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Proteomic Signatures in Spermatozoa Reveal the
Role of Paternal Factors in Recurrent Pregnancy Loss
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Purpose: To identify the paternal factors responsible for aberrant embryo development leading to loss of foetus in recurrent
pregnancy loss (RPL) through proteomic analysis of ejaculated spermatozoa.

Materials and Methods: This prospective study consisted of male partners of RPL patients (n=16) experienced with two or
more consecutive unexplained miscarriages and with no female factor abnormality as revealed by gynaecologic investigation
including karyotyping and age matched fertile healthy volunteers (n=20). All samples were collected during 2013 to 2015
after getting institutional ethical approval and written consent from the participants. Seminal ejaculates were collected by
masturbation after 2 to 3 days of sexual abstinence and analyzed according to World Health Organization 5th criteria 2010.
Two-dimensional difference gel electrophoresis followed by mass spectrophotometric analysis was used to identify differen-
tially expressed proteins (DEPs). Western blotting was used for validation of the key proteins.

Results: The data identified 36 protein spots to be differentially expressed by more than 2-fold change with p<0.05 consid-
ered as significant. Matrix-assisted laser desorption/ionization time of flight/mass spectrometry identified GPx4, JIP4, ZN248
to be overexpressed while HSPA2, GSTM5, TF3C1, CC74A was underexpressed in RPL group. Western blot analysis con-
firmed the differential expression of key redox associated proteins GPx4 and HSPA2 in the RPL group. Functional analysis
revealed the involvement of key biological processes that includes spermatogenesis, response to oxidative stress, protein
folding and metabolic process.

Conclusions: The present study provides a snapshot of the altered protein expression levels consistent with the potential in-
volvement of the sperm chromatin landscape in early embryonic development.
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INTRODUCTION though, the aetiopathology for RPL varies considerably
[2,3] it is unfortunate to understand that only about

Recurrent pregnancy loss (RPL) is a devastating 30% of these cases have identifiable etiologies [4] while
problem defined by two or more failed clinical preg- in the remaining cases the cause remains unexplained.
nancies within the first trimester of gestation [1]. Al- Intriguingly, owing to the close association between
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the mother and the developing embryo, the majority
of the testing for RPL targets the woman. However,
nearly 50% of the genomic material is contributed by
the paternal factor to the embryo as well as to placen-
tal and embryonic development. Modifications at the
genetic and epigenetic level within the male gamete
may therefore be detrimental to further embryonic
growth [5-9]. This is significant in the context of RPL
since here clinical pregnancy is though established but
the problem is confounded by early abortion. To better
understand the underlying molecular mechanism the
focus of recent research is on sperm chromatin remod-
elling during spermiogenesis where sequential replace-
ment of histones by protamines is accomplished. How-
ever, it has been observed that ~5% to 10% histones are
retained at structurally and transcriptionally relevant
positions within the sperm chromatin. Thus, the ability
of paternal genes to control specific early embryonic
gene expression with regards to RPL raises several
speculations [10].

This novel study is therefore aimed to identify po-
tential protein biomarkers in the spermatozoa obtained
from seminal ejaculates of men who are partners to
couples with RPL as compared to their healthy coun-
terparts using a proteomic approach. This is important
in context to our previous finding wherein an increased
retention of histones with concomitant rise in oxidative
stress levels was observed in the spermatozoa of RPL
patients [11]. Proteins being the central part of every
reproductive process and is subjected to modifications
by various exo- and endogenous factors, understanding
the molecular mechanism through sperm proteomic
approach may shed light in identifying the paternal
effects in RPL.

MATERIALS AND METHODS

1. Ethics statement

The study was conducted after the approval of Insti-
tutional Ethics Committee at Kar Clinic and Hospital
Private Limited, Bhubaneswar, Odisha, India (Reg. No:
KCHPL/P-1/2013) along with written informed consent
was obtained from all sperm donors.

2. Patient selection
The RPL group includes couples who achieved preg-

nancy by natural conception but showed a history of
>2 embryos losses before 20th weeks of gestation de-
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tected through ultrasonography. Age-matched controls
were included in the study that comprised of healthy
fertile donors (with no known medical condition) with
no cases of embryo loss and achieved pregnancy within
one year of intercourse.

3. Exclusion and inclusion criteria

RPL patients (both male and female partners) show-
ing anomalies such as endocrine disorders, anatomical
abnormalities, abnormal karyotype etc. were excluded
from the study. Male partners who exhibited varico-
cele, cryptorchidism, or a history of surgery on male
genital area were also excluded from the study. Since
the diagnosis of male factors in RPL is inconclusive
and 1s impractical to include all possible genetic test
to screen the partners, we excluded all male partners
having sperm DNA fragmentation <30%. The semen
sample from these male partners were subjected to
DNA fragmentation analysis by Comet assay [12] and
samples with higher DNA fragmentation (>30% in
comparison to fertile donors) were selected for the pres-
ent study.

4, Semen samples

Semen samples from men from the two groups (con-
trol n=20 and RPL n=16) was collected by masturbation
after 2 to 3 days of sexual abstinence. All samples used
are aliquots of the sperm samples used in our previous
study [11]. After complete liquefaction semen samples
were subjected for analysis following the World Health
Organization 5th ed criteria (2010) [13]. Samples with
>1.0x10°/mL round cell with a positive peroxidase test
were excluded from the study.

5. Sample preparation and protein extraction

Sample preparation and protein extraction was done
as previously described with slight modifications [14].
After analysis of several semen parameters, sperm
and seminal plasma were separated by centrifuging
at 300xg for 10 minutes at 37°C. The obtained sperm
pellet was further subjected to three times washing in
10 mM phosphate buffer saline (PBS), pH-74 at 200xg
for 5 minutes and finally dissolved in 10 mM PBS, pH-
7.4 and were kept frozen at -20°C until further use.
For proteomic analysis, samples were thawed, equal
number of spermatozoa from each study group were
homogenized in radio immuno precipitation assay
(RIPA) buffer and protein was estimated according to
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Lowry et al [15]. After separation the spermatozoa were
further processed and exposed to approximately 400
mL ice-cold lysis buffer followed by centrifugation at
10,000 rpm for 10 minutes at 4°C and the precipitated
proteins obtained were then quantified with the Et-
tan™ 2D Quant Kit (GE Healthcare, Chicago, IL, USA)
before labelling with Cy dyes (GE Healthcare).

6. Cy dye labelling

Aliquots of 75 pg of each of control and RPL extracts
were precipitated individually using the Ettan™ 2-di-
mensional (2D) clean-up kit (Amersham Biosciences,
Piscataway, NJ, USA) and subjected to lysis buffer pri-
or to labelling as previously described [14] Briefly, 50
ug of each sample (control and RPL) were minimally
labelled by 400 pmol of amine-reactive cyanine dyes,
Cy3 or Cyb. At the same time 50 pg of Internal Stan-
dard (Containing 25 ug each of Control and RPL) was
generated and labelled with Cy2 dye for a ratio of 50
ug/400 pmol Cy2. Labelling was performed on ice in the
dark for 30 minutes followed by subsequent quenching
of the reaction mixture.

7. Two-dimensional sodium dodecyl sulfate

polyacrylamide gel electrophoresis

Protein differences between the two experimental
conditions (control and RPL) was detected using 2D so-
dium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) following the protocol as described previ-
ously [16]. In brief, the samples were loaded on to the
IEF strips 3 to 10 pH Linear, 11 cm (Bio-Rad, Hercules,
CA, USA) and kept for Iso-Electric Focusing with the
use of the Protean IEF Cell (Bio-Rad). Each electrofo-
cused strips were then equilibrated for 15 minutes first
with SDS-PAGE equilibration buffer containing 6 mol/
L urea, 30% glycerol, 2% SDS, and 65 mmol/L dithioth-
reitol (DTT). This was followed by a second equilibra-
tion buffer for 15 minutes with 25 mg/mL iodoacet-
amide instead of DTT. Further the 11-cm equilibrated
strips were fit into a Criterion 11-cm IPG gel and a
standard second dimension SDS-PAGE was run. The
2D SDS-PAGE was performed on 12% polyacrylamide
gels at 20 mA and 16 V on Bio-Rad Protein IT (Bio-Rad)
and was terminated when the bromophenol blue front
had migrated to the lower end of the gels.

8. Gel imaging and data analysis
After performing SDS-PAGE, the Cy Dye-labelled
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proteins were visualised by scanning with specified ex-
citation and emission filter wavelengths using Typhoon
Trio Imager (GE Healthcare). The images for Cy2 were
scanned with488/520 nm; while the images for Cy3
were scanned with 532/580 nm; and the images for Cy5
were scanned with 633/670 nm. All gels were scanned
at a resolution of 100 pm. After the acquisition of gel
images the images were processed using DeCyder™ 2D
ver. 7.0 (Amersham Biosciences). Spots were automati-
cally detected, matched, and normalized to the internal
standard, then manually checked to guarantee correct
matching across images. For qualitative analysis of dif-
ferently expressed proteins gels were silver stained and
spots of interest excised for further mass spectrometry
analysis. Only proteins showing fold change in expres-
sion >2.0 with statistical significance (Student’s t-test
95%, p<0.05) between (control and RPL) groups were
considered to have significant change in expression.

9. Protein identification by mass spectrometry

The protein identification by mass spectrometry was
done as described previously [17]. In brief, spots of in-
terest were excised from the preparatory gels and were
washed in double-distilled water prior to dehydration
with 75% acetonitrile and dried in a speed vac. Sample
reduction was done with 10 mM DTT in 256 mM am-
monium bicarbonate for 30 minutes at 56°C and subse-
quent alkylation with 55 mM iodoacetamide in 25 mM
ammonium bicarbonate for 20 minutes in the dark.
Finally, gel pieces were digested overnight at 37°C
in a buffer containing 256 mM ammonium bicarbon-
ate, 5 mM calcium chloride, and ~20 ng/uli of trypsin.
The peptides generated were extracted and subjected
to matrix-assisted laser desorption/ionization time of
flight/mass spectrometry (MALDI-TOF/MS) analysis
was performed using an Ultraflex III TOF-TOF instru-
ment (Bruker Daltonics, Bremen, Germany). The in-
strument operated in reflectron positive ion mode and
the peptides were spotted onto the target plate with
o-cyano-4-hydroxycinnamic acid matrix (5 mg in wa-
ter/acetonitrile/0.1% trifluoro acetic acid) and allowed
to dry before introducing into the mass spectrometer.
MALDI-TOF MS/MS analysis was performed using the
LIFT device. The data obtained were reprocessed using
the Flex Analysis 24 software (Bruker Daltonics) and
optimised for protein identification using Mascot (Ma-
trix Science, Boston, MA, USA) against the Homo sapi-
ens proteome set from the Swissprot database. Protein
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identifications were accepted if they had greater than
95% probability as represented by the mascot scores in
the mascot result page. Further details on the MS pro-
tocol can be found in the Supplementary Materials and
Methods.

10. Western blot analysis

The differentially expressed proteins of interest were
verified in each group (control and RPL) using West-
ern blotting (WB) as described previously [18]. Pooled
spermatozoa as well as one individual sample from
each group (control and RPL) were run to maintain
biological variability. Samples were normalized for pro-
tein concentration in each group. Washed spermatozoa
were subjected to homogenization in RIPA lysis buffer
(Sigma-Aldrich, St. Louis, MO, USA) and kept over-
night at 4°C containing proteinase inhibitor cocktail
(Roche, Indianapolis, IN, USA). Samples (n=5 per group)
containing approximately 20 to 30 pg of protein in 15
uLL volume per sample were separated by 12% SDS-
PAGE and electroblotted onto polyvinylidenedifluoride
membranes. The membranes were incubated with a
rabbit polyclonal antibody to HSPA2 and GPx4 (rab-
bit immunoglobulin G [IgG]; Abcam, Cambridge, MA,
USA) diluted at required concentration in 3% bovine
serum albumin in Tris-buffered saline Triton X-100
(TBST). As an internal control, blots were deprobed,
washed and reprobed with an anti glyceraldehyde
3-phosphate dehydrogenase (GAPDH) antibody (rabbit
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IgG; Abcam). Blots were then washed using TBST and
incubated with horseradish peroxidase conjugated anti-
rabbit IgG (Abcam) for 1 hour at room temperature
following washes in TBST. Visualisation of protein
bands was done using an enhanced chemiluminescence
kit-Pierce™ ECL Western Blotting Substrate (Thermo
Scientific, Rockford, IL, USA). Image J software was
used for further quantification and the ratio of inten-
sity of the band to that of the internal control GAPDH
was taken for comparison among the two groups.

11. Statistical analysis

Shapiro—Wilk test followed by Levene’s test were
used to assess the data for normalisation and homo-
geneity of variance. Analyses were carried out using
Statistical Package for the Social Sciences (SPSS) ver.
20 (IBM SPSS Statistics; IBM Corp., Armonk, NY,
USA). Results of both semen parameters and WB were
subjected to two-tailed unpaired Student’s t-test with a
significance set at p<0.05.

RESULTS

1. Semen parameters

Since all samples used are aliquots of the sperm
samples used in our previous study [11] the semen pa-
rameters already provided are reported here for refer-
ence (Supplementary Table). Variables are expressed in
meantstandard error of mean.

Fig. 1. Two-dimensional (2D)-difference
gel electrophoresis of proteins isolated
from sperm. (A) Control (labelled with
Cy3). (B) Recurrent pregnancy loss group
(labelled with Cy5). (C) Internal control
(labelled with Cy2). (D) Overlay image. (E)
Silver stained image showing the iden-
tification of 6 spots circled on the 2D gel
and marked with their respective spot
numbers as designated by DeCyder™
software.
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2. Mass spectrometry identification of
proteins in the spermatozoa of recurrent
pregnancy loss and control samples

The fluorescent and silver stained overlay images of
the two gels with Cy3- and Cyb-labelled samples are
shown (Fig. 1A-1C and 1D and 1E). The data revealed
that 36 protein spots were differentially expressed by

more than 2-fold change in the two groups. Of these 27

were overexpressed and 9 were underexpressed in the

RPL group as compared to their normal counterparts

(Fig. 2). The 36 protein spots per gel were subjected to

further excision for in-gel digestion by trypsin, that

resulted in 7 proteins to be successfully identified by

MALDI-TOF/MS. Phospholipid hydroperoxide gluta-
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thione peroxidase, mitochondrial (GPx4) (spot ID-20), C-
Jun-amino-terminal kinase-interacting protein 4 (JIP4)
(spot ID-46), zinc finger protein 248 (ZN248) (spot ID-61)
were amongst the identified proteins that were found
to be overexpressed in the RPL group. While a mixture
of Heat shock-related 70 kDa protein 2 and Glutathi-
one S-transferase Mu 5 (HSPA2+GSTMB5) (spot ID-147)
were 1dentified in the same spot, concomitant with the
identification of General transcription factor 3C poly-
peptide 1 (TEF3C1) (spot ID-157) and Coiled-coil domain-
containing protein 74A (CC74A) (spot ID-1) that were
found to be underexpressed in RPL group. The major
proteins identified in each spot with its Uniprot ac-
cession number, mascot score, number of matches,
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Fig. 2. (A) Venn diagram showing the distribution pattern of the proteins identified through two-dimensional-difference gel electrophoresis. (B)
Distribution pattern of differentially expressed proteins based on protein abundance. (C) Expression profile and densitometric analysis of two key
proteins (GPx4 and HSPA2) in the spermatozoa of RPL patients compared to fertile donor. RPL: recurrent pregnancy loss, GAPDH: glyceraldehyde

3-phosphate dehydrogenase. *p<0.05 with respect to control.
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Table 1. Continued 3

Protein

No. of

Accession Mascot matched/ sequence

Functional analysis

Expression

Fold
change

Unmatched peak

Matched peptide

Missed

Error

Molecular
coverage weight(Da) (ppm) cleavage

Total
searched

No. score

Protein
name

Protein ID

(%)
25

Unknown

Under-

0.37

842.4895, 856.5082, 870.5299,

R.AILPALKQTPK.N

-119.32 1

1179.6053

6/22

Coiled-coil  Q96CT7 56

CC74A

expressed

1045.5718, 1061.5298,
1097.5233, 1259.6726,

domain-

containing
protein
74A

1657.7713,1765.7071,

1791.7057,2211.0244,
2225.0398, 2239.0429,
2286.0187, 2584.1023,

3312.2134

R.DQEATHFPKVSTK.S

1
0
1
1
1

-7.23
-39.45

-74.23
252

1487.7381

- MSGAGVAAGTRPPSSPTPGSR.R

1940.8842
2096.9062
2705.0587

2716.98

- MSGAGVAAGTRPPSSPTPGSRR.R

R.ASAPLGARWVCINGVWVEPGGPSPAR.L
R.QRPSVGVQSLRPQSPQLRQSDPQK.R

191
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*Sequences matching HSPA2. "Sequences matching GSTM5.

coverage, molecular weight and other relevant details
are documented in Table 1 along with the functional
classification of the identified differentially expressed
proteins.

3. Western blot analysis of selected proteins

The expression profile of two key proteins (Gpx4 and
HSPAZ2) associated with redox regulation and protein
folding that plays a pivotal role in sperm function was
compared. The arbitrary intensity unit obtained from
densitometric analysis of WB revealed an underexpres-
sion of the protein HSPA2 while an overexpression of
Gpx4 in the spermatozoa of RPL group as compared to
the control group (Fig. 2C).

DISCUSSION

Recent reports have suggested a close association be-
tween altered semen parameters and elevated level of
embryo fragmentation indicating the possible involve-
ment of paternal factors in early embryo development.
Elevation in histone retention levels identified in our
previous study [11] concomitant to the abnormal identi-
fication of key proteins in the present study associated
with sperm chromatin remodelling signifies an aber-
rant epigenetic modification post-fertilsation. Thus,
supporting the fact paternal effect does have a role
in unusual early pregnancy loss in RPL patients and
needs to be further investigated.

The pronuclear stage of zygotes experiences dy-
namic histone modifications that is more distinct in
paternal than maternal pronuclei [19]. Histones are
known to be an integral part of sperm nucleosome that
aids in packaging the sperm chromatin during sperm
maturation and are susceptible to covalent modifica-
tions. Proteomic as well as microscopic analysis have
revealed the role of HSPA2 in elongating spermatids,
with unique redistribution pattern from a dispersed
intranuclear location to subacrosomal domains. That
correlates with the cessation of histone acetylation and
histone removal as a part of chromatin remodelling
process [20]. The present study identifies HSPA2 in an
underexpressed state that may attribute to unusal his-
tone modifications within the spermatozoa leading to
oxidative stress as reported in our previous study [11].
On the other hand specific sperm domains responsible
for oocyte interaction established during spermatogen-
esis [21]. Oxidative stress results in chemical alkyla-
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tion of HSPA2 protein that works in concert with
SPAMI and ARSA for the initial tethering of human
spermatozoa to the zona pellucida [22]. Consequently,
aberrantly expressed HSPA2 in the spermatozoa of
RPL patients may lead to compromised zona-pellucida
interactions that facilitates fertilisation though but
prohibits further development. Studies have also re-
vealed that induction of 1Hsp70 in myoblasts after heat
shock strongly depends on the transient activation of
JNKs signalling pathway and c-Jun activation [23].
JIP4 is a group of scaffold proteins selectively mediates
JNK signaling by aggregating specific components of
the MAPK cascade to form a functional JNK signal-
ing module [24]. With the identification of JIP4 in an
overexpressed state in our present study further signi-
fies of an abrupt signal transduction pathway. During
early embryonic development, a fine tuning between
signal transduction, transcriptional machinery, and
epigenetic factors is warranted. A large body of lit-
erature suggests the possible role of sperm transcripts
encoding proteins in early embryos [25]. ZN318 is a
member of zinc finger family protein that regulates
androgen receptor-mediated transcriptional activation
Histone retaintion

h Oxidative stress

DNA fragmentation

RPL

Egg Fertilization Embryo development
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[26], while ZN185 induces fertility suppression [27]. Zinc
finger proteins have a role in sperm development there
exists paucity of data on ZN248 (overexpressed) iden-
tified in the present study. On the other hand, small
RNAs (tRNAs and micro RNAs) are reported to be
involved in sperm maturation, with TF3C1 is known
to be involved in RNA polymerase IIl-mediated tran-
scription while there exists negligible knowledge with
its relation to sperm function. Further the detection of
CC74A 1in altered state with unknown function raises
several questions about the mechanistic role played by
these proteins during early development.

Reactive oxygen species (ROS) at optimal level is es-
sential for physiological function of spermatozoa such
as disulfide bridging events of sperm chromatin while
at elevated levels may lead to cellular oxidative dam-
age. Adequate amount of antioxidants protects the
spermatozoa from damage, whereas low amounts may
render the spermatozoa vulnerable to ROS attack.
This defensive mechanism of the spermatozoa towards
oxidative stress works in concert with the glutathione
system specifically controlled by the GPx family mem-
bers that has been correlated with embryo morphol-

ilure of expression of

Fetal development :

“»

Loss of pregnancy

1

GPX4 1
JIP4 1
ZN248 1
HSPA2 |
GSTM5 |
TF3C1 |
CCT74A |

o

o

MS/MS
RDVLTGRPFYK

l‘
28
MS analysis for protein
identification from database

Fig. 3. Schematic representation of proposed hypothesis of involvement of oxidative stress in spermatozoa as epigenetic regulator of paternal
factors in recurrent pregnancy loss (RPL). GAPDH: glyceraldehyde 3-phosphate dehydrogenase, 2D-DIGE: two-dimensional difference gel electro-

phoresis, MS: mass spectrometry.
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ogy on day 3 [28]. GPx4 is an essential selenoenzyme
that exists as a cytosolic form, mitochondrial form, and
nuclear form necessary for early embryogenesis and
cell viability because of its unqiue ability to prevent
phospholipid oxidation. Being predominantly expressed
in late spermatids and spermatozoa is also known to
play a vital role in the formation of disulfide bridg-
ing intermediates [29]. While, GSTM5 is a member of
the p-class of glutathione S-transferases is abundantly
expressed in the testis that protects the spermatozoa
from oxidative stress through several events of phos-
phorylation/dephosphorylation while its disruption
leads to an increase in protein sulfhydryl oxidation [30].
The present study identified GPx4 and GSTM5 that
aids in chromatin remodelling and protection against
oxidative stress within the sprematozoa in an altered
state (overexpressed and underexpressed respectively).
Thus signifying, excessive ROS generation leads to an
imbalance in antioxidant level and contribute to el-
evated histone retention [11] as well as to aberrant em-
bryo formation with the potent responsible for failed
pregnancy despite successful conception. Althogh, low
sample size is a limitation of the present study due to
the difficulty to enrol sufficient patients who are expe-
riencing RPL and willing to participate in this study,
and warrants further investigation. However, this
study again gives scope to re-think and speculate that
does oxidative stress in spermatozoa of RPL patients
have the capacity to alter epigenetic signatures in ear-
ly embryonic development (Fig. 3) — a theory that has
been less investigated.

CONCLUSIONS

The present study is thus, a step forward in under-
standing the paternal role in RPL patients with the
quest that pinpoints the consequences of aberrant
epigenetic signatures in early embryonic development.
In brief, the findings of the present study relates to
the identification of specific differentially expressed
proteins in the spermatozoa of RPL patients that have
a pivotal role in the transmission of correct epigenetic
signatures post-fertilisation. A further in depth analy-
sis using LC-MS/MS approach is thus warranted that
may lead to identification of more number of proteins
involved in paternal contribution to pregnancy mainte-
nance and embryo development.
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