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forms of environmental stress. Despite this knowledge, the intricacies of the molec-

stressors remains to be fully resolved.

Objective: The overall objective of this study was to investigate the direct impact of
corticosterone challenge on a tractable epididymal epithelial cell line (i.e., mECap18
cells), in terms of driving adaptation of the cellular proteome and phosphoproteome
signaling networks.

Materials and methods: The newly developed phosphoproteomic platform EasyPhos
coupled with sequencing via an Orbitrap Exploris 480 mass spectrometer, was applied
to survey global changes in the mECap18 cell (phospho)proteome resulting from sub-
chronic (10-day) corticosterone challenge.

Results: The imposed corticosterone exposure regimen elicited relatively subtle mod-
ifications of the global mECap18 proteome (i.e., only 73 out of 4171 [~1.8%] proteins
displayed altered abundance). By contrast, ~15% of the mECap18 phosphoproteome
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was substantially altered following corticosterone challenge. In silico analysis of the
corresponding parent proteins revealed an activation of pathways linked to DNA dam-
age repair and oxidative stress responses as well as a reciprocal inhibition of pathways
associated with organismal death. Corticosterone challenge also induced the phos-
phorylation of several proteins linked to the biogenesis of microRNAs. Accordingly,
orthogonal validation strategies confirmed an increase in DNA damage, which was
ameliorated upon selective kinase inhibition, and an altered abundance profile of a
subset of microRNAs in corticosterone-treated cells.

Conclusions: Together, these data confirm that epididymal epithelial cells are reactive
to corticosterone challenge, and that their response is tightly coupled to the opposing

action of cellular kinases and phosphatases.

KEYWORDS
cellular signaling, corticosterone, DNA damage, epididymis, phosphoproteomics, proteomics,

1 | INTRODUCTION

The epididymis is an important component of the male extratesticu-
lar reproductive system that has long been of interest owing to its
dual roles in promoting the functional maturation of the male germline
as well as the creation of a sperm storage reservoir.1™8 Indeed, it is
during their descent through the proximal epididymis that sperma-
tozoa gain the potential to engage in productive interactions with
an ovum as well as display the progressive motility characteristics
needed to negotiate the female reproductive tract and deliver them
to the site of fertilization.? In the absence of de novo transcrip-
tional and translational activity, such functional transformation of the
sperm cell is widely held to be driven by exposure to the complex
epididymal intraluminal milieu, which itself is created by the com-
bined secretory and absorptive capacity of the lining epithelium.?1°
In this context, a focus for much of the research on epididymal func-
tion has been the highly regionalized production of proteins by the
epididymal epithelium, which, after release to the lumen, facilitate
sequential remodeling of the sperm proteome through either direct
uptake or indirect means such as proteolytic processing or modifica-
tion of intrinsic sperm proteins.'>~16 The scale of such changes has
recently been alluded to in proteomic studies applying high-resolution
quantitative mass spectrometryl”:18; approaches that have identified
in excess of 6000 mouse sperm proteins and revealed the selective
loss and gain of several hundred of these proteins during epididymal
transit.’® Notwithstanding the importance of these data in confirm-
ing that mature spermatozoa carry a discrete proteomic signature
that readily discriminates them from their immature counterparts,
emerging evidence indicates that these changes are accompanied by
substantial recasting of other molecular elements of the maturing

spermatozoon.®

sperm maturation, stress response

In particular, there is now compelling evidence that the sperm
payload of small non-coding RNA species (sncRNAs) is substantially
altered during passage of these cells through the epididymis.2?2> Akin

to their protein counterparts,2627

such changes appear to be medi-
ated, at least in part, via a novel form of soma-germline communication
involving trafficking via extracellular vesicles released by the epididy-
mal epithelium as opposed to an intrinsic biogenesis program.2+2528
These findings have taken on added significance with the recognition
that, far beyond being passive markers of sperm development, sperm-
borne sncRNAs act as major conduits of epigenetic information.242?
Indeed, along with the paternal genome, sperm sncRNAs are deliv-
ered to the oocyte at the moment of fertilization whereupon they
influence the pre-implantation gene expression program within the
early embryo.1%20 |n addition to physiological regulation, there is also
mounting evidence that sperm sncRNA profiles are altered in response
to a variety of environmental and lifestyle factors; changes that can
have potentially profound implications for downstream embryo and/or
offspring development.?9-34 As the list of paternal stressors capa-
ble of eliciting transgenerational responses continues to grow, so too
has interest in the timing and mechanistic basis by which the auto-
nomic and sympathetic adaptations in a stressed animal influence the
epigenetic cargo within the male germline.2?:33

In seeking to address these questions, our group has previously
modeled generalized stress by investigating the transgenerational
effects of a chronic 28-day treatment of male mice with low-dose
corticosterone prior to mating. This study revealed sex-specific alter-
ations to anxiety and depression-related behaviors of the F1 and
F2 adult offspring.®> Importantly, the transgenerational effects mani-
fested despite the behavior and daily sperm production of the treated
FO males remaining unaffected.>3¢ They were, however, accompa-
nied by marked changes in the sperm sncRNA profile, with a focus
for this study being the alteration of a subset of microRNAs (miR-

NAs) predicted to interact with multiple growth factors.3> Consistent
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with this response to sustained elevation of glucocorticoids, indepen-
dent studies have also shown that as few as 10 days of restraint stress
can affect changes in the sperm sncRNA landscape associated with
downstream metabolic health disturbance in the F1 generation.®”~3?
Similarly, models focusing on dietary toxicants have reported changes
to sperm sncRNAs following as few as 5 days of exposure.?? Such
rapid responses to imposed stressors firmly implicates the epididymis
as a potential site for relaying stress related sncRNA signals to
spermatozoa.

A potential link between these responses to divergent stress mod-
els is the innervation of conserved stress response pathways.2? In
this context, our recent work traced the differential accumulation of
toxicant-responsive sncRNAs to coincide with sperm transit of the
proximal (caput) segment of the epididymis, wherein we detected
elevated expression of several transcription factors in the lining epithe-
lium, including that of the glucocorticoid receptor, NR3C1 (nuclear
receptor subfamily 3, group C, member 1).22 NR3C1 serves as a mas-
ter regulator of other transcription factors and one that is capable
of driving the expression of a spectrum of glucocorticoid responsive
genes.*? Despite these findings, comparatively little is known regard-
ing the role of NR3C1 in normal epididymal function nor in directing
the response of this tissue to paternal stress.*1-43 Accordingly, here we
sought to model the stress response of the epididymis via the imposi-
tion of a corticosterone challenge on animmortalized caput epididymal
cell line (MECap18).** Among the advantages of this approach is that
it eliminates potential confounding effects attributed to stress-related
neuroendocrine dysregulation of hypothalamic-pituitary-adrenal axis
activity in an animal. Whilst acknowledging limitations associated with
an inability to replicate the precise epididymal microenvironment and
physiological blood perfusion under in vitro conditions, this tractable
model has afforded novel insight into the complexity of the molecu-
lar signaling responses elicited in male reproductive tissues following
direct corticosterone challenge.

2 | MATERIALS AND METHODS
2.1 | Chemicals and reagents

All reagents were purchased from Merck (Darmstadt, Germany),

unless otherwise specified.

2.2 | Animals and ethics statement

All experimental procedures were conducted with the approval of the
University of Newcastle’s Animal Care and Ethics Committee (ACEC;
approval number A-2017-726), in accordance with national and inter-
national guidelines. Swiss mice were obtained from the University of
Newcastle’s Central Animal House and were housed under a controlled
lighting regimen (12 h light, 12 h dark) at 21—22°C and supplied with
food and water ad libitum. Animals were acclimated for at least 1 week

prior to treatment. Swiss mice (adult males of at least 8 weeks of
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age) were utilized for all experiments and were euthanized via CO,
inhalation, prior to having their vasculature perfused with pre-warmed
TBS to eliminate blood contamination. The epididymides and vas def-
erens were dissected and separated from fat and connective tissue.
The epididymides were carefully divided into three anatomical seg-
ments, corresponding to the caput, corpus, and cauda epididymis and
the segment of interest was prepared for isolation of epithelial cells as
previously described.*?

2.3 | mECap18 cell culture, corticosterone, and
everolimus treatment

The SV40-immortalized mouse caput epididymal epithelial (mECap18)
cell line was generated from the dissected epididymides of one cohort
of 4- to 5-month-old mice as we have previously described.** Aliquots
of 4 x 10° mECap18 cells were passaged in each well of six-well
plates and cultured in Dulbecco’s modified Eagle medium (DMEM)
(4.5 g/L glucose) supplemented with 100 uM sodium pyruvate, 200 uM
L-glutamate, 100 U/mL penicillin, 10 pg/mL streptomycin, and 10%
(v/v) heat inactivated fetal bovine serum with 50 nM 5a-androstan-
17B-0l3-one.*¢ Cells were plated and allowed to grow for 48 h prior
to treatment with either 100 nM 4-pregnen-11p, 21-diol-3, 20-dione
21-acetate (corticosterone; Steraloids Inc, RI, USA) or dimethyl sulfox-
ide (DMSO) vehicle control for up to 10 days, with media/treatment
replacement occurring at intervals of 48 h.*7 Importantly, neither of
the treatments used in this study compromised mECap18 cell viabil-
ity, which consistently remained >90% across the entire incubation
period. Cells were harvested on days 3, 5, 7, and 10 post-treatment
by pelleting (400xg, 5 min) and washing three times in TBS prior to
performing protein extraction for assessment of the abundance of
the NR3C1 glucocorticoid receptor. Alternatively, cells harvested on
day 10 post-treatment were prepared for proteomic and phosphopro-
teomic analysis as described below. For assessment of DNA damage
sustained as a consequence of corticosterone treatment, mECap18
cells were grown as described above but with the inclusion of an
additional treatment group supplemented with the allosteric mTOR
inhibitor, everolimus.*® Specifically, mnECap18 cells were pre-treated
with everolimus (1 nM) for 1 h prior to the addition of corticosterone

at each media replacement.

2.4 | SDS-PAGE and immunoblotting

After washing, mECap18 cells and epididymal epithelial cells were re-
suspended in SDS extraction buffer (0.375 M Tris pH 6.8, 2% (w/v)
SDS, 10% (w/v) sucrose, protease inhibitor cocktail), incubated at
100°C for 5 min and equivalent amounts of protein (10 pg) were
separated by SDS-PAGE.*? Gels were transferred onto nitrocellulose
membranes (Hybond C-extra; GE Healthcare, Buckinghamshire, UK).?°
Membranes were blocked for 1 h in TBS containing 5% (w/v) skim milk
powder. After rinsing with TBS containing 0.1% (v/v) Tween-20 (TBST),

membranes were sequentially incubated with appropriate primary
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antibody at 4°C overnight and the corresponding HRP-conjugated sec-
ondary antibody for 1 h. Primary antibodies used were as follows:
anti-NR3C1 antibody (1:1000; #HPA004248), anit-BRCA1 antibody
(1:1000; #9025S; Cell Signaling), anti-BRCA1 Serine 1524 (1:1000;
#9009S; Cell Signaling), anti-GAPDH (1:4000; #G9545), and alpha-
tubulin (1:3000; #T5168). Following three washes in TBST, labelled
proteins were detected using enhanced chemiluminescence reagents
(GE Healthcare).

2.5 | Immunocytochemistry

mECap18 cells were fixed in 4% paraformaldehyde, washed three
times with 0.05 M glycine in PBS and then applied to poly-L-lysine
coated glass coverslips. The cells were permeabilized with 0.2% Triton
X-100 and blocked in 3% bovine serum albumin (BSA)/PBS for 1 h. Cov-
erslips were then washed in PBS and incubated in a humidified cham-
ber with appropriate primary (anti-NR3C1 antibody; HPA004248;
Merck) and secondary antibodies (1 h at 37°C). Coverslips were
washed (3 x 5 min) in filtered PBS after each antibody incubation,
before counterstaining with 4’,6-diamidino-2-phenylindole (DAPI) and
mounting in antifade reagent comprising 10% Mowiol 4—88 (Merck),
30% glycerol, and 2.5% 1,4-diazobicyclo-(2.2.2)-octane in 0.2 M Tris
(pH 8.5). After immunolabeling, mECap18 cells were examined by
confocal microscopy (Olympus, Nagano, Japan) to determine target
protein localization. A portion of mECap18 cells were also subjected
to anti-yH2A X (ab11174; Abcam, Cambridge, UK) labeling to assess
levels of DNA damage sustained as a consequence of corticosterone
treatment as previously described.”! For this purpose, mECap18 cells
were incubated with anti-yH2AX (diluted 1:500 with 1% BSA/PBST)
before being washed and incubated with the appropriate fluorescent
conjugated secondary antibodies (diluted 1:200 with 1% BSA/PBST)
for 1 h at room temperature. Cells were counterstained with DAPI and
images collected as described above before being imported to ImageJ
for calculation of yH2A.X pixel intensity in at least 100 cells.

2.6 | RNA extraction and qPCR

mECap18 cells and epididymal epithelial cells were harvested from
three biological replicates and RNA was isolated using a TRIzol RNA
extraction method in accordance with the manufacturer’s instruc-
tions. Briefly, spermatozoa were removed from epididymal tissue by
placing the tissue in a 500 pL droplet of TBS and making multi-
ple incisions with a razor blade. The tissue was then washed free
of residual spermatozoa by subjecting it to agitation, prior to being
minced with forceps and washed a further three times in TBS. Tis-
sue was digested with 100 mg/mL trypsin (Promega, Madison, WI,
USA) in TBS at 37°C for 30 min with vigorous shaking in a ther-
momixer. Clumped tissue sections were collected by centrifugation
(800xg for 5 min) and then digested with 1.0 mg/mL collagenase
type Il in TBS for 30 min with shaking at 37°C. Cells were pelleted

(800xg for 5 min) and resuspended in DMEM culture medium con-
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taining sodium pyruvate (1 mM), 10% (v/v) fetal bovine serum, 100
IU/mL penicillin, and 100 mg/mL streptomycin (Thermo Fisher Sci-
entific, Waltham, MA, USA) prior to being filtered through a 70 um
membrane and incubated in six-well plates at 32°C for 4 h. This
incubation facilitated the adherence of all non-epithelial cells to the
bottom of the plate and their separation away from the epithelial
cells, which remained in the suspension. Enrichment of epithelial cell
populations was assessed by immunocytochemistry using the DAPI
nuclear stain to identify contaminating spermatozoa.*>>! For gene
expression analysis, total cellular RNA (3.0 ug) was reverse transcribed
using 500 ng Oligo(dT)15 primer, 5x buffer, 100 mM dithiothre-
itol, 40 Units (U) RNasin ribonuclease, 0.5 mM dNTPs, and 20 U
of Moloney murine leukemia virus reverse transcriptase (all pur-
chased from Promega). gPCR analysis was performed using primers
targeting Nr3c1: forward (5'-GAGGACAACCTGACTTCCTTGGG-3’)
and reverse (5-GTGGTCCCGTTGCTGTGGA-3’) and the reference
gene, cyclophilin [forward (5’- CGTCTCCTTCGAGCTGTTT-3’), reverse
(5'-ACCCTGGCACATGAATCCT-3')]. gPCR reactions were performed
using a LightCycler 96 Instrument (Roche Life Science, Basel, Switzer-
land) at 95°C for 2min, then 40 cycles of 95°C for 15 s and 56°C
(cyclophilin) or 62°C (Nr3c1) for 1 min. The 272t method®? was used
to calculate Nr3c1 abundance normalized to the cyclophilin reference.
For assessment of miRNA expression in mECap18 cells, TagMan
assays (Thermo Fisher Scientific), targeting mmu-miR-20a-5p (assay
ID, 000580), mmu-miR-30a-5p (assay ID, 000417), mmu-miR-152-3p
(assay ID, 000475), and U6snRNA (assay ID, 001973) were reverse
transcribed from 10 ng RNA using TagMan miRNA Reverse Transcrip-
tion Kits (Thermo Fisher Scientific).”>®> miRNA (0.7 ng) was amplified
using 1x TagMan Universal PCR master mix I, no UNG (Thermo Fisher
Scientific), and 1x TagMan miRNA PCR primer probes in a LightCy-
cler 96 Instrument (Roche) at 50°C for 2 min, 95°C for 10 min, then 40
cycles of 95°C for 15 s and 60°C for 1 min. The 2—ACt method>2 was
used to calculate miRNA abundance normalized to U6snRNA reference.

2.7 | Proteomic sample preparation

mECap18 cells were prepared for proteome and phosphoproteomic
analysis using EasyPhos methodology.'85455 |n brief, 250 pL of chilled
lysis buffer (4% [w/v] sodium deoxycholate; 100 mM Tris-HCI [pH
8.5]) was added to each sample and immediately heated (95°C, 5 min)
to inactivate endogenous proteases and phosphatases. Samples were
sonicated (3 x 10 s cycles, 100% power output), and an aliquot taken
for determination of protein concentration using a bicinchoninic acid
assay. All samples were diluted to equal protein concentration in lysis
buffer (90 pug/270 pL) in 2 mL deep well plates. The samples were then
mixed (1:10, v/v) with a stock solution of reduction/alkylation buffer
comprising 100 mM TCEP and 400 mM 2-chloroacetemide (i.e., final
working concentration 10 mM TCEP and 40 mM 2-chloroacetemide)
using a Thermoshaker. For this purpose, samples were incubated for
5 min at 45°C with shaking at 1500 rpm. Enzymatic digestion was
achieved using a trypsin/Lys-C mixture, at an enzyme-to-substrate
ratio of 1:30 (w/w), and incubated overnight at 37°C with shaking at
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1500 rpm. Phosphopeptides were enriched using titanium dioxide and,
in parallel with their corresponding proteome peptides, desalted using
styrenedivinylbenzene-reverse phase sulfonated StageTips>® prior to
analysis using high resolution nano liquid chromatography tandem MS
(NLC-MS/MS).

2.8 | nLC-MS/MS analysis

Reverse phase nLC-MS/MS was performed using an Orbitrap Exploris
480 MS coupled to a Dionex Ultimate 3000RSLC nanoflow high-
performance liquid chromatography system (Thermo Fisher Scien-
tific). Samples were loaded onto an Acclaim PepMap 100 C18
75 pm x 20 mm trap column (Thermo Fisher Scientific) for pre-
concentration and online de-salting. Separation was then achieved
using an EASY-Spray PepMap C18 75 pm x 250 mm column (Thermo
Fisher Scientific), employing a linear gradient of acetonitrile (2-35%,
130 min; 35-95%, 4 min) over 160 min for non-modified peptides, and
a linear gradient of acetonitrile (2-35%, 90 min; 35-95%, 4 min) over
120 min for phosphorylated peptides. Full MS/data-dependent acqui-
sition MS/MS mode was utilized on Xcalibur (Thermo Fisher Scientific;
version 4.2.47) with the Orbitrap mass analyzer set at a resolution of
60,000, to acquire full MS with an m/z range of 350-1500, incorporat-
ing a normalized automatic gain control target of 300% and maximum
fill times of 100 ms. The 20 most intense multiply charged precursors
were selected for higher-energy collision dissociation fragmentation
with a collisional energy of 30. MS/MS fragments were measured at an
Orbitrap resolution of 15,000 using standard mode for automatic gain
control target and maximum fill time mode set to auto.

2.9 | Data processing and analysis

In accordance with previous studies,2¢:5%57-61 database searching was
performed for the mECap18 proteome and phosphoproteome using
Proteome Discoverer 2.5 (Thermo Fisher Scientific). SEQUEST HT was
used to search against the UniProt Mus musculus database (63,717
sequences, downloaded February 25, 2021). Database searching
parameters included up to two missed cleavages, a precursor mass tol-
erance set to 10 ppm, fragment mass tolerance of 0.02 Da, and trypsin
designated as the digestion enzyme. Cysteine carbamidomethylation
was set as a fixed modification while dynamic modifications included
acetylation (N-terminus), oxidation (M), and phosphorylation (S/T and
Y). PhosphoRS%2 was employed for accurate site-specific assignment
of phosphorylation, with a threshold minimum cut-off 75% assignment
to final refined of sites. Interrogation of the corresponding reversed
database was also performed to evaluate the false discovery rate
(FDR) of peptide identification using Percolator based on g-values,
which were estimated from the target-decoy search approach. To filter
out target peptide spectrum matches over the decoy-peptide spec-
trum matches, a fixed FDR of 1% was set at the peptide level. Mass
recalibration and label-free quantification (LFQ) of area under the

curve MS1 peaks were conducted using Proteome Discoverer nodes,
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Spectrum Files RC, Minora Feature Detector, and Feature Mapper.6!
Fold changes in phosphopeptide/protein abundance and statistical sig-
nificance between control and corticosterone-treated groups were
calculated by Proteome Discoverer 2.5 using a non-nested pairwise
ratio approach. The protein list was exported as an Excel file and fur-
ther refined to include only those proteins with a quantitative value
(e.g., raw, normalized and scaled values) in at least three replicates
within at least one group and a minimum of two unique peptides. Fur-
ther to this, proteins with one unique peptide were included if the
coverage sequence (%) of that protein was equal to, or greater than,
the average sequence coverage of the full complement of proteins with
two or more unique peptides (30% coverage). Using Perseus (version
1.6.10.43),%% Pearson correlation plots and principal component analy-
ses were generated from normalized and scaled data, respectively, and
graphed using GraphPad Prism version 9.1.1 for Windows (GraphPad
Software, San Diego, CA, USA).

2.10 | Ingenuity pathway analysis

Ingenuity pathway analysis (IPA) software (Qiagen, Hilden, Germany)
was used to analyze refined proteomic and phosphoproteomic lists
as previously described.>>°7:6061.64-66 Briefly, canonical pathways,
upstream regulators, and disease and function analyses generated
using IPA were assessed using: (i) p values—an enrichment measure-
ment of the overlapping proteins from the dataset in a particular
pathway, function or regulator, and (ii) Z-score—a prediction scoring
algorithm of activation or inhibition based upon statistically signifi-
cant patterns in the dataset and prior biological knowledge manually
curated in the Ingenuity Knowledge Base.®” To elucidate the most
significant changes in our analyses, we applied a stringency criteria
p-value of <0.05 and a Z-score of (inhibition) —2 < Z > 2 (activated).

2.11 | miRNA target prediction

The online database miRDB (http:/mirdb.org/)®8¢? was utilized to
obtain a list of predicted miRNAs targets to identify their potential
function. Each of the three miRNAs investigated (miR-20a-5p, miR-152-
3p, and miR30a-5p) were submitted to miRDB under M. musculus, and
the resulting targets were refined to those that had a prediction score
of at least 80 out of 100, as per miRDB instructions, prior to submission

to IPA for further analysis.

2.12 | Kinase-substrate PhosphoSitePlus analysis

The Kinase-substrate dataset of PhosphoSitePlus (http:/www.
phosphosite.org/, an open-source curated resource for investigating
the importance of experimentally observed post-translational modi-

70 was downloaded

fications in the regulation of biological processes,
(accessed May 5, 2021) to identify kinases implicated in the phospho-

rylation of the specific amino acid motifs identified in significantly
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altered phosphopeptides. Please see Supplementary File 1 for a

detailed step-by-step guide for how this was achieved. In brief, first
the downloaded kinase-substrate dataset was opened using Excel (for
descriptive purposes this will be called Excel F1) and separated out into
individual columns using the text to column function. This provides all
annotated sites +7 amino acids (column L) to known upstream kinases
(column R). Next, the full M. musculus proteome (10090 proteins)
was downloaded from UniProt as an excel sheet (Excel F2) including
columns for Entry, Entry Name, Protein Name, Gene Name and Sequence,
compatible with mapping the identified phosphopeptides. Using the
formulas detailed in Supplementary File 1, a second sheet within Excel
F2 generates a table whereby the user enters the sequence of the
phosphopeptide of interest, its corresponding UniProt Accession and
the phosphorylated residue, and the table will orientate the phospho-
rylated residue of interest to the center of an annotated sequence
within the surrounding amino acids (+7) in the parent protein (e.g.,
ATP7A site S1454; ivnysraSinsllisd). With the sequences in the format
compatible to the PhosphoSite database, the phosphopeptide of inter-
est will be mapped to its upstream kinase(s) if a known relationship

exists.

2.13 | Experimental design and statistical rationale

Phosphoproteomic analyses were performed using mECap18 (n = 4
biological replicates collected from four unique cell cultures derived
from the original mECap18 cell line). Differentially abundant pro-
teins/phosphopeptides were defined as those with a fold-change >1.5
or <—1.5 and p value <0.05. All other data were assessed for nor-
mality using the Shapiro-Wilk normality test. Normally distributed
data were analyzed by unpaired Student’s t-tests to detect differences
between treatment groups. Data not normally distributed were ana-
lyzed by a Mann-Whitney U test. Differences between groups were
considered significant when p < 0.05. A one-way ANOVA statistical
test, with Tukey multiple correction, was applied to transcriptomic, real
time, and immunoblotting quantification of NR3C1 from caput, corpus,
cauda epididymal tissue and from mECap18 cells. The number of bio-
logical replicates used in each experiment is presented in the figure
captions. Graphical data were prepared using GraphPad Prism version
9.1.1 for Windows (GraphPad Software) and are presented as mean

values + SEM.

3 | RESULTS

3.1 | The NR3C1 glucocorticoid receptor is
abundantly expressed in caput epididymal epithelium

As a prelude to studying the molecular adaptation of the epididy-
mal epithelium to acute corticosterone challenge, we first examined
the intraepididymal expression profile of the glucocorticoid receptor
[nuclear receptor subfamily 3 group ¢ member 1 (NR3C1)], whose

presence is a prerequisite for manifestation of cellular responses to

SKERRETT-BYRNEET AL.

this stress hormone. For this analysis, we initially accessed curated
Nr3c1 transcript expression data from an independent microarray
study of gene expression in the mouse epididymis.”? As is common
practice, expression data were summed across those regions com-
prising the caput (segments 2—5), corpus (segments 6—7), and cauda
(segments 8—10) epididymis, revealing the highest levels of Nr3c1
expression in the caput, followed by that of the cauda and corpus
epididymal segments (Figure 1A). These data were orthogonally vali-
dated in three biological replicates via RT-gPCR amplification of the
Nr3c1 transcript (Figure 1B) and by immunoblotting of epididymal
tissue homogenates with anti-NR3C1 antibodies (Figure 1C and Sup-
plementary File 2), both of which confirmed equivalent trends of
Nr3c1 gene expression and NR3C1 protein abundance to those iden-
tified by microarray analysis. Together, these in vivo Nr3c1 expression
data informed our subsequent focus on the caput epididymis as the
segment most likely to be sensitive to stress-elicited surges in cir-
culating corticosterone concentrations. Moreover, they also justified
our use of an immortalized mouse caput epididymal epithelial cell
line (MECap18)*47273 as a tractable tool for modeling the response
of the epididymis to direct corticosterone challenge independent of
potentially confounding effects associated with whole body exposure
paradigms.

Accordingly, we confirmed endogenous Nr3c1 gene expression and
protein abundance in naive mECap18 cells at levels that were com-
parable to that of caput epididymal tissue (Figures 1B and C and
Supplementary File 2). Despite this, the NR3C1 protein abundance lev-
els in mECap18 cells treated with corticosterone over a time course
of 10 days failed to track with those previously documented for
Nr3c1 gene expression under an identical exposure regimen.*” Thus,
although previous studies have shown a marked increase in mECap18
Nr3c1 gene expression between 7- and 10-days post-corticosterone
exposure,*’ here there was no statistically significant increase in
NR3C1 protein abundance at either of these time points (Figures 1D
and E and Supplementary File 2). Immunocytochemistry staining of
mECap18 cells at day 10 post-treatment confirmed no significant dif-
ferencein the level of NR3C1 protein expression or cellular localization
(Figure 1E). Such findings do not, however, preclude an upregulation of
steroid-binding capabilities and/or functional activation of the NR3C1
glucocorticoid receptor leading to the initiation of downstream sig-
naling pathways that direct the stress response of the host cell. To
explore this possibility, mMECap18 cells were challenged with corticos-
terone for 10 days prior to being prepared for analysis of changes in
their global proteomic profile as well as that of the phosphoproteomic

signature.

3.2 | The core mECap18 cell proteome is subtly
altered by corticosterone challenge

Corticosterone challenged mECap18 cells were subjected to high-
resolution phosphoproteomic analysis using an EasyPhos protocol®*
to enable simultaneous analyses of the cell proteome and the respec-

tive site-specific phosphorylation events. This experimental strategy
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FIGURE 1 cGlucocorticoid receptor (NR3C1) transcript and protein levels in mouse epididymal epithelial cells. (A) Transcriptomic expression
of the glucocorticoid receptor (Nr3c1) in caput, corpus, and cauda epididymal segments as reported in the publicly available Mammalian
Reproductive Genetics database (http://mrgd.org/; accessed 1/8/2021). (B) Real time expression confirmed the presence of Nr3c1 in caput, corpus,
cauda epididymal tissue, and the immortalized mouse caput epididymal (mECap18) cell line (n = 3). (C) Immunoblotting densitometry
quantification of NR3C1 protein levels in caput, corpus, cauda epididymal tissue, and mECap18 cells relative to the alpha-tubulin loading control
(n = 3). A connecting letter plot is depicted to denote which segments featured significantly different NR3C1 abundance (p < 0.05). (D) Time
course treatment of mECap18 cells with DMSO (green columns) or corticosterone (CORT; purple columns), with protein quantification of NR3C1
relative to the alpha-tubulin loading control, following 3, 5, 7, and 10 days post-treatment (n = 3). (E) Representative images of mECap18 cells
labeled with anti-NR3C1 antibodies (green) and counterstained with DAPI (blue) after 10 days of treatment with either DMSQO vehicle or CORT,
including minus primary antibody control. A one-way ANOVA statistical test, with Tukey multiple correction used, was applied to panels A-C.
Mean + SEM, with individual datapoints, are plotted in bar charts. All n sizes refer to number of biological replicates.

identified a complex proteomic signature comprising a total of 4159 substantial overlap of 99.5% of all identified proteins, with only 10
and 4161 proteins in vehicle and corticosterone-treated cells, respec- out of 4171 proteins being uniquely identified in vehicle control cells
tively. As demonstrated, Pearson’s correlation coefficient values of and a further 12 proteins being restricted to the corticosterone-
between 0.981 and 0.993 (based on normalized data) confirmed a treated population (Figure 2C). Despite this high level of overall protein
strong positive relationship between each of the four biological repli- conservation, a principal component analysis based on the relative
cates featured in this quantitative analysis (Figure 2A). Moreover, an abundance of these shared proteins, clearly differentiated the pro-
average of 10.5 peptide matches were generated per protein (encom- teomic signature of the two cell populations and also demonstrated
passing >9.3 unique peptide mapped/protein), representing an average clustering of their biological replicates (Figure 2D). Provisional interro-
peptide coverage of 29.5% per protein; data that attest to both gation of the core mECap18 cell proteome based on cellular location
the stringency of the criteria imposed for positive protein identifica- revealed that among the 4103 proteins able to be mapped by IPA,
tion and the depth of coverage achieved in this proteomic dataset the majority were localized to the cytoplasm (53.8%), followed by
(Figure 2B and Table S1). In comparing the core proteome of vehi- the nucleus (30.2%), plasma membrane (8.4%), and extracellular space
cle control and corticosterone-treated mECap18 cells, we noted a (3.2%) (Figure 2E). Protein function classification returned the top
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FIGURE 2 Proteomic characterization of mECap18 cells exposed to corticosterone. (A) Pearson correlation plots of four biological replicates
for treatment with either vehicle (green) or corticosterone (purple). (B) Proteomic coverage depth for each treatment (vehicle—4159;
corticosterone—4161) with their respective average number of peptides per protein, unique peptides per protein and average coverage sequence
of proteins identified. (C) Venn diagram depicting the unique number of proteins to each treatment and the shared identities. (D) Principal
component analysis (PCA) of each treated cell population; vehicle (green squares) or corticosterone (purple circles). (E) Assessment with Ingenuity

Pathway Analysis of cellular localization and (F) protein classification.

five dominant categories of enzyme (37.7%), transcription regulator
(7.9%), transporter (7.3%), translation regulator (1.7%), and receptor
(0.8%) when ranked on the basis of number of annotated proteins
(Figure 2F).

In addition to the subset of proteins uniquely present in each
sub-population of mECap18 cells (Figure 3A), we also noted a modest
number of proteins whose relative abundance profiles were signif-
icantly altered in response to corticosterone challenge (Figure 3B).
Thus, a total of 10 proteins were identified as being significantly down-
regulated in corticosterone-treated mECap18 cells, whilst a further
41 were upregulated under these experimental conditions (FC = + 1.5,
p value < 0.05) (Figure 3B). IPA functional analysis of the combined

inventory of mECap18 proteins either uniquely detected (Figure 3A;
i.e, 22 proteins) or whose abundance was significantly altered in
response to corticosterone challenge (Figure 3B; i.e., 51 proteins)
predicted the activation of stress response regulators, such as nuclear
factor-erythroid factor 2-related factor 2 (NRF2), cellular tumor
antigen p53 (TP53), and RAC-alpha serine/threonine-protein kinase
(AKT1) (Figure 3C and Table S2). Additionally, IPA predicted the acti-
vation of pathways associated with stress-activated protein kinases
(SAPK)/Jun amino-terminal kinases (JNK) signaling (SAPK/JNK),
paxillin signaling and NRF2-mediated oxidative stress response.
By contrast, IPA predicted the inhibition of POU domain, class 5,

transcription factor 1 (POU5F1), tumor necrosis factor receptor
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FIGURE 3 Quantitative analyses of mECap18 protein abundance following corticosterone treatment. (A) Heat map depicting the unique
proteins detected in both treatment groups, with abundance levels. (B) Volcano plot analysis revealed 41 upregulated proteins and 10
downregulated proteins following corticosterone treatment; log, fold change (x-axis) and —log p value (y-axis) with thresholds of +1.5 fold change
and p value of <0.05. (C) Ingenuity Pathway Analysis of the predicted activated and inhibited upstream regulators and pathways.

associated factor 2 (TRAF2), and 3 (TRAF3), as well as signaling path-
ways associated with apoptosis, PTEN, and RhoGDI (Figure 3C and
Table S2).

3.3 | Corticosterone challenge is linked to DNA
damage repair and RNA biogenesis signaling
pathways in mECap18 cells

To expand our analysis of the cellular response mounted to corti-
costerone challenge, phosphopeptide-enrichment was performed in
tandem with LFQ to identify signatures of stress-associated signaling
within mECap18 cells. Complementing the depth of global proteomic
coverage achieved, a complex phosphoproteomic inventory comprising
5345 and 5330 phosphopeptides (average 94% phospho-enrichment)
was identified in vehicle and corticosterone-treated mECap18 cells,

respectively (Table S3). Pearson’s correlation coefficient values of

between 0.933 and 0.977 confirmed a strong positive relationship
between each of the four biological replicates featured in this analysis
(Figure 4A). The mapping of these phosphopeptides to 1916 and 1911
unique proteins in vehicle and corticosterone-treated cells (Figure 4B),
respectively, revealed that a substantial portion of the mECap18
proteome harbored multiple phosphopeptides (i.e., an average of 2.8
phosphorylated peptides identified per protein). More specifically,
871 proteins were identified with a single phosphopeptide versus
1045 proteins that possessed >2 phosphopeptides (Figure 4C). Among
these phosphorylation events, serine residues were the most abun-
dant target, accounting for ~77% of all differentially phosphorylated
sites (Figure 4D). Thereafter, threonine was the next most common
phospho-target (~5%), with only relatively few tyrosine residues
(~0.2%) being identified as differentially phosphorylated in our anal-
ysis (Figure 4D). Amongst the phosphorylated peptides identified,
362 (6.7%) were found to have a non-phosphorylated counterpart
(Table S3).
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FIGURE 4 Phosphoproteomic assessment of mECap18 cells exposed to corticosterone. (A) Pearson correlation plots of four biological
replicates for treatment with either vehicle (green) or corticosterone (purple). (B) Number of unique phosphopeptides for each treatment and
parent proteins. (C) The distribution of how many proteins (y-axis) account for the identified phosphopeptides (x-axis). (D) The total number and
proportional distribution of phospho-serine (pS), -threonine (pT), and -tyrosine residues (pY) for all phosphopeptides; pS/T, pS/Y,

pS/T/Y = ambiguous phosphorylation of either: a serine or threonine residue, a serine or tyrosine residue, or a serine, threonine, or tyrosine
residue, respectively. (E) Venn diagram depicting the unique number of proteins to each treatment and the shared identities. (F) Principal
component analysis (PCA) of each treated cell population; vehicle (green squares) or corticosterone (purple circles).

Comparing the phosphoproteomic signature of vehicle control
and corticosterone-treated mECap18 cells, an overlap of 97.7% was
detected among all identified phosphopeptides, with only 69 out of
5394 phosphopeptides being exclusively identified in vehicle con-
trol cells and an additional 54 phosphopeptides being restricted to
the corticosterone-treated population (Figure 4E). In accordance with
this high level of conservation, principal component analyses did not
definitively separate the two cell populations on the basis of their
phosphopeptide signature (Figure 4F). In expanding this analysis to
consider those phosphopeptides that experienced a threshold of +1.5
fold-change, we identified a further 362 out of 5394 (~6.7%; Figure 5A)

phosphopeptides that were differentially phosphorylated in vehicle
versus corticosterone-treated mECap18 cells. Among these phos-
phopeptides, 150 were significantly under-represented and a further
212 were significantly over-represented in the latter population of
corticosterone-treated mECap18 cells. Within this restricted subset
of phosphopeptides, 190 harbored multiple phosphorylation sites and
several additional candidates mapped to proteins possessing multiple
phosphopeptides. Thus, 49 proteins were identified as being targeted
for multiple (de)phosphorylation events, with prominent examples
including: serine/arginine repetitive matrix protein 2 (SRRM2), A-
kinase anchor protein 12 (AKAP12), tensin 1 (TNS1), and nuclear

55U90117 SUOLLILIOD AI1E9.10) 3|1 ddle 3} Aq PaULBAOB 918 AL YO 88N J0 S9N 10} ARIGIT8UIIUO /3|1 UO (SLONIPUOD-PUE-SUWLBIALIOD" B |1 ARG IUIIUO//STNY) SUONIPUOD PUe SW 1 341395 [1202/70/80] U0 ARIGIT BUIIUO AB1IM ‘TN L J0 AYSIOAIUN AQ 9E9ET JPUB/TTTT OT/10p/LI0D"AB] I ARG BUIIUO//SANY WOJ) POPROIUNMOQ ‘0 */Z6Z.70Z



SKERRETT-BYRNE ET AL.

ANDROLOGY

€
NDROLOGY

WILEY- "

@®SYNPO
( ©CHD2 (C) Vehicle Corticosterone  FC
(A) 150 212 ©CAVIN2 - —
©CAMK2D GNL1; 2XT/S O e e O . © O -8
o o o aw ; [CXe) ©OSORBS2 A
16+ % : 0o fgﬁﬁ’ NUCKS1;875579 © © e O O . , 5.62
® @®RRPY WBP11;S3615364 O @ e OO O @ 5905
=P o : : © @CAVIN1 PRUNEZ; S/T O e ¢ O@O O wu
= - o : H b
(>° 0 ©® ‘ : O srRRM1 RBM17;8155  © (0) e O @ O O
a @ AHNAK staroanis2tas @ @ O O o o e 746
o 8- (Q)NUCKS1 wzssss © @@ © o @ o o om Abundance
TNS1 = - o Low
S — woTES | marcks;ste3s (@D @ Q O e e e e =280 O Average
T4 ° OAKAP12 3 reLigsisee D D O @ o o o 2128 )
— g High
< >SRRM2 .20 norisize @ @ O O e e e 4000
0 T T 1 =
.
-6 -4 -2 0 2 4 6 2 0 2
Average fold change
Log2 Fold Change
> >
5@ g
(D) ,5@'6 N '&06 N4
S &> F P
& & &
N P X P
Il Il
Cell Cycle Control of Chromosomal Replication -{RA Processing of RNA DNA damage related
Chemokine Signaling- Splicing of RNA RNA biogenesis
Spliceosomal cycle 4 A Processing of mRNA
Protein Kinase A Signaling— Splicing of MRNA
Tight Junction Signaling— Transcription of DNA
RhoA Signalling Transcription of RNA
Adenine and Adenosine Salvage |- Organismal death
Role of p14/p19ARF in Tumor Suppression— - Expression of RNA
Adipogenesis pathway—| o " i Transcription
Role of BRCA1 in DNA Damage Response - % _5 r— Activation of DNA endogenous promoter
ATM Signalling né> ‘g’ ~ Chromosomal instability
Mismatch Repair - 'S z i Cell proliferation of fibroblasts
Nucleotide Excision Repair | AN DNA damage
Insulin Receptor Signaling— r Viability
Role of CHK Proteins in Cell Cycle Checkpoint Control I | [ Proliferation of connective tissue cells
PPARa/RXRa Activation— + G2/M Phase
Sumoylation Pathway— — Development of central nervous system
Estrogen Receptor Signaling—{ | [ Size of body
Arvl Hvdrocarbon Receptor Sianaling— — G2/M phase of fibroblasts
Assembly of RNA Polymerase Ill Complex t Repair of DNA
[ |
1 p-value 1

FIGURE 5

Functional analyses of adaptive phosphoproteome response of mECap18 cells exposed to corticosterone. (A) Volcano plot analysis

revealed 362 unique phosphopeptides are significantly dysregulated due to corticosterone; log, fold change (x-axis) and —log p value (y-axis) with
thresholds of +1.5 fold change and p value of <0.05. (B) Top 15 multi-phosphorylated parent proteins; size of circle proportional to number of
phosphorylated sites and color denoted fold change. (C) The five peptides with largest fold changes observed for both increase and decreased
levels of phosphorylation; size and color of circle proportional to abundance of biological replicate. (D) Comparative functional analysis of the
parent proteins that experienced significantly increased or decreased phosphorylation in response to corticosterone treatment. Heatmaps
represent the top 10 significant (p value) pathways and downstream functions from ingenuity pathway analysis. A, predicted activation;

|,= predicted inhibition. Pathways and downstream functions related to DNA damage and repair, or RNA biogenesis are highlight in gold and blue,

respectively.

ubiquitous casein and cyclin-dependent kinase substrate 1 (NUCKS1),
each with as many as 20, 14, 11, and 9 differentially phosphorylated
residues, respectively (Figure 5B and Table S3). Together, the combina-
tion of exclusively identified (123) and significantly altered phospho-
peptides (362) were mapped to a total of 350 unique parent proteins.
Moreover, taking into account the multiple (de)phosphorylation events
that occurred across these peptides/proteins, we identified 813 site
specific phosphorylation events as being altered between vehicle
and corticosterone-treated mECap18 cells, representing a substantial
15.1% of all phosphosites detected in this study (Table S4).

Overall, among the altered and unique phosphopeptides, propor-
tionally more experienced increased, as opposed to reduced, phospho-

rylation in corticosterone-treated mECap18 cells versus that of their

vehicle-treated counterparts (i.e., 266 vs. 219, respectively; Tables
S3 and S4). The former of these corticosterone-associated changes
included several phosphopeptides that more than doubled their basal
levels documented in vehicle control-treated mECap 18 cells (Figure 5C
and Tables S3 and S4). Among the most dominant of these were pep-
tides mapping to associated/modulators of pro- and anti-apoptotic
proteins such as guanine nucleotide-binding protein-like 1 (GNL1),
NUCKS1 and protein prune homolog 2 (PRUNE2), as well as regula-
tors of RNA splicing, WW domain-binding protein 11 (WBP11) and
splicing factor 45 (RBM17) (Figure 5C). Alternatively, phosphopeptides
mapping to proteins such as nucleolar protein 7 (NOL7), 60S ribo-
somal protein L19 (RPL19), and myristoylated alanine-rich C-kinase

substrate (MARCKS) were characterized by a substantial reduction in
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their abundance in corticosterone-treated mECap18 cells (Figure 5C
and Tables S3 and S4).
Pathway analysis of the parent proteins that experienced signifi-

cantly increased phosphorylation, or were uniquely phosphorylated,
in response to corticosterone treatment identified several pathways
related to DNA damage and its response elements, including cell cycle
control of chromosomal replication, RhoA signaling, and BRCA1 in
DNA damage response (DDR) (Figure 5D and Table S5). Notably, the
opposing subset of mECap18 cell proteins characterized by either a
significant reduction in phosphorylation or complete dephosphoryla-
tion following corticosterone exposure, mapped to pathways related
to DNA damage, identifying ataxia telangiectasia mutated (ATM) sig-
naling (a known interactor of BRCA1 in DDRs),”* mismatch repair
signaling, and predicted inhibition of nucleotide excision repair. Anal-
ysis of downstream functions in IPA yielded overlap between proteins
whose phosphorylation status was increased or reduced upon cor-
ticosterone treatment, both mapping to broadly similar functional
categories. However, a clear distinction was the predicted activation
of DNA damage. Amongst the many shared functions, both subsets of
proteins exhibited reciprocal trends for activation/inhibition of repair
of DNA and organismal death, suggesting that regulation of mECap18
cellular response is tightly coupled to the opposing action of cellular
kinases and phosphatases (Figure 5D and Table S5). Moreover, compar-
ison of this complex phosphoproteomic signature with curated DDR
proteins,”> identified 74 DDR proteins (258 phosphopeptides; Table
S3). Another notable category identified by these analyses was RNA
biogenesis (Figure 5D). Activation of the spliceosomal cycle was a pre-
dicted consequence of those proteins that experienced significantly
increased phosphorylation, in addition to the predicted downstream
activation of expression and transcription of RNA, as well as the unique
identification of processing and splicing of RNA (Figure 5D and Table
S5).

To assess if these stress-related signaling pathways identified in
corticosterone-treated mECap18 cells are linked to downstream alter-
ations in male reproductive tract biochemistry, we determined the
relative abundance of three miRNAs, previously reported to be signifi-
cantly reduced in caput epididymal cells from mice subjected to an in
vivo stress model that also modulates Nr3c1 expression.’! In agree-
ment with these previous observations, mECap18 cells subjected to
corticosterone challenge featured a significant reduction in the abun-
dance of miR-20a-5p and miR-152-3p (p < 0.05; Figures 6A and B).
Whilst the detected change in miR-30a-5p expression did not achieve
statistical significance, it did nonetheless trend towards an expected
decrease (Figure 6C; p value = 0.087). Such findings are notable as the
abundance of miR-30a-5p has previously been shown to be significantly
altered in the mature spermatozoa of mice subjected to exogenous
corticosterone treatment and thereafter linked to elevated anxiety
and depression-related behaviors in the F1 and F2 adult offspring
of corticosterone exposed sires.>> To explore if this subset of miR-
NAs have the capacity to exert influence over downstream embryonic
gene network pathways that could account for such a phenotype, each
miRNA was submitted to the online database miRDB (http://mirdb.

org/)%84? to curate predicted/known targets (prediction score >80).
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Subsequent IPA interrogation of each list of putative miRNA targets
revealed a potential impact on several physiological system devel-
opment networks and functions (Figures 6D and E). Chief amongst
these networks were nervous system development and embryonic
development (Figure 6D).

3.4 | DNA damage in corticosterone challenged
mECap18 cells may be regulated via mTOR kinase
activity

Interrogation of the PhosphoSitePlus database identified six kinases,
each with confirmed expression in mECap18 cells and with known
capability to drive the phosphorylation of at least four of the signif-
icantly regulated phosphorylated peptides (Table S6). Chief amongst
the mapped kinases were casein kinase Il subunit alpha (CK2A1),
cyclin-dependent kinase 2 (CDK2) and cAMP-dependent protein
kinase catalytic subunit alpha (PKACA) (Figure 7).

In agreement with the downstream pathway analyses (Figure 5D),
five out of the six mapped kinases (CK2A1, CDK2, mechanistic tar-
get of rapamycin [mTOR], RAC-alpha serine/threonine-protein kinase
[AKT1], and p38A; Figure 7) have been documented to possess key
roles in DDRs.”¢~7? Accordingly, to validate the functional implications
of these findings, we subjected mECap18 cells to the highly selec-
tive pharmacological mTOR kinase inhibitor, everolimus,*8:081 with
the timing of treatment selected to immediately precede that of the
introduction of corticosterone at each media change (i.e., at 48 h inter-
vals) throughout the 10-day exposure regimen (Figure 8A). mECap18
cells were then harvested in preparation for quantitative assessment of
DNA damage using anti-yH2A.X antibodies; a sensitive marker of DNA
double strand beaks. As illustrated in Figure 8B, minimal fluorescent
foci of yH2AX labeling were detected in the nuclei of vehicle control
mECap18 cells. By comparison, and in keeping with pathway predic-
tion analyses, mECap18 cells subjected to corticosterone treatment
accrued a significant increase in yH2A.X labeling (both in terms of the
number of labeled cells (Figure 8C) and the overall intensity of fluores-
cence (Figure 8D) indicative of anincrease in the burden of DNA lesions
(Figures 8B-D). Notably, however, the inclusion of everolimus supple-
mentation in combination with corticosterone significantly attenuated
yH2A.X labeling such that it was returned to basal levels indistinguish-
able from those detected in the mECap18 cells receiving vehicle only
(Figures 8B-D).

4 | DISCUSSION

In what has now become a well described paradigm, spermatozoa are
able to convey epigenetic stress signatures to perpetuate intergener-
ational, or perhaps even transgenerational, inheritance of a spectrum
of paternal experiences to their offspring.1%:2425.35.82-86 \What remains
less certain are the biological mechanisms by which paternal experi-
ences alter the physiology of the epididymal epithelium to give rise

to these intergenerational stress signals.>® Here, we have a used
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FIGURE 6 Corticosterone-induced miRNA changes in mECap18 cells. qPCR was used to determine the relative abundance of three target
miRNAs in corticosterone challenged mECap18 cells. The relative expression of (A) miR-20a-5p, (B) miR-152-3p, and (C) miR-30a-5p normalized to
a U6snRNA reference was calculated using the 2—ACt method. An unpaired t-test was applied to assess statistical significance of miRNA
abundance in corticosterone challenged mECap18 cells (CORT) versus that of their vehicle only (DMSO) controls; * p < 0.05. Mean + SEM (n = 4),
with individual datapoints, are plotted in bar charts. Using the miRDB a list of predicted targets of each miRNA was obtained and submitted to IPA.
Heatmaps depict comparative analyses of the top 10 most significant development related (D) networks and (E) functions across the three
miRNAs.
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FIGURE 8 Selective pharmacological inhibition of mTOR reduces corticosterone-induced DNA damage. (A) Experimental design whereby
mECap18 cells were exposed to either vehicle control (DMSO), 100 nM corticosterone, or 1 h pre-incubation with everolimus (mTOR inhibitor)
prior to 100 nM corticosterone treatment. Replacement of media/treatments occurred at 48 h intervals over the course of a 10-day exposure

regimen (B) After treatment, the level of DNA damage within mECap18 cells was measured by immunolabelling with anti-yH2A.X antibodies (red)

and counterstained with DAPI (blue), to determine the number of (C) positively labeled cells and (D) the overall intensity of fluorescence in each
cell population. A one-way ANOVA statistical test, with Tukey multiple correction, was applied to panels C and D. Mean + SEM (n = 4), with

individual datapoints, are plotted in bar charts.
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phosphoproteomic strategy to characterize the molecular adapta-
tion of MECap18 cells to corticosterone challenge. While the overall
abundance of the majority of parent proteins was unchanged, the
phosphorylation status of ~15% of all identified phosphoresidues
were substantially modified in response to corticosterone stimulus.
Notably, such changes were mapped to the putative activation of
cellular stress response pathways, such as DDRs, chemokine signal-
ing, and expression, transcription, and splicing of RNA. The former
of these outcomes was orthogonally validated through immunodetec-
tion of an increased burden of DNA damage in corticosterone-treated
cells and used to inform a successful amelioration strategy based on
targeted inhibition of the mTOR kinase. Collectively, these data illus-
trate the utility of phosphoproteomics in predicting cellular responses
to physiological relevant exogenous challenges and provide insight
into pharmacological strategies with the potential to counter stress
induced dysregulation of male reproduction.

To build our knowledge of how tissues of the male reproductive
tract are innervated by paternal exposures, we elected to focus on
direct administration of corticosterone, the primary glucocorticoid
produced in mice,®’ and a hallmark of the hormonal response to
stress. Indeed, numerous lifestyle and environmental stressors con-
verge on the hypothalamic-pituitary-adrenal axis to drive adrenal
gland synthesis and secretion of glucocorticoid hormones, includ-
ing corticosterone. Upon release into circulation, corticosterone acts
via canonical stress response pathways to prioritize survival (e.g.,
energy mobilization) over less essential physiological processes, before
eventually eliciting an inhibitory negative-feedback loop, thereby lim-
iting both the magnitude and duration of its influence.®® In addition,
corticosterone can also regulate a spectrum of alternate physiolog-
ical processes, including growth and development, programmed cell
death, immune/inflammatory responses, stress-related homeostasis,
and reproduction.8.70 The ability of corticosterone to induce such
pleiotropic effects is determined, at least in part, by the relative abun-
dance of its cognate receptor, nuclear receptor subfamily 3, group C,
member 1 (NR3C1) within target tissues and cells.”!

Rodent models of adrenal insufficiency have demonstrated that
homeostatic levels of adrenal hormones, including glucocorticoids, are
necessary for mediation of spermatogenesis, testicular steroidogen-
esis and, importantly in the context of this study, promoting sperm
maturation.”2-% However, despite this knowledge, and the conserved

42 surprisingly

expression of NR3C1 among male reproductive tissues,
little is known of the role of glucocorticoids in the male reproduc-
tive tract under normal physiological conditions nor how they drive
the molecular adaptation of these tissues to stress. In terms of the
epididymis, our study confirms that NR3C1 is differentially abundant
along the length of the tract, with the highest levels of this protein
documented in the proximal regions, coinciding with those segments
in which the proteomic and epigenetic landscapes of the maturing
spermatozoon are most dramatically altered.!314182223 Thjs find-
ing accords with independent evidence that the epididymis is under
glucocorticoid regulation, with previous studies having implicated glu-
cocorticoids in the absorptive and secretory activities of epididymal

epithelial cells??¢ as well as in zinc and copper metabolism within
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this tissue.””-? Our data also substantiate evidence that active NR3C1
is detected in a segment- and cell-specific pattern throughout the rat
epididymis,*® a model in which in vivo treatment with the synthetic
glucocorticoid dexamethasone significantly alters the expression of
glucocorticoid-responsive genes and induces NR3C1 nuclear translo-
cation within the epididymal epithelial cells.*? In extending these
observations, the increased abundance of NR3C1 that ensues after
chronic corticosterone challenge has been linked with an alteration
to the protein and sncRNA cargo encapsulated within the extracel-
lular vesicles produced by epididymal cell lines (DC2),%? as well as
downstream changes in the abundance of a subset of sperm miR-
NAs, and ultimately an altered offspring phenotype.??1%° Consistent
with such findings, here we confirmed that the abundance of a sub-
set of stress-responsive miRNAs are altered in mECap18 cells in
response to corticosterone challenge. Further, notwithstanding dif-
ferences in the origin of the cell lines used across these studies (i.e.,
DC2 = distal caput vs. mECap18 = proximal caput epithelial cell lines),
we noted conservation of 44% (i.e., 107 proteins) of the proteomic
cargo identified in DC2 extracellular vesicles harvested after 4 days of
corticosterone exposure, yet this overlap increased to 68% (i.e., 662
proteins) by day 11 post-treatment.1°! Together, these findings iden-
tify glucocorticoid/NR3C1 signaling as an additional tier of complexity
to the interplay of known endocrine, paracrine, lumicrine, and neuronal
systems that govern epididymal structure and function.

Such complex regulation has invariably limited advances in our
understanding of epididymal physiology and the precise mechanisms
through which this tissue exerts control over its luminal microenvi-
ronment and the population of maturing spermatozoa held therein.®
The intricacies of these regulatory cascades might also go some
way towards explaining the stark differences in the intergenerational
responses recorded to varied experimental exposure regimens despite
the imposition of similar durations of stress exposure.'92-104 |n any
case, such potential confounders identify the value of focusing on
tractable cell culture systems to model the direct allostatic adap-
tation of the epididymis to external stressors prior to considering
the spectrum of mitigating secondary influences that could influence
its function in a stressed animal (e.g., age, physical status, prevailing
environment, autonomic and sympathetic adaptations, and the tim-
ing of post-exposure matings). Accordingly, here, we have exploited
cultured mECap18 cells, as we have previously done to deliver mech-
anistic insight into epididymal extracellular vesicle generation and
secretion?¢72105 a5 well as the response of this tissue to toxicant
challenge.10¢

To our knowledge, this is the first study to apply advanced mass
spectrometry strategies to establish broad scale proteomic inventory
of the mECap18 epididymal epithelial cell line, in tandem with detailed
analyses of the phosphorylation status of surveyed proteins, to model
the allostatic adaptation of male reproductive tissues to exogenous
stress. This strategy revealed pronounced changes to the phospho-
proteome despite a relatively static overall proteomic response.
Indeed, >99% of all identified proteins (4149) were represented in
the core proteome of both vehicle control and corticosterone-treated

mECap18 cells, with only a modest number of these proteins displaying
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differential abundance under this imposed exposure regimen. Such

subtle changes in mECap18 protein expression mirror that of the
NR3C1 protein itself, the abundance of which was not substantially
altered in response to corticosterone challenge. Based on these data,
we speculate that NR3C1 may be subject to autoregulation to prevent
excursions in abundance away from homeostatic levels; an adaptive
response mirroring that recorded in other cell types.1%” Nevertheless,
among the 73 proteins that were either uniquely detected or signifi-
cantly altered in response to corticosterone challenge, we identified
the putative activation of upstream stress response regulators, such
as NRF2; itself considered a master transcription factor of an armada
of genes involved in cellular defense.1%8 Despite the growing number
of pathological insults NRF2 has been linked to, its most widely
documented role is that of a key regulator of antioxidant defenses.0?
It follows that “NRF2-mediated oxidative stress response” featured
strongly among the cellular pathways identified by pathway analysis
as being putatively activated in mECap18 cells subjected to corticos-
terone challenge. Together, these data support previous findings that
elevated levels of glucocorticoid have the potential to induce oxidative
stress in epididymal tissues?®; thus raising the prospect that at least
part of the molecular adaptation to corticosterone is directed toward
mitigating the impact of oxidative lesions.

Consistent with this notion, pathway analysis of the 350 parent
proteins identified as being differentially or uniquely phosphorylated
in vehicle versus corticosterone-treated mECap18 cells revealed the
putative activation of DDR pathways, and the related subcategories
of BRCA1 DDR, ATM signaling and mismatch repair signaling; a
finding commensurate with the increased DNA damage detected in
corticosterone-treated mECap18 cells. Moreover, inhibition of mTOR,
a known regulator of DNA damage,'1 significantly decreased the
DNA damage burden in corticosterone-treated mECap18 cells to lev-
els indistinguishable from those of control cells. Thus, alteration of
the DDR represents a potential mechanism, orchestrated via NR3C1,
via which paternal stressors can drive the biogenesis of “stressed”
sncRNAs. 111112 Accordingly, mapping of the biofunctions linked to the
cohort of differentially phosphorylated proteins also revealed the pre-
dicted activation of “expression and transcription of DNA/RNA” as
well as several categories associated with downstream “processing and
splicing of RNA.”

Such findings are in keeping with the recognized role of corticos-
terone engaging the master transcription factor, NR3C1.72 However,
the fact that this response was not linked to commensurate widespread
increases in protein abundance among the global mECap18 proteome,
raises the intriguing prospect that these pathways may target genes
encoding regulatory, as opposed to protein coding, RNA species. Con-
sistent with this notion, several regulators of sncRNA biosynthesis and
processing were identified as being differentially phosphorylated fol-
lowing corticosterone challenge. Chief amongst these phosphorylated
proteins was Smad nuclear-interacting protein 1 (SNIP1), an evolution-
arily conserved factor involved in pre-mRNA splicing as a component

113 3s well as a known interactor of the ribonuclease

of the spliceosome,
enzyme, DROSHA, which executes the initiation of pri-miRNA process-

ing to form pre-miRNA.3! The latter interaction implicates SNIP1 in
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regulating the biogenesis of several miRNAs including let-7i, miR21,
miR22, miR23, and miR25.11* These findings take on added significance
in view of the fact that let-7i and miR21 were identified among the
top ranked differentially expressed miRNAs (log, fold change of ~1.8
for both) in the spermatozoa of corticosterone-treated mice®; sug-
gesting that the phosphorylation, and hence activation, of SNIP1 may
regulate the efficiency of corticosterone responsive miRNA precursor
transcript processing and/or stability. Together, such findings allude to
a putative mechanism that may, at least in part, account for how the epi-
didymal epithelium responds to corticosterone as a prelude to relaying
an altered profile of miRNAs to the male germline.

Nevertheless, additional proteins that experienced adaptive phos-
phorylation included the putative helicase MOV-10 (MOV10), which
has an integral role in miRNA-mediated gene silencing, transla-
tional repression, and cleavage of complementary mRNAs. 1> Notably,
MOV 10 knockout mice have reduced proliferation of spermatogonial
progenitor cells and reduced levels of miRNA synthesis in the testis, 11
yet to the best of our knowledge the implications of MOV10 loss
have not been investigated in the context of post-testicular sperm
maturation. Moreover, our data also identified increased phospho-
rylation of splicing factor 45, putative methyltransferase C9orf114
homolog and matrin-3, each of which have recently been implicated as
part of the interactome of RNA-binding proteins that regulate miRNA
biogenesis.'1” While further experimental evidence is clearly needed
to substantiate the role that these proteins play in regulating epi-
didymal responses to corticosterone, we and others have shown that
the abundant sncRNA profile of epididymal epithelial cells*> can be
dynamically remodeled by diverse paternal stressors.2231 [f this were
to be the case, then our identification of a subset of kinases including
CK2A1, CDK2, mTOR, and PKACA that drive corticosterone signal-
ing cascades may offer druggable targets with which to counter stress
induced alteration of male reproduction.

5 | CONCLUSION

In summary, here we have harnessed an advanced proteomic platform
to define the impact of a direct corticosterone stimulus on cellular
signaling pathways within a male reproductive cell line. This analy-
sis revealed that, despite modest adaption of the global proteomic
profile of the mECap18 lineage, corticosterone induced pronounced
changes across the phosphoproteome of these cells. Interrogation of
these phosphorylation events identified the important interplay of
DNA damage and associated repair pathways as being among those
most heavily affected by the adaptation to the imposed corticosterone
challenge. These data provide new insight into the repercussions of
exogenous stressors on epididymal function and male fertility more

broadly.
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