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 24 

ABSTRACT 25 

Study question: Does oxidative stress compromise the protein expression of heat shock protein A2 26 

(HSPA2) in the developing germ cells of the mouse testis?  27 

 28 

Summary answer: Oxidative stress leads to the modification of HSPA2 by the lipid aldehyde 4-29 

hydroxynonenal (4HNE) and initiates its degradation via the ubiquitin-proteasome system.  30 

What is known already: Previous work has revealed a deficiency in HSPA2 protein expression 31 

within the spermatozoa of infertile men that have failed fertilization in a clinical setting. While the 32 

biological basis of this reduction in HSPA2 remains to be established, we have recently shown that 33 

the HSPA2 expressed in the spermatozoa of normozoospermic individuals is highly susceptible to 34 

adduction, a form of post-translational modification, by the lipid aldehyde 4HNE which has been 35 

causally linked to the degradation of its substrates. This modification of HSPA2 by 4HNE adduction 36 

dramatically reduced human sperm-egg interaction in vitro. Moreover, studies in a mouse model offer 37 

compelling evidence that the co-chaperone BCL2-associated athanogene 6 (BAG6) plays a key role in 38 

regulating the stability of HSPA2 in the testis, by preventing its ubiquitination and subsequent 39 

proteolytic degradation. 40 

Study design, size, duration: Dose-dependent studies were used to establish a 4HNE-treatment 41 

regime for primary culture(s) of male mouse germ cells. The influence of 4HNE on HSPA2 protein 42 

stability was subsequently assessed in treated germ cells. Additionally, sperm lysates from infertile 43 

patients with established zona pellucida recognition defects were examined for the presence of 4HNE 44 

and ubiquitin adducts. A minimum of three biological replicates were performed to test statistical 45 

significance. 46 

Participants/materials, setting, methods: Oxidative stress was induced in pachytene spermatocytes 47 

and round spermatids isolated from the mouse testis, as well as a GC-2 cell line, using 50 - 200 µM 48 

4HNE or hydrogen peroxide (H2O2), and the expression of HSPA2 was monitored via 49 

immunocytochemistry and immunoblotting approaches. Using the GC-2 cell line as a model, the 50 

ubiquitination and degradation of HSPA2 was assessed using immunoprecipitation techniques and 51 

pharmacological inhibition of proteasomal and lysosomal degradation pathways. Finally, the 52 

interaction between BAG6 and HSPA2 was examined in response to 4HNE exposure via proximity 53 

ligation assays.   54 

Main results and the role of chance: HSPA2 protein levels were significantly reduced compared to 55 

controls after 4HNE treatment of round spermatids (P < 0.01) and GC-2 cells (P < 0.001) but not 56 
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pachytene spermatocytes. Using GC-2 cells as a model, HSPA2 was shown to be both adducted by 57 

4HNE and targeted for ubiquitination in response to cellular oxidative stress. Inhibition of the 58 

proteasome with MG132 prevented HSPA2 degradation after 4HNE treatment indicating that the 59 

degradation of HSPA2 is likely to occur via a proteasomal pathway. Moreover, our assessment of 60 

proteasome activity provided evidence that 4HNE treatment can significantly increase the proteasome 61 

activity of GC-2 cells (P < 0.05 versus control). Finally, 4HNE exposure to GC-2 cells resulted in the 62 

dissociation of HSPA2 from its regulatory co-chaperone BAG6, a key-mediator of HSPA2 stability in 63 

male germ cells.  64 

Large scale data: Not applicable  65 

Limitations, reasons for caution: While these experiments were performed using a mouse germ cell-66 

model system, our analyses of patient sperm lysate imply that these mechanisms are conserved 67 

between mouse and human germ cells.  68 

Wider implications of the findings: This study suggests a causative link between non-enzymatic 69 

post-translational modifications and the relative levels of HSPA2 in the spermatozoa of a specific sub-70 

class of infertile males. In doing so, this work enhances our understanding of failed sperm-egg 71 

recognition and may assist in the development of targeted antioxidant-based approaches for 72 

ameliorating the production of cytotoxic lipid aldehydes in the testis in an attempt to prevent this form 73 

of infertility.  74 

Study funding/competing interest(s): This work was supported by the National Health and Medical 75 

Research Council of Australia (APP1101953). The authors have no competing interests to declare. 76 

 77 
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INTRODUCTION 87 

Cellular oxidative stress prompts an array of deleterious events in both somatic and germ cells that 88 

can lead to cell senescence. Most extensively studied in the male germ line is the effect of potent 89 

reactive oxygen species (ROS) on cell function and the devastating consequences of these small 90 

molecules on fertility (Aitken et al., 1991; Iwasaki and Gagnon, 1992; Tremellen, 2008; Aitken, 91 

2011). However, emerging research implicating reactive aldehydes, such as 4-hydroxynonenal 92 

(4HNE) and acrolein, in cellular damage pathways has uncovered an additional tier of protein 93 

regulation in the form of non-enzymatic post-translational modifications (Esterbauer et al., 1991; 94 

Uchida and Stadtman, 1992). These aldehyde-induced modifications are particularly pertinent to 95 

spermatozoa for two reasons. Firstly, they rely heavily on post-translational modifications to acquire 96 

their functional capacity during maturation in both the epididymis and female reproductive tract. 97 

Secondly, spermatozoa are laden with ω-6 poly-unsaturated fatty acids that are the key substrates for 98 

oxidative attack, yielding high amounts of 4HNE (Jones et al. 1979; Rao et al., 1989; Aitken et al., 99 

2012).  100 

Reactive aldehydes are rapidly produced during the peroxidation of membrane lipids and can 101 

modify their target proteins through the formation of stable covalent adducts with the nucleophilic 102 

functional groups of cysteine, lysine and histidine residues (Uchida, 2003). This alkylation occurs 103 

through both Michael and Schiff base addition reactions and the resulting insertion of a carbonyl 104 

group can greatly impact protein function (Esterbauer et al., 1991; Uchida and Stadtman, 105 

1992; Butterfield, 2002; Perluigi et al., 2012). Such modifications have the potential to elicit a number 106 

of detrimental consequences, such as, protein mis-folding, poor substrate recognition and protein 107 

degradation (Perluigi et al., 2012; Uchida and Stadtman, 1992; Carbone et al., 2004).  108 

Though the full extent of the damage that can be elicited within spermatozoa via these 109 

aldehyde-induced modifications is yet to be understood, recent studies from our own laboratory have 110 

provided evidence that a suite of sperm substrates can be modified by 4HNE (Baker et al., 2015; 111 

Aitken et al., 2012; Moazamian et al., 2015). Amongst these targets is heat shock protein A2 112 
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(HSPA2), a molecular chaperone that plays fundamental roles in germ cell differentiation (Eddy, 113 

1999), spermiogenesis (Huszar et al., 2006; as reviewed by Scieglinska and Krawczyk, 2015), and in 114 

the priming of the sperm surface for oocyte recognition and binding (Redgrove et al., 2012;2013, 115 

Bromfield et al., 2015a, reviewed by Nixon et al., 2015). By examining the proteome of spermatozoa 116 

from patients exhibiting repeated failure of IVF, we have previously identified severely reduced 117 

HSPA2 protein levels as a major feature of their underlying pathophysiology (Redgrove et al., 2012). 118 

These results are congruent with independent studies, thus identifying the levels of HSPA2 in mature 119 

human spermatozoa as a robust discriminative index of fertilising potential (Ergur et al., 2002; Huszar 120 

et al., 2006; Motiei et al., 2013). Accordingly, the modification of HSPA2 brought about by 4HNE 121 

adduction was demonstrated to cause a dramatic reduction in human sperm-egg interaction in vitro, 122 

likely due to the attenuation of HSPA2 chaperoning activity and the resultant failure to correctly 123 

position oocyte receptors on the anterior surface of the sperm head (Bromfield et al., 2015a). 124 

Importantly, in highlighting the susceptibility of HSPA2 to oxidative insult in mature spermatozoa, 125 

these studies have identified a potential mechanism by which HSPA2 function could be compromised 126 

in the spermatozoa of patients experiencing repeated IVF failure.  127 

While mildly oxidized proteins have long been considered targets for proteolysis in somatic 128 

cells (Grune et al., 1995; Shang et al., 2001; Carbone et al., 2004), the fate of protein substrates 129 

modified by 4HNE in the male germ line has not been examined. Interestingly, studies evaluating the 130 

innate stability of HSPA2 in mouse germ cells have revealed that this protein is susceptible to 131 

proteolytic degradation in the absence of its protective co-chaperone BCL2-associated athanogene 6; 132 

BAG6 (Sasaki et al., 2008), a protein that we postulate may provide similar protection to HSPA2 in 133 

human germ cells (Bromfield et al., 2015b). Given that causal links have been established between 134 

4HNE adduct formation and protein degradation in other cell types, this study sought to explore the 135 

effects of 4HNE on the stability of HSPA2 in the developing germ cells of the mouse testis, as a 136 

model for human germ cell development. Additionally, this study aimed to evaluate the use of an 137 

immortalized germ cell-derived cell line, the GC-2 cells, to develop a platform for the mechanistic 138 

study of HSPA2 stability in the male germ-line under conditions of oxidative stress.  139 
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 140 

MATERIALS AND METHODS 141 

Ethics approval 142 

All experimental procedures involving animals were conducted with the approval of the University of 143 

Newcastle's Animal Care and Ethics Committee (ACEC) (approval number A-2013–322). Inbred 144 

Swiss mice were obtained from a breeding colony held at the institutes' central animal house and 145 

maintained according to the recommendations prescribed by the ACEC. Mice were housed under a 146 

controlled lighting regime (16L:8D) at 21–22 °C and supplied with food and water ad libitum. Prior to 147 

dissection, animals were euthanized via CO2 inhalation. All other experiments were conducted with 148 

human semen samples obtained with informed written consent from a panel of IVF patients enrolled 149 

in ART programmes with IVFAustralia (Greenwich, NSW, Australia). Volunteer involvement and all 150 

experimental procedures were performed in strict accordance with institutional ethics approvals 151 

granted by the University of Newcastle Human Research and Ethics Committee (Approval No. H-152 

2013-0319) and the IVFAustralia Ethics Committee with written consent obtained from all 153 

participants. All sperm samples were subjected to analyses in accordance with the World Health 154 

Organization guidelines (WHO, 2010), and patients were selected on the basis of failed IVF 155 

associated with poor zona pellucida adherence following overnight incubation with a minimum of five 156 

oocytes.  157 

 158 

Reagents 159 

Unless specified, chemical reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA) and 160 

were of research grade. Cell culture reagents were purchased from Sigma or ThermoFisher Scientific 161 

(Waltham, MA, USA). The following primary antibodies were purchased to characterize proteins of 162 

interest: rabbit polyclonal anti-HSPA2 (Sigma-Aldrich; Cat # SAB1405970); mouse monoclonal anti-163 

ubiquitin (Abcam, Cambridge, UK; Cat # ab7254); rabbit monoclonal anti-ubiquitin (linkage-specific 164 
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k48) (Abcam; Cat # ab140601), rabbit polyclonal anti-4HNE (Jomar Bioscience, Kensington, VIC, 165 

Australia; Cat # HNE11-S), mouse monoclonal anti-BAG6 (Santa Cruz Biotechnology, Dallas, TX, 166 

USA; Cat # sc-365928) and rabbit polyclonal anti-Fibrillarin (Abcam; Cat # ab5821). The aldehyde 167 

purchased for these studies was 4HNE (Cayman Chemicals, Ann Arbor, MI, USA). Albumin and 3-168 

[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) were obtained from Research 169 

Organics (Cleveland, OH, USA) and DMEM was purchased from Life Technologies (Mulgrave, VIC, 170 

Australia). Tris was purchased from ICN Biochemicals (Castle Hill, NSW, Australia), nitrocellulose 171 

was from GE Healthcare (Buckinghamshire, UK), Mowiol 4-88 was from Calbiochem (La Jolla, CA, 172 

USA), and paraformaldehyde was supplied by ProSciTech (Thuringowa, QLD, Australia). For 173 

immunoprecipitation studies Protein G beads and a 3,3′-dithiobis[sulfosuccinimidylpropionate] 174 

(DTSSP) cross-linker were purchased from ThermoFisher Scientific. Appropriate horse-radish 175 

peroxidase (HRP)-conjugated secondary antibodies were obtained from Santa Cruz Biotechnology 176 

and Sigma-Aldrich.  177 

Germ cell isolation 178 

Enriched populations of spermatocytes and spermatids were recovered from dissected adult mouse 179 

testes using density sedimentation at unit gravity as described previously (Baleato et al., 2005). 180 

Briefly, testes were disassociated and tubules were sequentially digested with 0.5 mg/ml 181 

collagenase/DMEM and 0.5% v/v trypsin/EDTA to remove extra-tubular contents and interstitial 182 

cells. The remaining isolated cells were loaded onto a 2 – 4% w/v bovine serum albumin 183 

(BSA)/DMEM gradient to separate male germ cell types according to density. This method results in 184 

the isolation of germ cells with very little to no somatic cell contamination, as extra-tubular cells are 185 

digested and removed prior to density sedimentation (Nixon et al., 2014; Baleato et al., 2005). These 186 

isolations achieved ~81% purity for pachytene spermatocytes (PS) and ~89% purity for round 187 

spermatids (RS) with remaining contamination limited to the presence of some lepotene, zygotene and 188 

diplotene spermatocytes for ‘PS’ preparations and late/elongating spermatids for ‘RS’ preparations 189 

(Nixon et al., 2014; Katen et al., 2016).   190 
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Cell culture  191 

The murine spermatogenic cell line GC-2 spd (ts) (hereafter referred to as GC-2; American Type 192 

Culture Collection, Manassas, VA, USA) was cultured in DMEM supplemented with 100 mM sodium 193 

pyruvate, 200 mM L-glutamate, 100 U/ml penicillin, 10 mg/ml streptomycin, and 5% fetal calf serum 194 

and grown to confluence at 37 °C under 5% CO2 with medium renewed every 2–3 days. Cells were 195 

harvested for all assays using trypsin/EDTA, re-suspended in fresh DMEM and treated in solution.   196 

4HNE treatment and viability assessment 197 

Oxidative stress was induced in populations of isolated spermatocytes, spermatids and GC-2 cells 198 

through treatments with 4HNE at concentrations of 50, 100 and 200 μM, or with hydrogen peroxide 199 

(H2O2) at concentrations of 50 and 200 μM, based on previous studies (Bromfield et al., 2015a). 200 

4HNE and H2O2 were chosen to induce oxidative stress based on their efficacy established in previous 201 

studies (Aitken et al., 2012; Bromfield et al., 2015a; Baker et al., 2015). Cells were re-suspended in 1 202 

ml sterile DMEM, supplemented with 100 µM sodium pyruvate, 200 µM L-glutamate, 100 U/ml 203 

penicillin, 10 µg/ml streptomycin, and 5% v/v fetal bovine serum. Upon addition of 4HNE (50, 100 204 

and 200 μM) or H2O2, cells were incubated for a period of 3 h at 37 °C. After treatment, cell viability 205 

was assessed using an eosin vitality stain as previously described (Aitken et al., 2012). Based on 206 

viability scores across replicate experiments, a 4HNE concentration of 50 µM and duration of 3 h was 207 

selected for the treatment of both spermatocytes and spermatids. For GC-2 cells, concentrations of 50 208 

µM and 200 µM 4HNE were used throughout the study as specified and cells were exposed to 4HNE 209 

for 3 h.  210 

Sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis and immunoblotting 211 

Following treatment with 4HNE, spermatids, spermatocytes and GC-2 cells were washed once in 212 

DMEM, pelleted via centrifugation for 5 min at 500 x g and resuspended for SDS-based protein 213 

extraction, as previously described (Reid et al., 2012). Protein extracts were then boiled in the 214 

presence of NuPAGE LDS sample buffer (Invitrogen) containing 8% β-Mercaptoethanol, subjected to 215 

SDS polyacrylamide gel electrophoresis (SDS–PAGE) using 4–12% Bis–Tris gels (ThermoFisher 216 
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Scientific) and then electro-transferred to nitrocellulose membranes using conventional Western 217 

blotting techniques (Towbin et al., 1979). To detect proteins of interest, membranes were blocked in 218 

3% BSA in Tris-buffered saline supplemented with 0.1% Tween-20 (TBST, pH 7.4) then probed with 219 

either anti-HSPA2 diluted 1:1000, anti-UBI-1 diluted 1:500; anti-UBI-k48 diluted 1:500; or anti-220 

4HNE diluted 1:1000 in TBST supplemented with 1% BSA under constant rotation overnight at 4 °C. 221 

Membranes were washed in TBST (3 × 10 min at room temperature) and appropriate secondary 222 

antibodies were applied for 1 h at room temperature under constant rotation. After a further three 223 

washes, labelled proteins were visualized using an enhanced chemiluminescence detection kit (ECL 224 

plus, Amersham Bioscience, UK) according to the manufacturer's instructions. After development, all 225 

Western blots were stripped prior to being re-incubated in anti-α-tubulin antibodies and its 226 

corresponding secondary antibody, as above, to determine relative loading.  Band density was 227 

quantified over three replicate blots using Image J software (version 1.48v; National Institute of 228 

Health, Bethesda, MD, USA)) and expressed relative to α-tubulin labelling intensity.  229 

Immunocytochemistry 230 

Following treatment, cells were fixed in 4% paraformaldehyde, washed 3× with 0.05 M glycine in 231 

phosphate-buffered saline (PBS) at room temperature and then pipetted in 50 μl aliquots onto poly-L-232 

lysine-coated glass coverslips and allowed to settle for > 3 h. Non-adherent cells were removed with 233 

one wash of PBS then cells were permeabilized with 0.2% Triton X-100 and placed in a humid 234 

chamber for blocking with 3% BSA/PBS for 1 h. Coverslips were then washed in PBS and incubated 235 

in anti-ubiquitin or anti-HSPA2 antibodies diluted 1:500 or 1:1000, respectively, overnight at 4°C. 236 

Following this, coverslips were washed (3 × 5 min) in PBS before applying appropriate secondary 237 

antibodies diluted 1:100 with 1% BSA/PBS for 1 h at room temperature. Coverslips were washed in 238 

PBS (3 × 5 min) before mounting in 10% mowiol 4-88 (Calbiochem) with 30% glycerol in 0.2 M Tris 239 

(pH 8.5) and 2.5% 1,4-diazabicyclo-(2.2.2)-octane (DABCO). Cell labelling was examined with a 240 

Zeiss LSM510 laser scanning confocal microscope (Carl Zeiss Pty, Sydney, Australia). Fluorescence 241 

intensity analysis was performed by recording the fluorescence of ~ 50 isolated germ cells over three 242 

replicates using ImageJ software. 243 
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Immunoprecipitation  244 

Untreated and 50 μM H2O2 treated GC-2 cells were lysed at 4°C for 2 h in lysis buffer consisting of 245 

10 mM CHAPS, 10 mM HEPES, 137 mM NaCl and 10% glycerol with the addition of protease 246 

inhibitors (Roche). The cell lysates were then added to 50 μl aliquots of washed protein G Dynabeads 247 

and incubated under rotation to preclear at 4°C for 1 h. Anti-HSPA2 antibody, 10 μg in 200 μl of 248 

PBS, was conjugated to fresh aliquots of washed Dynabeads by incubation for 2 h at 4°C under 249 

rotation. Following antibody binding, the cross-linking reagent, 3,3’-250 

dithiobis[sulfosuccinimidylpropionate] (DTSSP), was added at a final concentration of 2 mM and 251 

crosslinking was performed at room temperature  for 30 min after which 20 mM Tris was added to 252 

each tube for an additional 15 min at room temperature  to quench the reaction. Immunoprecipitation 253 

was then performed by adding 1 ml pre-cleared lysate to HSPA2 antibody bound beads and 254 

incubating under rotation overnight at 4°C. After incubation, supernatants were transferred to clean 255 

tubes and washed (3×) in 200 μl of PBS at room temperature. Target antigen was eluted from the 256 

beads by boiling in the presence of SDS loading buffer containing 8% β-Mercaptoethanol with the 257 

same elution step performed on preclear beads. These solutions were loaded onto a NuSep 4-20% 258 

Tris-glycine gel for analysis via SDS-PAGE. In addition, bead only and antibody only controls were 259 

prepared by loading 10 μl of protein-G bead slurry and 5 μl of anti-HSPA2 in the presence of SDS-260 

loading buffer into appropriate gel lanes. Gels were loaded in triplicate, resolved at 150 V for ~1 h 261 

and prepared for immunoblotting with anti-UBI-k48 and anti-4HNE antibodies.  262 

Proteasome activity assay and inhibitor studies 263 

To assess proteasome activity in response to 4HNE treatment, spermatocytes, spermatids and GC-2 264 

cells were washed twice in DMEM and cell concentration was adjusted to ensure equal cell numbers 265 

across each population. All cell suspensions were lysed in 100 μl of nonidetP40 (NP40) protein 266 

extraction buffer composed of; 150 mM sodium chloride, 50 mM Tris and 0.5% NP40, for 30 min 267 

under constant rotation at 4 °C. After centrifugation at 16300 x g for 15 min supernatants were 268 

transferred to a clean tube and then assessed for proteasome activity using a commercial proteasome 269 
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assay kit that utilizes an 7-amino-4-methylcoumarin (AMC)- tagged peptide substrate, which releases 270 

highly fluorescent AMC in the presence of proteolytic activity (Abcam, ab107921). Briefly, 25 µl of 271 

each sample was loaded into a 96 well plate in duplicate, alongside a Jurkat cell lysate positive control 272 

(supplied) and AMC protein standards. To one well of each sample and control, 1 µl of proteasome 273 

inhibitor MG132 was added to differentiate proteasome activity from other protease activity that may 274 

be present in the samples.  275 

Plates were incubated for 30 min and then analysed on a BMG Fluostar Optima plate reader 276 

(BMG Labtech, Mornington, VIC, Australia) at an excitation/emission = 350/440 nm. Following a 277 

further 30 min incubation at 37 °C, plates were analysed a second time to allow the change in relative 278 

fluorescence units ( RFU) to be calculated for each sample. Data were analysed following the 279 

manufacturers’ instructions and proteasome activity was calculated such that one unit of proteasome 280 

activity is equivalent to the amount of proteasome activity that generates 1.0 nmol of AMC per minute 281 

at 37°C. 282 

To further investigate the role of the proteasome, GC-2 cells were treated with either a 283 

proteasome inhibitor MG132 (10μM) or a lysosome inhibitor (chloroquine: 100μM) for the duration 284 

of 4HNE exposure and then cells were lysed and prepared for immunoblotting experiments with anti-285 

HSPA2 antibodies (as above).  286 

Proximity ligation assay 287 

Duolink in situ primary ligation assays (PLAs) were conducted in accordance with the manufacturers’ 288 

instructions on fixed GC-2 cells adhered to poly-L-lysine coated coverslips (Sigma-Aldrich). Briefly, 289 

samples were blocked in Duolink blocking solution and then incubated with primary antibodies (anti-290 

BAG6, anti-HSPA2 and anti-tubulin) overnight at 4°C. Oligonucleotide conjugated secondary 291 

antibodies (PLA probes) were then applied for 1 h at 37°C and ligation of the PLA probes was 292 

performed and the signal amplified. The fluorescent signal generated when molecules are in close 293 

association (< 40 nm) was visualized using fluorescence microscopy and pixel intensity scores were 294 

generated using Image J image analysis software (Version 1.48v; NIH, USA) for untreated and 4HNE 295 
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treated GC-2 cells. The specificity of the PLA reaction was ensured by performing proximity ligation 296 

with antibodies to the target antigens combined with anti-tubulin antibodies with which they should 297 

not interact, as described previously (Bromfield et al., 2016).   298 

Statistics 299 

All experiments were replicated at least 3 × with independent samples and data are expressed as mean 300 

values ± S.E. Statistical analysis was performed using a two-tailed, unpaired Student’s t test using 301 

Microsoft Excel (Version 14.0.7143.5000; Microsoft Corp., Redmond, WA, USA) Differences were 302 

considered significant for p < 0.05. 303 

 304 

 305 

RESULTS 306 

The effect of 4HNE treatment on HSPA2 expression in developing mouse germ cells 307 

Initial experiments focused on titration of exogenous 4HNE exposure to identify optimal conditions 308 

that were capable of eliciting a state of oxidative stress without significantly compromising the 309 

cellular viability of PS, RS, or GC-2 cells (i.e. maintenance of a minimal threshold above 70% 310 

viability in each population of cells).  On the basis of data from previous studies of mature 311 

spermatozoa, we adopted a 4HNE exposure period of 3 h with concentrations of the aldehyde ranging 312 

from 50 - 200 µM (Aitken et al., 2012, Moazamian et al., 2015; Baker et al., 2015; Bromfield et al., 313 

2015a). As expected, the viability of all mouse germ cells declined in a dose-dependent manner 314 

following 4HNE exposure. Notably however, primary cultures of PS and RS were deemed more 315 

sensitive to 4HNE insult than the GC-2 cell line, with 200 µM 4HNE reducing the number of viable 316 

cells to 52%, 63% and 70% in the target populations of PS, RS and GC-2 cells, respectively. From 317 

these observations, a 3 h treatment regime was selected comprising 200 µM 4HNE exposure for GC-2 318 

cells and a lower concentration of 50 µM 4HNE for both PS and RS (Supplementary Figure 1A).  319 
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Following exposure to these 4HNE treatment conditions, PS, RS and GC-2 cells were 320 

evaluated for their levels of HSPA2 protein expression relative to that of untreated cells incubated for 321 

an equivalent period in media alone (Figure 1). Immunoblotting of cell lysates with anti-HSPA2 322 

antibodies revealed that HSPA2 protein expression was not significantly affected in lysates recovered 323 

from 4HNE treated PS (Figure 1A).  Similarly, elevating the dose of 4HNE to 200 µM (equivalent to 324 

that used for GC-2 cells) did not yield any detectable changes in HSPA2 levels in the pachytene 325 

spermatocytes (Supplementary Figure 1B).  However, in marked contrast, a highly significant 326 

reduction in HSPA2 expression relative to anti-tubulin loading controls for both RS (Figure 1B) and 327 

GC-2 cells (Figure 1C) was observed. Of these two cell types, HSPA2 expression proved the most 328 

sensitive within the GC-2 cells, with the protein being barely detectable in the lysates isolated from 329 

4HNE treated GC-2 cells (Figure 1C).   330 

Equivalent data were also obtained in immunocytochemistry experiments whereby HSPA2 331 

protein expression was detected throughout the cytosol and extending into the nucleus of all untreated 332 

germ cells examined. In the case of PS, neither the intensity nor the localization of HSPA2 labelling 333 

appeared to be impacted by 4HNE treatment (Figure 2A).  However, HSPA2 labelling was 334 

significantly reduced in both 4HNE treated RS (Figure 2B; P < 0.01) and GC-2 cells (Figure 2C; P < 335 

0.01), to the point where it was virtually undetectable in the latter cells.  336 

As HSPA2 has proven to be vulnerable to ubiquitin-dependent degradation in a previous 337 

study characterizing Bat3 (Bag6) deficiency in the male germline (Sasaki et al., 2008), we next 338 

evaluated the expression of ubiquitin in PS, RS and GC-2 cells in response to 4HNE treatment. This 339 

experiment simultaneously permitted the assessment of cellular ubiquitin levels in response to 4HNE 340 

exposure. Immunocytochemistry with anti-UBI-1 revealed the presence of ubiquitin at basal levels in 341 

both the cytoplasmic and nuclear compartments of untreated PS, RS and GC-2 cells. Upon 4HNE 342 

treatment, a global increase in UBI-1 fluorescence was observed in RS and GC-2 cells but 343 

surprisingly this also occurred in PS despite their apparent resilience to HSPA2 loss (Figure 2). 344 

Although no overt re-localization of ubiquitin was detected in each cell population, the nuclear 345 

expression of ubiquitin did display a modest increase in RS after 4HNE exposure (Figure 2B).  346 
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This series of experiments uncovered a stage-dependent disparity in the vulnerability of 347 

HSPA2 to oxidative insult in developing germ cells, with the expression of the protein proving 348 

particularly susceptible to 4HNE in RS. Additionally, under our experimental conditions the GC-2 349 

cell line more closely reflected the behavior of the isolated RS population rather than that of the PS 350 

population. This cell line afforded the additional advantages that they were more resilient to 4HNE 351 

treatment, and could be more readily cultured in vitro than PS and RS.  Thus, for the purpose of this 352 

study, GC-2 cells were selected as a model for RS and used to gain further mechanistic insight into 353 

the loss of HSPA2 during germ cell development.  354 

Exploring a link between 4HNE adduction and ubiquitination of HSPA2 in the GC-2 cell line 355 

In previous studies focusing on mature human spermatozoa, we have provided evidence that HSPA2 356 

is selectively targeted for 4HNE adduction under conditions of oxidative stress (Bromfield et al., 357 

2015a). While this adduction did not result in a loss of HSPA2 expression in mature sperm cells, we 358 

predict that this modification may have more deleterious effects on HSPA2 stability in developing 359 

germ cells. To determine whether 4HNE treatment can result in the ubiquitination of HSPA2, GC-2 360 

cells were treated with either 50 µM or 200 µM 4HNE and ubiquitination was examined using an 361 

anti-UBI-k48 antibody. This antibody was selected for use as the K48 polyubiquitin chains are 362 

preferentially involved in signaling target proteins for proteasomal degradation (Mallette and Richard, 363 

2012). Immunoblotting with anti-UBI-k48 revealed numerous constitutively ubiquitinated protein 364 

substrates in untreated GC-2 cells (Figure 3A) However, treatment with 50 µM 4HNE augmented this 365 

ubiquitin profile resulting in the presence of a distinct ubiquitin-substrate band of approximately 72 366 

kDa. Moreover, increasing the concentration of 4HNE to 200 µM (a concentration at which HSPA2 367 

expression is virtually ablated in these cells, Figures 1C and 2C) resulted in the loss of this band from 368 

the ubiquitinated protein profile (Figure 3A). Incubation of corresponding membranes in anti-HSPA2 369 

antibodies revealed the co-migration of this ubiquitinated substrate with HSPA2 at 72 kDa and, as 370 

predicted, 50 µM 4HNE induced a modest reduction in HSPA2 expression while 200 µM treatments 371 

resulted in an absence of the 72 kDa HSPA2 band (Figure 3B).  Interestingly, with the exception of a 372 

prominent ubiquitinated band of ~100 kDa that was lost upon exposure of GC-2 cells to either 50 or 373 
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200 µM 4HNE, these treatments had limited additional impact on the profile of ubiquitinated proteins 374 

detected within GC-2 cell lysates (Figure 3A).  375 

To further validate the adduction and ubiquitination of HSPA2 under conditions of oxidative 376 

stress, the protein was immunoprecipitated from GC-2 cell lysates recovered from untreated and H2O2 377 

(50 µM) treated cells. In this instance, oxidative stress was induced with H2O2 in order to enable an 378 

accurate study of 4HNE adduction without the confounding factor of the exogenous 4HNE used to 379 

induce oxidative stress. As a prelude to this study we first verified the ability of H2O2 (50 and 200 380 

µM) to elicit a reduction in HSPA2 protein expression in GC-2 cells comparable to that observed with 381 

4HNE (Supplementary Figure 1C). Following immunoprecipitation, eluted proteins were probed with 382 

anti-HSPA2 (to confirm the efficacy of the method; Figure 4A), anti-4HNE (to identify protein 383 

adducts; Figure 4B) and anti-UBI-k48 antibodies to confirm ubiquitination of HSPA2 (Figure 4C). In 384 

both the treated and untreated eluates, the HSPA2 protein was effectively isolated as indicated by the 385 

predominant band at ~72kDa. As predicted, substantially more HSPA2 was detected in the 386 

immunoprecipitated protein from untreated GC-2 cells (Figure 4A).  Despite this, probing 387 

corresponding blots with anti-UBI-k48 (Figure 4B) and anti-4HNE (Figure 4C) revealed the presence 388 

of these molecules at ~72kDa uniquely within the H2O2 treated GC-2 cell elution lanes. Importantly, 389 

the specificity of this immunoprecipitation was confirmed through use of antibody-only and bead-390 

only controls, as well as a ‘precleared’ control, each of which failed to show any labelling of the 72 391 

kDa band corresponding to HSPA2. 392 

The influence of 4HNE on HSPA2 proteolysis 393 

While the ubiquitination of HSPA2 implies that this protein may be subject to proteolysis in response 394 

to oxidative stress, we sought to explicitly confirm this using the proteasome inhibitor MG132. When 395 

GC-2 cells were treated with 4HNE in the presence of MG132, the HSPA2 protein was clearly 396 

detected by immunoblotting at a level that appeared indistinguishable from that of untreated cells 397 

(Figure 5A). This finding suggests that the degradation of HSPA2 could indeed be prevented by 398 

attenuating proteasome activity. Moreover, the use of a lysosomal inhibitor, chloroquine, at a 100 µM 399 
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concentration previously reported to block the lysosomal degradative pathway (Dunmore et al., 2013; 400 

Koh et al., 2005), did not prevent the loss of HSPA2 expression (Figure 5B), thus providing further 401 

evidence that the degradation of HSPA2 is likely to proceed via a proteolytic pathway. Finally, to 402 

examine whether oxidative stress modulates global proteasome activity in GC-2 cells, a proteasome 403 

activity assay was employed. This assay revealed a 1.7-fold increase in proteasome activity in cells 404 

exposed to 4HNE when compared to their untreated counterparts (Figure 5C), suggesting that 4HNE 405 

may be capable of influencing proteasome activity in GC-2 cells.   406 

To gain further mechanistic insight into the loss of HSPA2 from oxidatively stressed GC-2 407 

cells, we turned our attention to its protective co-chaperone, BAG6, which has formerly been 408 

implicated in the regulation of HSPA2 stability in mouse testicular germ cells (Sasaki et al., 2008). 409 

Our analysis of BAG6 expression via immunoblotting and immunocytochemistry confirmed the 410 

presence of the protein in both 4HNE treated and untreated GC-2 cell populations with no significant 411 

difference in band density detected (Figure 6A). However, in 4HNE treated cells a shift in the 412 

localization of BAG6 was detectable with >70% of 4HNE treated GC-2 cells displaying BAG6 413 

fluorescence primarily around the periphery of the cell rather than the uniform expression throughout 414 

the cytosol that was observed in untreated GC-2 cells (Figure 6B). Furthermore, in a complimentary 415 

experiment untreated and 4HNE-treated GC-2 cells were separated into their nuclear and cytoplasmic 416 

compartments and prepared for Western blotting alongside an accompanying whole cell lysate. The 417 

efficacy of this subcellular fractionation was confirmed through immunoblotting with anti-tubulin and 418 

anti-Fibrillarin antibodies to demonstrate an enrichment of cytoplasmic and nuclear components, 419 

respectively. Importantly, probing of corresponding Western blots with anti-BAG6 revealed a modest 420 

reduction in BAG6 protein expression in the nuclear fraction of 4HNE-treated GC-2 cells and a 421 

corresponding subtle increase in BAG6 present in the cytoplasmic fraction (Supplementary Figure 2). 422 

Given this apparent re-localization, we next verified whether BAG6 and HSPA2 could form a stable 423 

interaction in GC-2 cells by employing a PLA, similar to that we have previously used to establish a 424 

relationship between BAG6 and HSPA2 in human spermatozoa (Bromfield et al., 2015a). This assay 425 

confirmed the association of BAG6 and HSPA2 in untreated GC-2 cells (Figure 6C). Conversely, GC-426 
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2 cells that had been treated with 4HNE displayed little PLA signal suggesting that the two proteins 427 

examined no longer reside in close enough proximity to form a stable interaction (Figure 6C). The 428 

specificity of the proximity ligation was verified by performing the assay with anti-BAG6 and anti-429 

tubulin antibodies as previously described (Supplementary Figure 2A). To further support these data, 430 

immunoprecipitation experiments were performed using HSPA2 as bait to assess the interaction 431 

between BAG6 and HSPA2 in response to 4HNE treatment (Figure 6D). Probing 432 

immunoprecipitation blots with anti-BAG6 revealed a concomitant reduction in BAG6 in the eluate of 433 

GC-2 cells exposed to 4HNE.  Importantly, the efficacy of the immunoprecipitation was confirmed 434 

through the interrogation of corresponding immunoblots with anti-HSPA2 revealing the presence of 435 

this protein in both the untreated and 4HNE-treated elution lanes, albeit with notably reduced 436 

expression in the eluates of 4HNE-exposed GC-2 cells. Taken together with our observations of 437 

BAG6 re-localization, these data suggest that oxidative stress induced by 4HNE treatment may result 438 

in the disassociation of BAG6 and HSPA2, an event that may influence the susceptibility of HSPA2 439 

to ubiquitination and degradation by the proteasome.  440 

Examination of the relationship between HSPA2, ubiquitin and 4HNE in the spermatozoa of infertile 441 

patients 442 

In previous studies we have established that the spermatozoa of infertile men with zona pellucida  443 

binding defects are deficient in both HSPA2 (Redgrove et al., 2012) and BAG6 (Bromfield et al., 444 

2015a). To examine the applicability of the current study to these infertile patients we subjected 445 

sperm lysates from the same fertile and infertile men to immunoblotting analyses for HSPA2, 446 

ubiquitin and 4HNE. Interestingly, spermatozoa from fertile men that have normal expression levels 447 

of HSPA2 (as shown in Figure 7A) appeared to possess a number of ubiquitin (Figure 7B) and 4HNE 448 

(Figure 7C) adducts with distinct bands present at 72 kDa. This may imply that HSPA2 in the 449 

spermatozoa of healthy donors may still be susceptible to the adduction/ubiquitination process during 450 

development. However, spermatozoa from infertile patients that have a deficiency in HSPA2, lacked 451 

the 72 kDa 4HNE and ubiquitin bands present in the spermatozoa of their fertile counterparts (Figure 452 

7A-C). If a similar oxidative mechanism for HSPA2 degradation occurs in the human testis as 453 
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described herein for the mouse, we would expect that the loss of HSPA2 via proteolysis would result 454 

in the concomitant loss of detectable 4HNE and ubiquitin expression at that molecular weight. 455 

Therefore, it is possible that the loss of HSPA2 in male infertility patients may occur through a similar 456 

ubiquitin-dependent proteolysis. While this hypothesis requires more rigorous examination with a 457 

larger cohort of patients, certainly these data provide support for the use of mouse GC-2 cells as a 458 

model for the study of HSPA2 deficiency in male germ cells.  459 

 460 

DISCUSSION 461 

Reactive aldehyde-induced protein modifications underpin numerous models of cellular dysfunction 462 

and degeneration (Bradley et al., 2010; Citron et al., 2016; Kapphahn et al., 2006; Lord et al., 2015). 463 

Despite their rapid turnover in the testis, developing spermatozoa are not spared the deleterious 464 

consequences of lipid aldehydes, such as 4HNE, and possess many protein and nucleic acid-based 465 

targets for adduction (Baker et al., 2015; Aitken et al., 2012). Previously, we have confirmed the 466 

targeting of HSPA2 by 4HNE in mature human spermatozoa and linked this aldehyde to a causal role 467 

in the dysregulation of zona pellucida-receptor complex assembly and the subsequent loss of sperm-468 

egg interaction in vitro (Bromfield et al., 2015a). This work led us to hypothesize that HSPA2 469 

deficiency in the infertile population may be underpinned by 4HNE-mediated protein damage 470 

occurring during the formation of the mature gametes in the testis. This inclination is supported by 471 

previous studies establishing the vulnerability of HSPA2 to rapid degradation by the ubiquitin-472 

proteasome system in the absence of its protective chaperone BAG6 in mouse germ cells (Sasaki et 473 

al., 2008). Moreover, it is known that 4HNE and other lipid aldehydes can render their protein 474 

substrates more susceptible to degradation (Carbone et al., 2004b; Marques et al., 2004; Botzen and 475 

Grune, 2007; Whittsett et al., 2007). The study described in this manuscript proposes a marriage of 476 

these events whereby oxidative stress promotes the targeting of HSPA2 by 4HNE, leading to its 477 

dissociation from BAG6 and the ensuing degradation of HSPA2 by the ubiquitin-proteasome system 478 
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(summarized in Figure 8). To our knowledge, this is the first study to investigate the fate of a 4HNE-479 

modified substrate in developing germ cells.  480 

A key aim of this study was to validate the use of the GC-2 cell line for the study of HSPA2 481 

protein dynamics under conditions of oxidative stress. In comparing the sensitivity of spermatocytes, 482 

spermatids and GC-2 cells to oxidative stress, a unique maturation-dependent disparity was 483 

encountered whereby HSPA2 protein expression was relatively stable in PS compared to RS. This 484 

incongruence may reflect a number of biological differences between spermatocytes and post-meiotic 485 

spermatids including differences in proteasome activity (Wojtczak and Kwiatkowska, 2008), 486 

detoxification (Den Boer et al., 1990; Nixon et al., 2014), and/or the rate of protein synthesis within 487 

the two cell types (Messina et al., 2010). In support of differences in the rate of proteasome activity 488 

our pilot data has revealed a 4-fold increase in proteasome activity in spermatids compared to 489 

spermatocytes (Supplementary Figure 2C). This enhanced activity may reflect the need for 490 

degradation of unnecessary protein content (e.g. histones) as spermatids commence elongation to 491 

produce morphologically mature spermatozoa and begin their histone to protamine transition 492 

(Kwiatkowska et al., 2003; Wojtczak and Kwiatkowska, 2008). Additionally, examination of the 493 

profile of 4HNE-adducted proteins in both round spermatids and pachytene spermatocytes revealed a 494 

greater number of 4HNE adducted proteins in the lysate of RS versus PS (Supplementary Figure 2D) 495 

suggesting an innate vulnerability to this form of post-translational non-enzymatic modification in 496 

spermatids. This may reflect an important change in the lipid composition of developing spermatids as 497 

their membranes become enriched with glycerophospholipids and 2-hydroxylated very long chain 498 

polyunsaturated fatty acids (Oresti et al., 2010). One may speculate that such developmental changes 499 

could lead to an increased yield of 4HNE and other lipid peroxidation products in RS upon oxidative 500 

attack.  501 

In a physiological sense, the retention of HSPA2 in PS may be indicative of protective 502 

mechanisms in place to ensure HSPA2 can fulfil its role in synaptonemal complex assembly during 503 

meiosis (Dix et al., 1996; 1997). Such a role is known to be essential, at least in the mouse, as Hspa2 -504 

/- mice do not produce post-meiotic germ cells (Dix et al., 1996 a,b). However, the susceptibility of 505 
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RS to HSPA2 degradation is particularly interesting as human studies suggest that HSPA2 is 506 

expressed at higher levels in elongating spermatids than in spermatocytes (Huszar et al., 2000; Motiei 507 

et al., 2013). Accordingly, HSPA2 appears to play an important role in spermiogenesis and has been 508 

used as a biomarker of both sperm maturity and IVF success (Ergur et al., 2002; Cayli et al., 2003). 509 

Moreover, immature human sperm that fail to express HSPA2 have increased cytoplasmic retention 510 

and lack the ability to interact with zona pellucida (Huszar et al., 2000). This effect on zona pellucida 511 

interaction mirrors what we have recorded when modelling the effect of 4HNE adduction to HSPA2 512 

in mature spermatozoa in vitro (Bromfield et al., 2015b). With these maturational differences in mind, 513 

GC-2 cells appear to respond to 4HNE exposure in a manner most similar to RS in terms of HSPA2 514 

stability. This is particularly interesting as the GC-2 cells were originally derived from spermatocytes. 515 

However, despite their proliferative nature, GC-2 cells have been reported to display a number of 516 

spermatid-like features (Hofmann et al., 1994; Sanborn et al., 1997; Meinhardt et al., 1997). As this 517 

cell line also proved more resilient to 4HNE exposure and is known to be appropriate for transfection 518 

experiments, these cells were deemed an appropriate model to further investigate the mechanisms 519 

behind HSPA2 loss in developing germ cells.   520 

Through both co-migration and immunoprecipitation approaches, we have provided evidence 521 

for the ubiquitination of HSPA2 in response to 4HNE exposure in GC-2 cells. As an important 522 

precedent for these findings, it has previously been shown that preferential ubiquitination occurs on 523 

4HNE-modified substrates in other cell types such as cultured lens epithelial cells (Marques et al., 524 

2004). Furthermore, chaperones such as alphaB-crystallin that are expressed in these cells are known 525 

to be ubiquitinated at a faster rate when modified by 4HNE than in their native form (Marques et al., 526 

2004). With regard to HSPA2, mutational analyses have identified several lysine residues within the 527 

protein’s primary structure as targets for poly-ubiquitination. Importantly, such residues are conserved 528 

between the mouse and human HSPA2 homologues (Sasaki et al., 2008). While the ubiquitin-529 

proteasome system (UPS) affords a logical pathway for the selective degradation of damaged proteins 530 

(Sutovsky, 2003), oxidatively-modified proteins are more often degraded by the 20S proteasome in a 531 

manner independent of ubiquitin (Shringarpure et al., 2003; Jung and Grune, 2008). This may be due 532 
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to oxidative side chain modification occurring at lysine residues that are also the binding sites for 533 

ubiquitin (Grune et al., 2003). Although 4HNE modification at lysine residues could also hinder 534 

ubiquitin from contacting its substrates, 4HNE preferentially reacts with cysteine residues (Wakita et 535 

al., 2009) and accordingly, its known target on HSPA2 is a cysteine that lies within the ATPase 536 

domain of the protein (Carbone et al., 2004). While we are yet to confirm whether this cysteine is 537 

indeed the target of 4HNE modification in our germ-cell model system, the involvement of the UPS in 538 

the degradation of this protein does provide us with a rationale to investigate cysteine- and histidine-539 

based 4HNE modifications on HSPA2 in future experiments.  540 

Using the canonical proteasome inhibitor MG132 as well as the lysosome inhibitor 541 

chloroquine we can conclude from the current study that a proteasome-dependent degradation 542 

pathway is likely to be involved in the processing of 4HNE-modified HSPA2 in GC-2 cells. This is 543 

congruent with studies by Sasaki and colleagues evaluating the loss of HSPA2 in BAG6 -/- mice 544 

(Sasaki et al., 2008) and analogous of the processing of other 4HNE modified-proteins such as 545 

adiponectin (Wang et al., 2012) and alcohol dehydrogenase (Carbone et al., 2004). The targeted 546 

degradation of such proteins is thought to be due to a conformational change induced by the docking 547 

of 4HNE leading to the recognition and processing of the oxidized or damaged protein by the UPS. 548 

Notwithstanding these data, in other cell types a lysosomal pathway appears to be favoured for the 549 

degradation of 4HNE-modified substrates (Marques et al., 2004). While this variation may be due, in 550 

part, to the differing cell-types studied, the extent of 4HNE exposure can greatly augment the 551 

response mounted by cells (Hohn et al., 2013). Key examples of this exist through studies evaluating 552 

4HNE-induced protein aggregation where moderately modified 4HNE-substrates can be cleared by 553 

the proteasome system, while extensively modified substrates often endure extensive crosslinking and 554 

become poor substrates for degradation (Okada et al., 1999; Grune and Davies, 2003). Additionally, 555 

such cross-linked proteins can be inhibitory to proteasomal degradation pathways and further impair 556 

protein turnover within cells (Farout et al., 2006; Friguet et al., 1994; Shringarpure et al., 2000). It is 557 

this induction of protein aggregation that implicates 4HNE in cellular degeneration and ageing-related 558 

disorders (Shringapure et al., 2000; Hohn et al., 2013).  559 
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In the current study, monitoring the chymotrypsin-like activity of the proteasome in GC-2 cell 560 

lysates revealed the stimulation of proteasome activity in cells exposed to a moderate concentration of 561 

4HNE. This is interesting as 4HNE itself has been implicated in both proteasomal regulation (Farout 562 

et al., 2006) and stimulation (Grune et al., 1995) in independent studies. Nevertheless, it has also been 563 

reported that the trypsin and peptidylglutamyl peptide hydrolase activities of the proteasome were 564 

transiently diminished in the kidney in accordance with the accumulation of 4HNE-modified proteins 565 

(Okada et al., 1999). This loss of proteasome activity may be due to the direct attachment of 4HNE to 566 

proteasomal subunits (Okada et al., 1999) and accordingly, a 4HNE modification on the 20S 567 

proteasome subunit α7 has been recently identified that may be involved in its regulation in response 568 

to oxidative stress (Just et al., 2015). While we have yet to explore the effect of high amounts of 569 

4HNE, such a study could provide great insight into the accumulation of 4HNE-modified substrates in 570 

early germ cells and the effect of such deleterious events on cellular apoptosis. Furthermore, 571 

evaluating whether increased 4HNE exposure in GC-2 cells can result in either protein-crosslinking 572 

and/or a preferential use of a lysosomal degradation pathway would provide further insight into the 573 

fate of 4HNE-modified substrates in the testis.  574 

The modification of molecular chaperones by 4HNE has been documented in a number of 575 

studies and extends to the HSP70 (Carbone et al., 2004; Baker et al., 2015; Bromfield et al., 2015b) 576 

and HSP90 (Carbone et al., 2005) families of chaperones, as well as alphaB-crystallin (Marques et al., 577 

2004). Despite this, the subsequent degradation of these chaperones has not been frequently reported 578 

(Marques et al., 2004). This may be due to the important regulatory roles of other co-chaperones and 579 

co-factors that ensure the correct function of indispensable cellular chaperones (Mayer and Bukau, 580 

2005; Duncan et al., 2015). Additionally, in many cell systems a high level of redundancy exists such 581 

that other members of the chaperone families can play compensatory roles to maintain cellular 582 

proteostasis (Duncan et al., 2015). In the case of HSPA2, BAG6 commonly assumes the role of its 583 

regulatory chaperone in the testis and is critical for its stabilization (Sasaki et al., 2008). In this light, 584 

the dissociation of BAG6 from HSPA2 observed in this study may underpin the sensitivity of HSPA2 585 

to degradation in response to oxidative insult. It remains to be seen whether this dissociation is caused 586 
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by a modification to the substrate-binding domain of HSPA2 leading to poor BAG6 recognition or 587 

alternatively, whether BAG6 function is modulated by 4HNE, rendering it unable to regulate the 588 

stability of HSPA2. Certainly, there is evidence to support the co-dependent nature of these two 589 

chaperones in mammalian cells (Corduan et al., 2009; Thress et al., 2001) and thus strategies to co-590 

express and purify this protein complex for study in vitro would allow for a better understanding of its 591 

response to oxidative stress. As BAG6 and HSPA2 also form a stable complex in human testicular 592 

germ cells (Bromfield et al., 2015a), and mature spermatozoa from patients lacking HSPA2 have also 593 

been shown to be deficient in BAG6, understanding the dynamics of this complex may prove essential 594 

to understanding the underlying cause of poor sperm-egg recognition in our own species.  595 

Finally, to evaluate the applicability of this study to the human patient population, the 596 

presence of 4HNE and ubiquitin was assessed in patient samples that were known to be deficient in 597 

HSPA2 expression (Bromfield et al., 2015a). In doing so, a distinct lack of 4HNE and ubiquitin 598 

adducts at ~72kDa were revealed, a result that reflects our analysis of GC-2 cells lacking HSPA2 599 

following 4HNE exposure. While this does not directly affirm the involvement of 4HNE adduction in 600 

the degradation of HSPA2 in human germ cells, it does suggest that, in an absence of patient material, 601 

the mouse GC-2 cells deliver an appropriate model for evaluating the mechanisms that underpin 602 

idiopathic infertility.  603 

Thus in reconciling these data we propose that oxidative stress occurring in the developing 604 

germ cells of the testis promotes the modification of HSPA2 by 4HNE and its subsequent ablation 605 

from the developing germ line. A direct consequence of this oxidative pathway is the production of 606 

mature spermatozoa with reduced ability to engage in zona pellucida binding (Figure 8). Thus, these 607 

data add credence to the development of targeted, lipid-based antioxidant approaches that focus on 608 

ameliorating the unregulated production of lipid aldehydes in the testis as a way of improving the 609 

state of male reproductive health.  610 

 611 

 612 
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 815 

FIGURE LEGENDS 816 

 817 
 818 

 819 

Figure 1: Heat shock protein A2 (HSPA2) protein levels in response to oxidative stress in 820 

isolated mouse germ cells.  821 

(A) Pachytene spermatocytes, (B) round spermatids and (C) GC-2 cells were treated with 4-822 

hydroxynonenal (4HNE) to induce oxidative stress and lysed alongside their untreated (UT) 823 

counterparts. Protein lysates were subjected to sodium dodecyl sulphate - polyacrylamide gel 824 

electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes for immunoblotting with 825 

anti-HSPA2 antibodies. Immunoblots were probed with anti-HSPA2 antibodies then stripped and re-826 

probed with anti-tubulin antibodies. HSPA2 protein levels were quantified relative to tubulin via band 827 

densitometry analysis. Three replicate blots were used in the calculation of band density. Data are 828 

presented as mean ± SEM, ** P < 0.01, *** P< 0.001 versus UT (using a two-tailed, unpaired 829 

Student’s t test, and in all other figures). 830 

Figure 2: Immunolocalization of HSPA2 and ubiquitin in mouse germ cells exposed to 4HNE. 831 

(A) Pachytene spermatocytes, (B) round spermatids and (C) GC-2 cells were treated with 4HNE and 832 
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fixed for immunocytochemistry with anti-HSPA2 (green) and anti-UBI-1 (red) antibodies and 833 

counterstained with DAPI (blue). Confocal microscopy images were captured using a 60 × objective 834 

(A-C), scale = 10 µm, inserts 5 µm  (A & C). (B) Scale = 5 µm, inserts 2.5 µm. Fluorescence intensity 835 

of HSPA2 and UBI-1 was quantified for 4HNE treated cells using their UT counterparts for reference 836 

in three independent replicate populations. Data are presented as mean ± SEM, ** P < 0.01, * P < 837 

0.05 versus UT.  838 

Figure 3: 4HNE exposure induces changes in the ubiquitin profile of GC-2 cell lysate. 839 

 GC-2 cells were exposed to either 50 µM or 200 µM 4HNE for 3 h and then lysed for 840 

immunoblotting experiments. (A) A ubiquitin-lysine-48 (K48)-specific antibody was used to assess 841 

degradation-related ubiquitination of germ-cell derived proteins with immunoblotting revealing the 842 

presence of a ~ 72 kDa band in GC-2 cells exposed to 50 µM 4HNE. Densitometry was performed on 843 

this 72 kDa band (indicated by the arrow) across control and treatment lanes relative to anti-tubulin 844 

immunoblots, revealing an increase in the ubiquitin signal at 72 kDa in lanes corresponding to 50 µM 845 

4HNE treatment and a subsequent reduction in ubiquitin signal after 200 µM 4HNE exposure. (B) 846 

Corresponding immunoblots were probed with anti-HSPA2 antibodies revealing a decrease in HSPA2 847 

band density relative to tubulin (indicated by the arrow) with increasing concentration of 4HNE. 848 

Three replicate blots were analysed for these experiments with data presented as mean ± SEM. ** P < 849 

0.01, * P < 0.05 versus UT.  850 

Figure 4: Immunoprecipitation reveals the adduction of 4HNE and ubiquitin to HSPA2 under 851 

conditions of oxidative stress. Confirmation of HSPA2/4HNE/ubiquitin interaction in hydrogen 852 

peroxide (H2O2) treated GC-2 cells was sought using an immunoprecipitation strategy in which 853 

HSPA2 was used as bait to pull down interacting partners. The captured proteins from UT and 50 µM 854 

H2O2 treated GC-2 cells were eluted from protein G beads and resolved on SDS-PAGE gels alongside 855 

an antibody-only control (Ab control), a bead-only control (Bead control), and a precleared control 856 

(preclear). (A) HSPA2 immunoprecipitated blots were probed with anti-HSPA2, and the specificity of 857 

the immunoprecipitation was confirmed through the detection of a 72 kDa band in the elution lanes 858 
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but importantly, not in the control lanes. Probing these blots with anti-4HNE (B) and anti-UBI-k48 859 

revealed the presence of 4HNE and ubiquitin in the ‘H2O2’ immunoprecipitated eluate at 72 kDa 860 

(denoted by the arrowheads) but not in the control lanes. Bands present at ~ 35 kDa in all blots 861 

appeared to be indicative of antibody contamination as they aligned with bands from the ‘antibody 862 

only’ control lane. Three replicates immunoprecipitation experiments were performed with replicate 863 

immunoblots. 864 

Figure 5: HSPA2 loss from GC-2 cells can be prevented through inhibition of the proteasome. 865 

(A) GC-2 cells were treated with 200 µM 4HNE in the presence or absence of the proteasome 866 

inhibitor MG132 (10 µM) and then lysed for immunoblotting analysis with anti-HSPA2 antibodies. 867 

These analyses revealed that inhibition of the proteasome prevented the degradation of HSPA2 in 868 

response to 4HNE. Conversely, inhibition of the lysosomal pathway with 100 µM chloroquine (B) did 869 

not prevent the loss of the 72 kDa HSPA2 band. (C) Chymotrypsin-like activity of the proteasome 870 

was monitored in untreated and 4HNE-treated GC-2 cells via a fluorometric proteasome activity assay 871 

kit. This assay measures proteasome activity using an 7-amino-4-methylcoumarin (AMC)-tagged 872 

peptide substrate that releases fluorescent AMC in the presence of proteolytic activity. An internal 873 

MG132 control was used in this assay to distinguish proteasome activity from other protease activity 874 

in the cell lysates, with one unit of proteasome activity defined as the amount of proteasome that 875 

generates 1.0 nmol of AMC per minute at 37˚C. This assay detected a significant increase in 876 

proteasome activity in 4HNE-treated GC-2 cells. This experiment was repeated across three 877 

independent replicates with data presented as mean ± SEM, * P < 0.05 versus UT. 878 

Figure 6: Dissociation of HSPA2 from its stabilising co-chaperone BCL2-associated athanogene 879 

6 (BAG6) occurs in response to oxidative stress in GC-2 cells. (A) Untreated and 4HNE treated 880 

GC-2 cell lysates were prepared for immunoblotting with anti-BAG6 antibodies. Band density 881 

analysis, performed relative to tubulin, revealed no significant difference between the 120 kDa band 882 

corresponding to BAG6 in untreated and 4HNE treated samples. Comparing mean values from three 883 

replicates revealed no significant differences between 4HNE treated and UT lanes in terms of BAG6 884 

band density (n=3; P > 0.05), data are presented as mean ± SEM. (B) Immunocytochemistry on 885 
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untreated and 4HNE treated GC-2 cells with anti-BAG6 antibodies revealed the presence of the 886 

protein in GC-2 cells (green) with a re-localization to the periphery of the cell apparent in response to 887 

4HNE. Scale = 5 µm. (C) Proximity ligation of BAG6 and HSPA2 was performed in GC-2 cells. An 888 

association of the two proteins was apparent in untreated cells, as indicated by punctate fluorescent 889 

foci (red). These cells were counterstained with DAPI (blue) for clarity. An absence of HSPA2/BAG6 890 

association was observed in 4HNE treated cells as evidenced by a lack of red fluorescence. Scale = 5 891 

µm, n = 3 (D) Confirmation of HSPA2/BAG6 dissociation in 4HNE treated GC-2 cells was sought 892 

using an immunoprecipitation strategy in which HSPA2 was used as bait to pull down interacting 893 

partners. The captured proteins from UT and 50 µM H2O2 treated GC-2 cells were eluted from protein 894 

G beads and resolved on SDS-PAGE gels alongside an antibody-only control (Ab control), a bead-895 

only control (Bead control), and a precleared control (preclear). (A) HSPA2 immunoprecipitated blots 896 

were probed with anti-BAG6 revealing a reduction in the presence of this ~120 kDa protein in 4HNE-897 

treated GC-2 cell eluates. Probing these blots with anti-HSPA2 confirmed the specificity of the 898 

immunoprecipitation through the detection of a 72 kDa band in the elution lanes but importantly, not 899 

in the control lanes (n=3).  900 

   901 

Figure 7: Analysis of 72 kDa 4HNE and ubiquitin adducts in the spermatozoa of infertile men. 902 

Infertile male IVF patients were selected based on a complete failure of sperm–zona pellucida binding 903 

following standard IVF. The spermatozoa from two patients were subjected to SDS-extraction and 904 

lysates were resolved alongside two known fertile sperm lysate controls on SDS gels before being 905 

transferred to nitrocellulose membranes for immunoblotting. Probing of these lysates with anti-906 

HSPA2 (A), anti-ubiquitin (B) and anti-4HNE (C) revealed the constitutive adduction of a ~72 kDa 907 

protein in the fertile patients but an absence of this adduct in the infertile patients (n=2). Importantly 908 

protein loading was revealed by incubating each blot with an anti-tubulin antibody (D)  909 

Figure 8: Oxidative stress in testicular germ cells may lead to HSPA2 proteolysis. Taken 910 

together, our data suggest that oxidative stress (1), known to result in the generation of 4HNE via lipid 911 
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peroxidation (2-3), can lead to the modification of HSPA2 by 4HNE adduction resulting in its 912 

dissociation from its stabilizing-chaperone BAG6 (4). This may in turn expose HSPA2 to ubiquitin 913 

ligases leading to its ubiquitination and degradation via a proteasome-dependent mechanism (5). We 914 

predict that spermatozoa would then be released from the testis with a deficiency in HSPA2 protein 915 

levels (6), which could result in perturbed zona pellucida receptor-complex assembly during 916 

capacitation in the female reproductive tract and thus limit the ability of these cells to engage in 917 

interactions with the oocyte (7).  PS: Pachytene spermatocytes, RS: round spermatids 918 

Supplementary Figure 1: Cell viability after 4HNE and H2O2 treatment. (A) PS), RS and GC-2 919 

cells were treated with either 4HNE or H2O2 at concentrations ranging from 50 µM to 200 µM for 3 h.  920 

Cell viability was scored post-treatment using an Eosin viability stain over three biological replicates. 921 

Horizontal lines reflect 50% viability of cell populations. Data are presented as mean ± SEM, n=3 (B) 922 

PS were treated with either 50 µM or 200 µM 4HNE and then lysed for use in immunoblotting 923 

experiments. Lysates were subjected to SDS-PAGE alongside untreated PS lysate (for comparison) 924 

and probed with anti-HSPA2 antibodies to evaluate HSPA2 protein levels. Equivalent protein loading 925 

was determined by re-probing immunoblots with anti-tubulin antibodies (n=3). (C) GC-2 cells were 926 

treated with either 50 µM or 200 µM hydrogen peroxide and then lysed for use in immunoblotting 927 

experiments. Lysates were subjected to SDS-PAGE alongside 200 µM 4HNE-treated GC-2 cell lysate 928 

(for comparison) and an untreated control and probed with anti-HSPA2 antibodies to evaluate HSPA2 929 

protein levels. Equivalent protein loading was determined by re-probing immunoblots with anti-930 

tubulin antibodies (n=3).  931 

Supplementary Figure 2: Comparison of proteasome activity and 4HNE adduction in 932 

spermatocytes and spermatids. (A) The specificity of the proximity ligation assay conducted to 933 

evaluate the association of BAG6 and HSPA2 was verified by the inclusion of an irrelevant antibody 934 

control (tubulin/BAG6) that revealed no red fluorescent signal alongside DAPI and phase images. 935 

Scale = 5 µM, n=3. (B) Untreated and 4HNE-treated GC-2 cells were separated into their nuclear and 936 

cytoplasmic compartments and lysed with NP40 buffer alongside their whole cell counterparts. 937 

Efficacy of this fractionation was confirmed through immunoblotting with anti-tubulin and anti-938 
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Fibrillarin antibodies to demonstrate an enrichment of cytoplasmic and nuclear components, 939 

respectively. Probing of corresponding Western blots with anti-BAG6 revealed a modest reduction in 940 

BAG6 protein expression in the nuclear fraction of 4HNE-treated GC-2 cells (n=3).  (C) 941 

Chymotrypsin-like activity of the proteasome was monitored in pachytene spermatocytes (PS) and 942 

round spermatids (RS) via a fluorometric proteasome activity assay kit. This assay measures 943 

proteasome activity using anAMC-tagged peptide substrate that releases fluorescent AMC in the 944 

presence of proteolytic activity. An internal MG132 control was used in this assay to distinguish 945 

proteasome activity from other protease activity in the cell lysates with one unit of proteasome 946 

activity defined as the amount of proteasome that generates 1.0 nmol of AMC per minute at 37˚C. 947 

This assay detected a significantly higher level of proteasome activity in RS compared to PS (* P < 948 

0.05; n=3). (D) The 4HNE profile of untreated PS and RS was assessed using an antibody to 4HNE. 949 

A greater number of adducts were observed in the RS lysate compared to the PS lysate. Even loading 950 

was confirmed by re-probing immunoblots with anti-tubulin antibodies (n=3).  951 
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