-
tive technologies (ART), there are many drawbacks. First, the
technology is expensive, with the average cost/cycle sitting
around $12–18K. Second, there is no guarantee of success. In
the United States (2015), 464 reporting clinics performed
231,936 cycles, of which only 60,778 resulted in live births
(26% success rate). Third, it is highly medicalized, with the
most common form of assisted conception, namely intra-
cellular sperm injection (ICSI), involving hormone stimulation
of the female followed by oocyte retrieval. Yet for many cou-
ples, it is evident that the referral for assisted conception was
unnecessary (11). Despite these concerns, the number of
couples resorting to ART increases by �10% each year and
will continue to grow as the public becomes increasingly
aware of ART options and availability (56).

The problem faced by health practitioners and in vitro fer-
tilization clinics alike is the classification of men requiring help.
Currently, diagnosis of male-factor infertility relies on 2 crite-
ria. The first of these includes unprotected sexual intercourse
without success for at least 1 year. However, �50% of cou-
ples that fail in the first year of trying, will go on to conceive in
the second year without any medical intervention (57) and as
such, further criteria is required. To this end, a semen analysis
is performed that classifies the male patient as fertile or infer-
tile based on the guidelines published by the World Health
Organisation in 1980 (29). However, because of the inadequa-
cies found in correctly predicting infertility, revised values
were released in 1987, 1992, 1999 and again in 2010 (29). The
semen analysis considers total sperm numbers and percent-
ages of motile and morphologically normal cells. On the sur-

face, a semen analysis would benefit the classification of
fertile and infertile men. However, several reports shows that
a semen analysis falls short of a true diagnosis (58–70).

An alternative method for the diagnosis of male-factor in-
fertility is to build up a panel of protein biomarkers whose
expression correlates with sperm fertilizing potential. The ad-
vantage of using a panel of markers is the ability to cover more
aspects of “fertility” than a semen analysis alone would be
capable of. For example, with men classified as “idiopathic
infertile,” we have shown that Outer dense fiber 1 (ODF1) was
virtually absent from their spermatozoa (29). ODF1 is a chap-
erone that regulates the joining of the sperm head to the tail.
Despite a “normal” semen profile, sperm lacking ODF1 are
quite fragile and easily decapitate over time, which may ex-
plain their infertility (32). Of interest, this current report found
a second ODF family member to be more abundant in the
sperm nucleus of low-quality cells, namely ODF2. Initially, this
finding was surprising, as ODF2 is a well-recognized, major
protein of the sperm flagella (71, 72) and not the nucleus.
However, upon further inspection, we noted our proteomic
platform had detected a unique peptide from the ODF2-iso-
form 9 transcript. This isoform (Q5BJF6–7, NP_702910) is a
testis expressed transcript and arises because of an alternate
start site, giving the protein a unique N-terminal. Inspection of
the sequence demonstrated that the N terminus of ODF2-
isoform 9 has a nuclear localization signal (73). Indeed, and in
concert with this idea, ODF2 specific isoforms have been
located in the nuclei of germ cells during spermatogenesis
(74).

Although lack of ODF1 is a biomarker of infertility for some
men, it certainly does not work for all men. As such, a panel of
markers will be required to diagnose an array of male-factor
infertility phenotypes. Previously, alterations to the PRM1/2
ratio in mature sperm have been often associated with poor
reproductive outcomes (75, 76). In this study we find no
change in either PRM2 or the detected histone peptides be-
tween our populations (Fig. 3, supplementary Table S3). Al-

FIG. 8. TOP2A is associated with
amorphous sperm heads. Cells from
either the high- or low-quality Percoll
fractionation were stained immuno-
stained for TOP2A. Those cells positive
for the protein, were then assessed in
terms of their morphology. The graph
shows that combined cell counts for both
high- and low-quality spermatozoa (n � 3
donors, 100 cells counted/fraction).
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though our results are may initially appear to be at odds with
previous findings, these studies are often comparisons of
fertile and infertile men. When protamine ratios and levels
have been Percol separated fractions from the same individ-
ual, little (77) to no change (78) is observed. Both PDIA3 and
TOP2A hold some promise to identify samples with poor
sperm head shape. PDIA3 has been previously localized to
the rat sperm membrane and is a chaperone known to be
involved in the reduction of disulfide bonds of several proteins
(79). Included in this list is the major histocompatibility com-
plex class 1 (MHC) (80). Although a somatic protein, the
reductase activity of PDIA3 leads to unfolding of the MHC
protein, causing it to be targeted for destruction (80). Such a
mechanism of action may explain why PDIA3 was largely
associated with poor quality spermatozoa. Although the very
heterogeneous signals we obtained through PDIA3, staining
of human spermatozoa made it difficult to investigate this
phenomenon further.

TOP2A is a protein normally involved in the alteration of
DNA topology. Specifically, the enzyme activity of TOP2A
causes the induction of transient double strand breaks within
DNA. These temporary breaks allow one DNA strand to pass
through another, creating or releasing torsional stress (81).
The enzyme is vastly important to spermatogenesis, as topoi-
somerase activity is required for successful meiosis (82). Ad-
ditionally, long term treatment of mice with clinical doses of
etoposide (a TOP2A inhibitor), causes chromosomal and
sperm morphology aberrations (83). This is not surprising, as
in addition to its role in spermatogenesis, TOP2A is involved in
the histone to protamine transition (84). This is of interest, as
with infertile men, either the level of protamine’s or the ratio
between protamine 1 and protamine 2 within the sperm pop-
ulation can be different compared with fertile men (85). Given
this data, our initial hypothesis was that expression of TOP2A
may be related to sperm chromatin compaction through ab-
errant histone or protamine levels. However, both SWATH and
immunoblotting demonstrated this to be incorrect. Rather, we
found that in virtually all cases, TOP2A was associated with
poor head morphology.

The association between the etiology of poor sperm head
morphology and TOP2A expression is yet to be explained.
One idea is that during spermatogenesis, nuclear compaction
occurs at the end of the cell elongation stage. At the same
time, proteins that are not necessary for sperm function are
removed. Several processes may affect this, including ubiq-
uitin-dependent degradation and/or manchette removal of
protein and nuclear compaction (47–53). With respect to the
former, previous work in our lab shows no difference in pro-
teins labeled with anti-ubiquitin antibody between high- and
low-quality sperm cells (data not shown). As such, there is a
lack of evidence to support this idea. However, many genetic
knockout models suggest manchette formation is critical for
nuclear compaction and by implication, nuclear protein re-
moval. Examples include KIF3A (47), MNS1 (48), HOOK1 (49),

RIM-BP3 (50), MEIG1 (51) SPEM1 (52) and katanin p80 (53).
The manchette is a skirt-like structure that forms around the
elongating sperm head (86). As the manchette moves laterally
from the sperm head toward the flagella, it not only shapes the
cells, but also helps compact the nucleus (86). Thus, as low-
quality cells contain more abundant nuclear proteins, we
speculate that this finding has largely something to do with
poor manchette formation. Unfortunately, this model will be
difficult to test using human testis sections as one cannot
distinguish between high and low sperm quality at the stage
of development in the testis.

In conclusion, we found that retention of nuclear proteins is
a hallmark of poor-quality spermatozoa, as defined here. Fur-
thermore, TOP2A is highly associated with amorphous sperm
heads, and therefore a potential new biomarker for male-
factor infertility in clinical practice.
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