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Highlights

e Transcriptional profile of Pdi genes have been examined in the developing epididymis.
e Pdi gene expression was differentially regulated during epididymal morphogenesis and along postnatal
life.

e Surgical castration downregulated Pdi genes in adult rat epididymis.

® [n silico analysis revealed the PDI transcriptional profile along human epididymis.
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ABSTRACT

Background The endoplasmic reticulum is the central hub for protein quality control, where the protein disulfide
isomerases (PDIs), encoded by at least 21 genes, play a pivotal role. These multifunctional proteins contribute to
disulfide bond formation, proper folding, and protein modifications, and may act as hormone-binding proteins
(e.g., steroids), influencing hormone biology. The interplay between ER proteostasis, PDIs, and epididymis - a
crucial site for sperm maturation - remains largely understudied.

Objectives This study characterizes transcriptional signatures of Pdi genes in the epididymis.

Material and methods Transcriptional profiles of selected Pdi genes were assessed in adult Wistar rat tissues,
and epididymis under different experimental conditions (developmental stages, surgical castration, and efferent
ductules ligation, EDL). In silico bioinformatic analyses identified expression trends of this gene family in human
epididymal segments.

Results Pdia6, Pdia3, Erp44, P4hb, Pdia5, Erp29, and Casql transcripts were detected in both reproductive and
non-reproductive tissues, while Casq?2 exhibited higher abundance in vas deferens, prostate and heart. Pdilt, highly
expressed in testis, and Pdia2, highly expressed in heart, showed minimal mRNA levels in the epididymis. In the
mesonephric duct, epididymal embryonic precursor, P4hb, Pdia3, Pdia5, Pdia6 and Erp29 mRNAs were found at
gestational day GD17.5. Except for Erp29, which remained stable, these Pdi transcript levels increased from
GD17.5 to GD20.5, when epididymal morphogenesis occurs, and were maintained to varying degrees in the
epididymis during postnatal development. Surgical castration downregulated P4hb, Pdia3, Pdia5, Pdia6, and
Erp29 transcripts, an effect reversed by testosterone replacement. Conversely, transcript levels remained
unaffected by EDL, except P4hb, which was reduced in caput epididymis. All 21 PDI genes exhibited diverse
transcriptional profiles across the human epididymis.

Discussion and conclusion The findings lay the foundations to explore Pdi genes in epididymal biology. As a
considerable proportion of male infertility cases are idiopathic, targeting hormonal regulation of protein quality
control in epididymis represents a route to address male infertility and advance therapeutic interventions in this

domain.
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1 INTRODUCTION

After production in the testis, spermatozoa reach the epididymis via the efferent ductules. The epididymal
tissue is a single long and highly convoluted tubule divided into four regions - the initial segment, caput, corpus,
and cauda - which concentrates, transports, protects and facilitates maturation of spermatozoa prior to their storage
in the caudal compartment. The septa within each region further subdivide the epididymis into intra-segmental
regions (10 in mouse, 19 in rat, 8 in human). '3 Each segment is composed of its respective distinct epithelial cells
that exhibit diverse patterns of gene expression and absorptive/secretory activities of proteins and other factors;
these cellular activities shape unique luminal microenvironments sequentially established along the tissue that is
crucial for sperm maturation and fertilizing ability. ! *

The development of the epididymis from its embryonic precursor, the mesonephric ducts (also called
Wolffian duct, WD) to a mature and functional adult tissue is primarily orchestrated by androgens acting via the
androgen receptor (AR; encoded by the NR3(C4 gene), alongside other endocrine, paracrine, lumicrine and
immunological factors. ! At birth, the epididymis remains immature, with epithelial cell development and
differentiation progressing until puberty. Luminal testicular factors that reach the proximal epididymis via efferent
ductules further contribute to completing differentiation of the epithelium. Throughout the epididymis, various
epithelial cell types - together with nearby immune cells - establish, maintain and regulate the blood-epididymal
barrier, orchestrating a unique luminal milieu that supports sperm transport, maturation, and protection from
metabolic stress and injury (both infectious and non-infectious), and ensures selective tolerance to autoantigenic
spermatozoa. Given its role in sperm maturation (i.e., the progressive acquisition of sperm motility and fertilizing
capacity), the epididymis is therefore indispensable for functional male fertility. '3

During sperm maturation, spermatozoa undergo continuous remodeling of their membrane surface
organization, and in their protein, lipid and RNA profiles. This process depends on the coordinated attachment and
shedding of molecules, primarily regulated by proteins synthesized in the epididymis and subsequently secreted
into its lumen by the epithelial cells, where they interact with the sperm directly or via extracellular vesicles (i.e.,
epididymosomes). ' To “interface” effectively with epididymal tissue and maturing spermatozoa, newly
synthesized proteins must undergo essential post-translational modifications - folding, oligomerization, disulfide

3
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bond formation, N-linked glycosylation, and cleavage of the N-terminal signal peptides for those in the secretory
pathway. ! ® The quality control of proteins synthesized and secreted by the epithelium into the epididymal lumen
remains not fully understood.

The endoplasmic reticulum (ER) plays a vital role in controlling protein quality to designated sites both
inside and outside the cell, while also ensuring overall physiological homeostasis, including redox status and
calcium regulation. Disruption of the ER can lead to diseases related to protein folding and lipid metabolism,
underscoring its importance in cell health. ”® In the human epididymis, the ER within epithelial principal cells
occupies a notably large area (~40 pm?), indicative of its heightened activity. * Given the high secretory demands
of the epididymal epithelium, robust protein folding and quality control mechanisms are essential, highlighting the
relevance of ER chaperone protein families in this tissue. Among these, the protein disulfide isomerase (PDI)
family, part of the thioredoxin superfamily of redox proteins, are at the forefront of supporting protein quality in
the ER by serving as both oxidoreductases and multifunctional molecular chaperones. Investigating the expression
patterns and androgen dependence of Pdi genes may provide valuable insights into epididymal biology and male

reproductive health. As there are at least 21 PDI genes in mammals (Fig.S1) ! !!

uncovering their expression
profile in relation to the developing epididymis and dependence on androgens can provide insights into their roles
within this tissue.

As a folding catalyst, PDIs guide the formation, isomerization and rearrangement of disulfide bonds both
within and between protein subunits, thus preventing the aggregation of misfolded proteins. ”> !> P4AHB (PDI or
PDIA1), the prototypical member, has a four-domain structure with thioredoxin-like domains (a, b, b’ and a’)
connected by an X-linker (bridging b’ and a’) and a functional C-terminal ER retention sequence. Other PDIs
differ in redox activity (e.g., PDILT), or in the a and b domains arrangements (e.g., PDIAS and PDIA6), while
some PDIs contain only a-type (transmembrane subfamily TMX1, 2 and 4 and the AGR subfamily) or b-type
domains (Fig.S1). '® " PDIs can reside in other cellular compartments, be secreted into the extracellular
environment, and are found in both plasma and seminal fluid. '*!* Consequently, they can influence a wide range

of biological processes, including the control of cell survival and death. '3 PDIs can also bind and influence the

bioavailability of hormones (T3: e.g., PAHB, Erp29 '6; estrogens: P4HB, PDIA2 !""1%), assist estrogen receptor



108
109
110
111
112
113
114
115
116
117

118
119

120

121

122

123

124

125

126

127

128

129

130

131

132

signaling as molecular chaperones (ERS1; e.g., PDIA2 '®), and act as membrane receptor for steroid signaling
(e.g., 1,25-hydroxyvitamin D3; PDIA3 2% 22). However, a number of PDIs still await comprehensive functional
studies.

Here, we investigated the transcriptional profile of Pdi genes during prenatal and postnatal development
of the rat epididymis, and in the epididymis of adult rats subjected to surgical castration and efferent ductules
ligation (EDL) to assess, respectively, the influence of androgens and testicular factors on these profiles. Using in
silico analyzes, we mapped the transcriptional profile of PDI genes expressed in the human epididymis. Overall,
our results establish a molecular foundation for multiple PDI transcripts in the developing and adult epididymis,
and uncovered those responsive to androgen regulation, lending support to future studies that target PDI gene and

protein expression to epididymal function.

2 MATERIALS AND METHODS
2.1 Animals

Male and female Wistar rats (Rattus norvegicus albino) were bred and housed in the animal facility of the
Instituto Nacional de Farmacologia e Biologia Molecular (INFAR), Universidade Federal de Sdo Paulo - Escola
Paulista de Medicina (UNIFESP-EPM) under controlled light (12 h light/dark cycle) and temperature (22 - 25°C)
with free access to food and water (ad libitum). To achieve timed mating, a single male rat was housed overnight
with two female rats. Copulation was confirmed the next morning by the presence of spermatozoa in vaginal
smears, and the time point was defined as gestational day (GD) 0.5 of the pregnant rat. 2> 23 Male rat fetuses at
GD17.5 and GD20.5, and at postnatal day (PND) 1, PND5, PND10, PND20, PND40, PND90 and PND120 were
used. Male neonatal rats at PND1 and PNDS5 were anesthetized by hypothermia prior to euthanasia by decapitation.
Surgical procedures (castration and efferent ductules ligation, EDL) were performed with rats anesthetized with
ketamine/xylazine cocktail (86.7 mg/kg and 8.7 mg/kg of body mass, respectively; i.p.). Euthanasia of dams and
males at different PNDs was performed with an inhaled overdose of isoflurane (Cristalia, SP, Brazil), followed by

bilateral pneumothorax. All animal manipulations were performed in accordance with the National Institutes of
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Health Guide for the Care and Use of Laboratory Animals and approved by the Research Ethical Committee of

UNIFESP-EPM (CEUA, #5908210916).

2.2 Animal experimental procedures and tissue harvesting

After euthanasia, fetuses were removed from the dams by laparoscopy and immediately placed in ice-cold
DPBS (Thermo Fisher Scientific, NY, USA) before decapitation. Male fetuses were identified by inspection of the
gonads at GD17.5 and urogenital distance at GD 20.5. Mesonephric ducts were dissected under stereomicroscopy,
immediately frozen in liquid nitrogen, and stored at -75°C until use. The mesonephric ducts of male fetuses at
GD17.5 (uncoiled duct) and GD20.5 (coiled duct) were harvested considering the time window when male fetal
plasma testosterone increases and epididymal morphogenesis occurs. > 2> Male rats were euthanized at different
postnatal time points, being neonates (PND1, PND5 and PND10), sexually immature (PND20 and PND40) and
mature rats (PND90 or PND120), as previously reported. *** Epididymides were harvested immediately and
dissected as whole tissue (PND1-PND20) or into three parts, i.e., caput (including the initial segment), corpus, and
cauda epididymis (PND40, PND90, and PND120). Reproductive tissues (testis, vas deferens, seminal vesicle, and
ventral prostate) and nonreproductive tissues (kidney, adrenal gland, lung, liver, skeletal muscle and heart) were
also collected from PND120 rats. All tissue samples were immediately frozen in liquid nitrogen and stored at -

75°C until use.

2.3 Bilateral surgical castration and testosterone replacement

Male adult rats (PND90) were sham-operated (control; CTL) or castrated as previously described. *° The
rats were euthanized 7 (7d) or 15 days (15d) after surgical procedures. An additional group of 7-day castrated rats
was treated with testosterone propionate (1 mg/kg of body mass, s.c.) for 6 consecutive days and euthanized 15
days after surgery (7dT). Caput (including the initial segment), corpus and cauda epididymis were harvested and
immediately frozen in liquid nitrogen and stored at -75°C. The body mass and the mass (absolute and relative) of
the reproductive tissues (seminal vesicle, vas deferens and ventral prostate) were used to measure the efficacy of

surgical castration and testosterone treatment in the animals. The relative mass of the epididymis and reproductive
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tract tissues was consistent with previously reported data -, indicating the successful establishment of this

castration model.

2.4 Bilateral ligation of the efferent ductules

Male adult rats (PND90) were sham-operated (control) or submitted to efferent ductules ligation (EDL)
as previously described.!® 2’ The rats were euthanized 15 days after surgical procedures. The epididymides were
harvested, dissected and divided into regions (initial segment and caput), which were then immediately frozen in

liquid nitrogen and stored at -75°C until use.

2.5 Total RNA extraction and complementary DNA (¢cDNA) synthesis

Frozen tissue samples (~20-30 mg) were minced in liquid nitrogen and used for total RNA extraction
using the TRIzol™ reagent (Thermo Fisher Scientific, California, USA) or PicoPure™ RNA Isolation kit (for
mesonephric ducts; one pair mesonephric ducts per sample; Thermo Fisher Scientific). Reverse transcriptase
reactions were performed with either 0.5 pg (mesonephric ducts) or 2.5 pg (epididymis and other tissues) of total
RNA and 2.5 uM oligo-(dT) in a total volume of 10 pl, according to the manufacturer's instructions (Thermoscript
RT-PCR system). A negative control (without reverse transcriptase) was routinely performed to exclude
contamination with genomic DNA. The produced cDNAs were either used immediately or stored at -20°C until

use.

2.6 Reverse transcriptase and polymerase chain reaction (RT-PCR)

RT-PCR (semi-quantitative) or RT-qPCR (real time quantitative PCR analysis) was performed as
previously described. ?* Oligonucleotide pairs (Table S1) used for amplification of each target genes were
designed using the NCBI/Primer Blast tool (https:/www.ncbi.nlm.nih.gov/tools/primer-blast) and purchased
commercially from Exxtend Biotechnology (Campinas, SP, Brazil).

Semi-quantitative PCR assays were performed with PCR buffer (20 mM Tris-HCI pH 8.4; 50 mM KCl),

MgCl, (1.5 mM), dNTPs mixture (0.2 mM), Taqg DNA polymerase (2 U), 0.4 uM of each oligonucleotide pair
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(sense and antisense) and cDNA (final concentration of 12.5 ng/ul). Reactions were performed under the cycling
conditions of 35 cycles of 1 min at 95 °C, 1 min at 60 °C and 1.5 min at 72°C. Negative controls were performed
in the absence of cDNA. The expression levels of the glyceraldehyde 3-phosphate dehydrogenase gene (Gapdh)
were used as an endogenous control. Amplicons (Pdia2, Pdia5, Pdia6, Pdilt, Erp29, Erp44, and Casq?2) were gel
purified (QIAquick PCR Purification kit, Qiagen) and subjected to automated DNA sequencing (ABI PRISM 377,
Applied Biosystems, USA). The resulting nucleotide sequences were confirmed by BLAST in the NCBI database
(https://www.ncbi.nlm.nih.gov/blast).

Quantitative PCR (qPCR) was performed with SYBR Green Master Mix kit (Kapa Biosystems, Cape
Town, South Africa) using the ABI PRISM 7500 Sequence Detection System. Amplifications were performed
with 25 to 100 nM of each oligonucleotide pair (Table S1) and cDNA (final concentration of 0.5 ng/ul for
mesonephric duct; 0.5 ng/pL for whole epididymis, PND1-PND20; 0.5 ng/pl for epididymal regions from PND40
and PND120; 0.5 ng/uL or 10 ng/ pL. for epididymis from surgical castrated rats and EDL), under the cycling
conditions of 2 min at 50°C, 3 min at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. The
quantification cycle (Cq; 2*) was determined automatically using the 7500 Applied Biosystems software (version
29,30

2.0.5). The average Cq value > 31 was set as a threshold for low expressed transcripts based on the literature.

Relative quantification of target genes was calculated using the 274““? method. 3! The housekeeping gene

Rpl19 (Ribosomal protein L19) was used for internal standardization of qPCR results, since it is stably expressed
during mesonephric duct morphogenesis and postnatal development of the epididymis. ** Normalized gPCR data
were expressed relative to their corresponding experimental reference group, which varied depending on the
experimental model used (details in Figure legends). The amplification efficiency values for each Pdi
oligonucleotide pair (sense and antisense) were calculated from standard plots made from dilution series of control
cDNA (adult rat caput epididymis). Efficiency of reactions for each Pdi oligonucleotide pair was calculated from

the slope using the equation E = [10¢151°P9] -1 (Table S1).

2.7 In silico analysis of PDI mRNA expression in human epididymis



210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234

235

The PDI gene expression patterns in the human epididymis were examined in silico by analyzing the
microarray dataset deposited in the Gene Expression Omnibus (GEO; access number GSE141568). 3 Analysis was
conducted across the distinct epididymal segments (1-3, representing efferent ducts; segments 4-6, 7 and 8
associated with caput, corpus, and cauda, respectively). This evaluation was carried out using Log2 robust
multiarray analysis (RMA). 3 To ensure robust statistical findings, the adjusted p-value approach (Benjamini and
Hochberg method), which effectively limits false discovery rate (FDR), was used to identify PDI genes that
exhibited statistically significant expression trends across the epididymis. * Differentially expressed genes (DGEs)
were identified using criteria that encompassed fold change (FC) calculations and adjusted p-values. Only values
exceeding the qualifying threshold > 2.0 (in Log2FC) and adjusted p-values < 0.05 were selected as DEG in the
screening process. ° Expression values were plotted as a heatmap that showcase the average expression values
across replicates from three subjects (37, 50 and 52 years of age; *). The spectrum of the heatmap was set as shades
of pink and blue corresponding to low and high intensity values, respectively, varying from 3.98 (pink) to 16.29
(blue). The graphical heatmap, values were represented from lowest to highest relative to epididymal segment 1,
thereby facilitating a coherent understanding of the expression dynamics across the various epididymal segments.
The expression values for SPAGI, DEFBI128, DEFBI25, and ACTG2 genes were used as signature genes due to
their distinct and enriched expression profiles in the efferent ductules, caput, corpus, and cauda epididymis,

respectively, as previously reported.

2.9 Statistical analysis

Data were analyzed using Prism 8.0 (GraphPad Software, San Diego, CA, USA). Normality of all
statistical determinations was analyzed with the Shapiro-Wilk test. F test or Bartlett’s test were used to assess the
homogeneity of variances for two and more groups, respectively. For parametric data, Student’s t-test was applied
to experiments with two groups, and analysis of variance (One-way ANOVA) followed by the Bonferroni test for
multiple comparisons was applied to experiments with three or more groups. Differences were considered

statistically significant at p < 0.05. Results are presented as mean + standard error of the mean (SEM).
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3 RESULTS

3.1 Differential expression of Pdi mRNAs in reproductive and non-reproductive tissues from adult rats
We tested 20 of the 21 Pdi transcripts in the caput epididymis from adult rats through semi-quantitative
RT-PCR. All 20 amplicons were produced within their expected size and nucleotide sequence (data not shown).
We next examined the expression profile of ten Pdi genes (P4hb, Pdia2, Pdia3, Pdia5, Pdia6, Erp29, Erp44,
Casql, Casq2, and Pdilf) in various reproductive and non-reproductive adult rat tissues by semi-quantitative RT-
PCR (Fig.1). Of these genes, P4hb, Pdia3, Pdia5, Pdia6, Erp44, Erp29, and Casql mRNA levels were
ubiquitously detected in all tissues examined, including epididymal regions (caput, corpus and cauda). Casq?2
mRNA was present in greater abundance in the vas deferens, prostate, and heart. Pdilt transcripts were detected in
the testis (which was used as positive control; **) and caput epididymis. Conversely, Pdia2 mRNA was detected
more abundantly in the heart (which served as another a positive control; '®), yet displayed minimal to low levels

in the epididymis and other examined tissues (Fig.1).

3.2. Differential expression of PDI genes in the human epididymis by in silico analysis

Expression of all PDI genes was detected in all human epididymal segments (Fig.2A). We used segment
1-3 as the reference region (efferent ductules; ED) for clustering the results in terms of signal intensity (pink to
blue colors; lowest to highest expression). Our transcriptome analysis data for SPAGI, DEFBI128, DEFBI25, and
ACTG2 along the human epididymal segments confirmed the previous results from Légaré and Sullivan for these
same genes ° and served as a consistent point of reference for our in silico analysis data (Fig.2B).

We observed that all PDIs are equally expressed or even more expressed along epididymal caput, corpus
and cauda segments than along efferent ductules segments, except for AGR3 (Fig.2A). Among the profiled PDIs
in adult rats, P4HB, PDIA3, and PDIA6, for example, were more strongly expressed than PDIAS5, ERP29, PDILT,
CASQ2, CASQI and PDIA?2 in human epididymal segments (4-8). As in the rat, the analysis revealed PDIA2 with
low expression levels in this tissue.

When analyzing the differentially expressed PDI genes (log2FC > 2, adj p-value < 0.05) in comparison to
pairs of human epididymal regions, we found higher expression of DNAJCI0 (PDIA19) and AGR?2 in caput and

10
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corpus than in ED, of PDIA6 in corpus than in ED, of ERP27 in corpus and cauda than in ED and caput, and of
CASQ? in cauda than in caput. AGR3 was the only PDI gene more expressed in ED than in caput, corpus or cauda.

No DEGs were observed between corpus and cauda (Fig.2C).

3.3 Transcriptional profiling of Pdi genes in the rat prenatal and postnatal epididymis

We then focused qPCR analysis on a subset of six Pdi genes (P4hb, Pdia3, Pdia5, Pdia6, Pdilt and Erp29)
to examine their developmental transcriptional profile in the rat epididymis. As shown in Fig.3, mRNA levels of
P4hb, Pdia3, Pdia5, and Pdia6 were readily detectable in the mesonephric ducts at both GD17.5 (uncoiled duct)
and GD20.5 (coiled duct), a period when its morphogenesis is triggered by a significant increase in fetal plasma
concentrations of testosterone. 2* The relative expression of these Pdi transcripts exhibited a two- to threefold
increase between GD17.5 and GD20.5, paralleling to the expected decrease in relative levels of the androgen-
dependent Spagllc mRNA that occurs in this time window and served as a positive control (Fig.3; ?%). In contrast,
when comparing GD17.5 and GD20.5 mesonephric ducts, the detected Erp29 transcript level remained stable
(Fig.3), whereas Pdilt mRNA was expressed at very low abundance in both groups (Table S2).

Next, we tested the expression profile of these Pdi genes in the rat epididymis during postnatal
development. As shown in Fig.4, only Pdia5 and Pdia6, showed significant trends in their transcript levels during
postnatal development PND1 to PND20 (whole epididymal samples), when the epididymis has not yet completed
its development and maturation !'; compared to their expression levels in our reference of PND1, Pdia5 and Pdia6
displayed higher abundance in the caput region of PND40 (immature rats) and PND120 (adult rats) than in the
corpus and cauda epididymis on the same days (Fig.4). Transcript abundance of P4hb, Pdia3, and Erp29 was not
affected significantly by age when postnatal development between PND1 and PND20 or when the individual
epididymal regions at PND40 and PND120 were compared. Similar to prenatal epididymis, the relative expression
of Pdilt mRNA continued to be low in the epididymis from neonatal, prepubertal and adult rats (Fig.4; Tables S2
and S3). In these studies, the expression profile of Grlx3 mRNA remained relatively constant among samples and

therefore served as a control for the studies (Fig.4).

11
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3.4 Influence of androgens and testicular factors on Pdi gene expression in the epididymis of adult rats

To investigate whether the expression of Pdi transcripts was modulated by androgens, we performed RT-
gqPCR using total RNA from caput epididymis of rats subjected to bilateral surgical castration for 7 and 15 days
(Fig.5; Table S4). The relative expression of P4hb, Pdia3, Pdia5, Pdia6, Pdilt, and Erp29 mRNA was
significantly downregulated in samples from 7- and 15-days castrated rats, compared with the sham-operated
control group. In 7 days castrated rats, supplementation with testosterone propionate for additional 6 consecutive
days (7dT group) did not restore (Pdilt), partially restored (P4hb) or restored (Pdia3, Pdia5, Pdia6, and Erp29)
mRNA levels of these Pdi genes in the caput epididymis to their control levels when compared with castration
alone, indicating positive androgen modulation. The higher levels of A# mRNA induced by surgical castration that
returned to normal by testosterone treatment served as an internal control for these tests (Fig.5; Table S4).

To test whether testicular factors influence Pdi gene expression, we performed RT-qPCR on epididymal
samples from rats subjected to either a sham procedure (CTL) or EDL (Fig.6; Table S5). The relative expression
of Pdia3, Pdia5, Pdia6, Pdilt, and Erp29 mRNA in the initial segment or caput epididymis was comparable when
tissues from control and EDL rats were compared. As for P4hb, its mRNA level decreased only in caput epididymis
following EDL, suggesting a potential role of testicular factors in the transcriptional regulation of this particular

Pdi gene (Fig.6; Table S5).

4 DISCUSSION

Epididymal physiology supports sequential and continuous changes to the sperm on their way through the
tissue, enabling them to reach, recognize, fuse with and fertilize the female gamete. During this maturation process,
the protein composition of the epididymal fluid depends on both sequential secretion and specific reabsorption of
proteins by the epithelial cells lining the epididymal tubule. To function properly, most of these epididymal
proteins require controlled oxidative protein folding. Understanding the control system that governs the quality of
secretory and membrane proteins in the epididymis not only enhances our understanding of epididymal biology

but also paves the way to unveil new markers of sperm quality and fertility.-Here, we elucidate three key features

12
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of the transcriptional landscape of Pdi genes in the epididymis that highlight the potential of the proteins they
encode to be important for epididymal biology.

First, through a combination of our preclinical analysis (semi-quantitative and quantitative PCR) and in
silico study of a human epididymal transcriptome 3, we uncovered a considerable number of Pdi genes expressed
at varying levels in both adult rat and human epididymis. The co-expression of epididymal PDIs highlights the
potential range of quality control which may involve these multifunctional proteins.

Second, we discovered constitutive expression of P4hb, Pdia3, Pdia5, Pdia6, Erp29, Erp44, Casql and
Casq?2 transcripts in the epididymis and other selected tissues tested from adult rats. In addition, Pdilt displayed

predominant expression in the testis as expected ¥ 34

, with lower abundance also in the proximal epididymis.
Pdia?2 transcript, while highly expressed in the heart, was present only at low levels in the adult rat epididymis, if
detected at all - consistent with the findings of Fu et al. '8 Apart from the relative absence/low abundance of Pdia2
mRNA in both adult rat and human epididymis, no clear signature of an epididymis-specific Pdi gene expression
hierarchy became evident when compared to other peripheral tissues. In both, rat and human epididymis, P4HB,
PDIA3, PDIA6 and ERp44 transcripts were enriched, while CASQ1, CASQ2, PDIA2 and PDILT were relatively
less abundant in both species. In contrast, PDIA5 and ERp29 showed lower relative expression in human
epididymal tissue when compared to rats.

Third, by narrowing the focus to six Pdi genes, we uncovered relationships between tissue development
and the impact of androgen plasma levels on the transcriptional profile of Pdi genes in the epididymis. All six of
these genes, namely P4hb, Pdia3, Pdia5, Pdia6, Pdilt and Erp29, were continuously expressed in the rat prenatal
and postnatal epididymis. Prenatally, the relative expression of these Pdi genes, with the exception of Pdilt and
Erp29 (which remained stable), increased between GD17.5 and GD20.5 in mesonephric ducts, the gestational time
window for duct morphogenesis and a corresponding increase in circulating testosterone in male rat fetuses. '+°

Postnatally, varying mRNA levels for P4hb, Pdia3, Pdia5, Pdia6, Pdilt and Erp29 were detected from
PND1 to PND120, with only the mRNA levels of Pdia5 and Pdia6 exhibiting an age-dependent increase during
this period. In addition, the mRNAs of Pdia3, Pdia5, Pdia6 and Erp29 behaved as androgen-dependent transcripts;

their reduced levels with surgical castration were reversed by exogenous testosterone. Although the mRNA levels
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of Pdilt and P4hb were also significantly reduced after surgical castration, the castration-related effects on Pdilt
mRNA levels were unaffected by testosterone treatment, and P4h2b mRNA levels were only partially restored to
control levels. In fact, P4hb mRNA levels were unique in responding to removal of testicular factors by EDL as
well as removal of androgens by castration. Further studies are needed to illuminate whether these influences on
Pdilt expression are sequential, summational, or synergistic.

The Nuclear Receptor Signaling Atlas (NURSA) platform, which we employed to predict relationships

35 supports both up- 3¢ and down-

between androgens/androgen receptor signaling and Pdi gene expression
regulation ¥7 of P4hb (and other Pdi genes), depending upon the androgen-responsive model chosen (Table S6).
In the literature, P4hb and Pdia3 transcripts were reported to increase in the epididymis of an adult boar GnRH-
immunocastration model, suggesting higher levels of these PDIs during hypogonadism. 3* Additional support for
the importance of the androgen-dependence of P4hb transcription in male reproductive tract tissues has been
shown in prostate of adult mice. * Thus, these data suggest that various PDI mRNAs are differentially modulated
and/or involved in discrete androgen-dependent events in the developing and the mature adult epididymis.

How do PDI-family proteins affect epididymal cell function? Further research is needed to expand on the
roles of these PDIs, particularly for Pdia3, Pdia5, Pdia6 and Erp29, which strongly display androgen dependence
in the epididymal tissue in the present study. The literature is still scarce on both qualitative and quantitative data
for the impact PDIs exert within the epididymis, but studies highlighting PDI roles in various animal models hint
strongly for their participation in key reproductive events and processes. Examples of these PDIs are P4AHB,
PDIA3, PDIA6, ERp29 and PDILT, all PDIs with both testicular and epididymal origin and that have also been
found to persist as sperm-associated proteins in the epididymal lumen; their thiol-disulfide activity affects sperm
capacitation and fertilizing ability. ®4**¢ Further studies at the protein level can simultaneously confirm sites of
synthesis and shed light on their roles within epididymal cells, especially in association with the ER. In this
manner, we can better dissect their involvement in epididymal biology and sperm maturation.

Turning our focus to development, data in the literature point to an age-related decline in PAHB levels in

47

testicular seminiferous tubules from prepubertal to adult swamp buffalo */, while increasing in the cauda

epididymal fluid from puberty to adulthood in stallions. * Our data in the prenatal and postnatal developing rat
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mesonephric duct and epididymis are indicative of members of the PDI family as proteins exhibiting potential
participation in these events, maybe involving additional mechanisms besides their primary role in protein quality
control. Prenatally PDIs have been shown to influence embryonic development *° epithelial-mesenchymal
transition (ERp29 *!, AGR2 *?), cell migration (PDI/P4HB ****), and other events related to tissue cell development
and remodeling. %3*°>%¢ Future research to confirm the synthesis and the site of action of multiple PDIs, especially
during the mesonephric/epididymal duct morphogenesis, should expand our knowledge of PDI protein family
function.

As we have mentioned earlier, the PDI-related modulation of the intracellular concentration, storage and
action of steroid hormones and their implications on epididymal function has been underappreciated. In fact, by
functioning as binding proteins for estrogens (17B-estradiol), PAHB and PDIA2 affect estrogen action and the
estrogen receptor ratio (ESR2/ESR1) in peripheral tissues such as pancreas. '"°7% PDIA2, via its hydrophobic
pocket between the b and b’domains, may serve as an intracellular estrogen storage protein in human pancreas. >
This b-type domain of PDI, responsible for both peptide and steroid hormone binding, is shared among family
members involved in male fertility, such as PDIA3 and PDILT. It has also been reported that androgens, such as
19-nortestosterone, can enhance PAHB reductase activity, an effect that is reversed by increasing concentrations
of estrogens. *°

In humans, PDIA3 has been associated with male fertility °*¢!, and autoantibodies against this protein in
seminal plasma has been linked to chronic autoimmune orchitis and infertility in rats. °* Also in humans, PDIA1
has been identified as a potential inhibitory target for hormone-induced suppression of spermatogenesis *, while
testicular PDILT autoantibodies has been associated with autoimmune polyendocrine syndrome type 1 in male
patients, in which infertility is common.®> Knockout mice lacking quality control genes such as Pdilt and Clgn
(calmegin) are infertile due to a defect in production of ADAM3 sperm-egg binding protein in the testes. ©” In
boars, elevated PDIA4 levels were correlated with good freezing ability of stored spermatozoa. *® Despite these
findings, questions remain on epididymal ER mechanisms and their contribution to male fertility.

The critical role of PDIs in male gamete biology and fertility, particularly in the context of the epididymis,

warrants further investigation. Overall, our results provide a molecular foundation for understanding the roles of
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multiple PDIs in epididymal development, maintenance, and normal function, particularly processes responsive to

androgen regulation.
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FIGURE LEGENDS

FIGURE 1 Pdi mRNA profile by semi-quantitative PCR in adult rat reproductive and non-reproductive
tissues. Assays were performed with cDNA from a representative tissue panel of one animal. Gapdh mRNA
was used as an internal control (housekeeping gene). Negative control: absence of the cDNA template. Image is
representative of an agarose gel stained with ethidium bromide; amplicons were observed at their expected size
(Table S1). The vertical dotted line (black) separates the tissue sets (reproductive and non-reproductive tissues).
Epididymal regions: caput (including initial segment), corpus and cauda regions. *Pdia2 mRNA was

low/undetectable in most tissues tested; in this case, heart samples served as a positive control.
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FIGURE 2 Clustering of PDI genes in human epididymis presented as a heat map. (A) Signal intensity
acquired from the publicly available microarray is expressed as log2 RMA and represented in the heatmap by
colors, from pink to blue colors (lowest to highest expression), to each individual epididymal segment (each row,
from 1-8) and Pdi gene (each column). Clustering was based on signal intensity of the efferent ductules (segment
1). Data correspond to replicate-averaged from three subjects as reported. The PDI genes highlighted in blue color
were tested in adult rat epididymis (see Fig.1). (B) Clustering of the SPAGI, DEFB128, DEFBI125 and ACTG?2
genes, transcriptomic signatures for the efferent ductules, caput, corpus and cauda, respectively. Results served as
consistent point of reference for our in silico data, since they confirmed the previous results from Légare and
Sullivan for these same genes?®, and therefore provided a common basis for further analysis. Results reflect the
level of expression of these genes that represent region-specific signatures for each epididymal region tested. (C)
Differentially expressed PDI genes based on GEO2R analysis between human epididymal segments, as indicated.

Data is expressed as log2FC. ED: efferent ductules. DEG: differentially expressed genes.

FIGURE 3 Pdi mRNA relative expression during rat mesonephric duct/epididymal prenatal development.
RT-qPCR was performed with cDNA samples from mesonephric ducts isolated from male rat fetuses of GD17.5
(uncoiled duct) and GD20.5 (coiled duct). (A and B) The data shown are qPCR relative quantification for each
Pdi gene. (C) Spagllc gene was used as positive control due to its expected androgen-dependent decrease in
this experimental model, as previously reported. 2*** Transcript levels were normalized using Rp/19 as the
reference gene. Results are expressed relative to GD17.5 (reference group). Data are mean = SEM (N = 4 ducts
per group; assays were run in duplicates; see Table S2 for Cq values). Statistical analysis: Student t-test; *p <

0.0s5.

FIGURE 4 Differential expression patterns of Pdi transcripts in the rat epididymis during postnatal
development. RT-qPCR was performed using cDNA samples derived from whole epididymis (PND1-PND20)
and in the epididymal regions (Ca: caput, including initial segment; Co: corpus; Cd: cauda) from prepubertal

(PND40) and adult (PND120) rats. (A and B) The data shown are qPCR relative quantification for each Pdi
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gene. (C) with Glrx3 gene transcriptional profile used as a positive control. Transcript levels were normalized
using Rpl19 as the reference gene. Results are expressed relative to PND1 (reference group). Data are presented
as mean = SEM (N = 3-4 tissues from different rats, run in duplicates; see Table S3 for Cq values). Different
letters indicate significant differences when time points PND1-PND20 were compared; the number sign (#)
denote statistical difference when compared to PND1; and asterisks (*) denote significant differences when
epididymal regions (Ca, Co and Cd) from PND40 or PND120 were compared (p < 0.05; One-way ANOVA
followed by Bonferroni test). No differences were observed in Pdi gene expression when each individual
epididymal region from PND40 and PND120 rats was compared (Student t-test, p > 0.05). Pdilt exhibited a low

expression level (Cq > 32), in contrast to other transcripts with Cq ranging from 23-28 (Table S3).

FIGURE 5 Effects of androgens on the Pdi transcriptional profile in adult rat epididymis. RT-qPCR was
performed on cDNA samples from the caput (including initial segment) epididymis from rats (PND90) that were
sham-operated (control; CTL), or surgically castrated for 7 (7d) or 15 days (15d), and castrated for 7 days and
then treated with testosterone propionate, daily, for additional 6 consecutive days (7dT). (A and B) Shown are
relative quantifications of Pdi mRNA levels, (C) with Ar gene expression used as a positive control. Transcript
levels were normalized using Rp/19 as the reference gene. Results are expressed relative to controls (reference
group). Data are presented as mean £ SEM (N = 5-6 rats per group; assays conducted in duplicates; Table S4
for Cq values). Statistical differences among groups are denoted by distinct letters (One-way ANOVA followed
by Bonferroni, p < 0.05). Pdilt transcript profile refer to assays using a higher cDNA concentration (10 ng/pl of
cDNA), which resulted in a 3-5 fold change in Cq values across experimental groups, although still consistently

with Cq>31 (Table S4).

FIGURE 6 Effects of efferent ductules ligation on the Pdi transcriptional profile in adult rat epididymis.
RT-qPCR was performed on cDNA samples from the initial segment (IS) and caput epididymis of adult rats
(PND90) subjected to sham procedure (control, CTL; white bars) or efferent ductules ligation (EDL; gray bars) to

study the modulation of Pdi transcripts by testicular factors. Shown are relative quantifications of Pdi mRNA
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levels. Transcript levels were normalized using Rp/19 as the reference gene. Results for each epididymal region

are expressed relative to its respective control (reference group). Data are presented as mean = SEM (N = 3-6 rats

per group; assays conducted in duplicates; Table S5 for Cq values). Statistical difference from the respective

control is indicated by asterisks (Student’s t-test; p < 0.05).

SUPPLEMENTAL MATERIALS

Supplemental Figure S1,
Supplemental Table S1
Supplemental Table S2
Supplemental Table S3
Supplemental Table S4
Supplemental Table S5
Supplemental Table S6
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SUPPLEMENTAL FIGURE S1. Schematic representation of the domain composition of the 21 proteins in

the PDI gene family. Sequence and domain composition can be verified at National Center for Biotechnology

Information (NCBI) database. Subsets of PDIs are grouped in panels A, B and C (human and rat; protein

synonyms are noted). All proteins contain a short N-terminal signal sequence (N). P4HB (also known as PDI

and PDIA1) is the prototype PDI. The unifying theme between these proteins is the presence of at least one

thioredoxin-like domain (TRX) whether this be catalytically active (a and a’; in blue) or inactive (b and b’; in

pink). Catalytic motifs are denoted in active domains (classical sequence: CGHC). Violet: Asp/Glu rich Ca*'-

binding domains. Tangerine: transmembrane domains. Yellow: C-terminal ER retention signal sequences with

amino acids composition denoted. The letter “X” is representing the linker regions. Figure was adapted and

modified. °
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SUPPLEMENTAL TABLE S1. Oligonucleotide sequences used in RT-PCR. For each individual listed Pdi gene,
the official nomenclature (https://www.genenames.org) and respective National Center Biotechnology Information

(NCBI) accession number are provided. The oligonucleotide sequences (Forward, F; Reverse, R), expected amplicon

size (in base pairs, bp) and correspondent amplification efficiency (£%) are shown (ND - Not Determined).

Accession Amplicon
T . r_1Q E 0,
ranscripts Number Sequence (5'- 3'") ®bp) (%)
P4hb (Pdial) F  CTGGTGGAGTICTATGCCCC
NM_0129982 140 103
Prolyl 4-Hydroxylase Subunit Beta R GCCAGGTCAGACTCTTICTGTG
Pdia2 F  CAGCCCTGATGGTGGAGTIT
NM_0011057752 220 91
Protein Disulfide Isomerase Family A Member 2 R TCTTCTGGGTTTGTGCGGTT
Pdia3 F  GGCTTGCCCCTGAGTATGAA
NM_017319.1 75 99
Protein Disulfide Isomerase Family A Member 3 R  CAGTGCAGTCCACCTTTIGCT
Pdia5 F  GCGGCTCCGTITATCACCTG
NM_001014125.1 168 102
Protein Disulfide Isomerase Family A Member 5 - R CACCAGAGCTCTCAGCATCTCC
Pdia6 F  TTCTCAGGGAACTGTCTITCGG
NM_001004442.1 129 99
Protein Disulfide Isomerase Family A Member 6 - R GGTCAATGTCGTCCTCCACA
Pdilt F  TCCACGTGATCCTTGACAGC
in Di ; ; ot NM_001013902.1 125 92
Protein Disulfide Isomerase Like, Testis _ R ACCCGTGAGCTGTIGCTTTA
Expressed
Erp29 F  GGTGAAGTICGACACCCAGT
NM_053961.2 120 96
Endoplasmic Reticulum Protein 29 - R CCATAGTCTGAGATCCCCACCT
Erp44 F  CTGACTGGTGTCGTTTCAGC
NM_001008317.1 220 ND
Endoplasmic Reticulum Protein 44 R GATCGCTGGCCCCTGTATTC
Casql F  TACCTTCGACAGCAAGGTGG
NM_001159594.1 108 92
Calsequestrin 1 R CTGTIGGGCTTGTCTGGGAT
Casq2 F  CGCCCAGAGGACATGTTTGA
NM_ 0171312 93 ND
Calsequestrin 2 - R  CTCATAGCCATCTGGGTCACTC
Ar F  ACAACAACCAGCCTGATTCC
NM_012502 133 98
Androgen Receptor - R ATCTGGTCATCCACATGCAA
Glrx3 F  AGCAAGCAGATGGTGGAAAT
NM_032614 243 90
Glutaredoxin 3 - R CAGCACTITGAGCCTTTICCT
p-defl F  GACCCTGACTTCACCGACAT
NM_031810.1 222 93
Defensin Beta 1 R CCTGCAACAGTIGGGCTTAT
Spagllc F  ACAGCCATGAAACGGAGACT
NM_001037852 123 99
Sperm Associated Antigen 11c R AGTGACACCTGCTGAAAGAGC
Gapdh F  AGACAGCCGCATCTICTICTIGT
NM_017008 207 97
Glyceraldehyde-3-Phosphate Dehydrogenase - R CTTGCCGTGGGTAGAGTCAT
Rpl19 F  CAATGAAACCAACGAAATCG
NM_031103 71 99
Ribosomal Protein L19 R TCAGGCCATCTTTGATCAGCT




SUPPLEMENTAL TABLE S2. Expression of Pdi transcripts in the developing mesonephric ducts of male
rats. Quantification cycle (Cq) values from RT-qPCR studies performed with total RNA from mesonephric ducts of
fetuses at gestational day (GD) 17.5 (uncoiled ducts) and GD20.5 (coiled ducts). Data are mean + SEM of
experiments performed with samples from the indicated number of male fetuses. Rp/19 was used as the reference

gene. The average Cq value > 31 was used as a cutoff for low-expression transcripts (see Methods).

Gestational Day Points (N=4)

Transcripts
GD17.5 GD20.5
P4hb 23.85+0.31 22.69+0.20
Pdia3 26.13+0.19 24.89+0.15
Pdia5 27.38+0.22 26.30+0.21
Pdia6 24.04+0.09 23.18+0.20
Ermp29 26.64+£0.09 24.95+0.17
Pdilt 35.96+1.17 34.05+0.54
Spagllic 23.96+0.12 26.18+0.74
Rpll9 21.07+0.13 21.29+0.20




SUPPLEMENTAL TABLE S3. Modulation of Pdi transcripts in the rat epididymis across postnatal development. Quantification cycle (Cq) values
from RT-qPCR studies performed with total RNA from epididymis of rats at postnatal day (PND) 1, PND5, PND10, PND20 (whole epididymis), and in the

epididymal regions (caput, including initial segment; corpus and cauda) from prepubertal (PND40) and adult (PND120) rats. Data are mean = SEM of

experiments performed with samples from 3-4 rats per group. Rpl19 was used as the reference gene. The average Cq value > 31 was used as a cutoff for low-

expression transcripts (see Methods).

Cq Values
Whole Epididy mis Epididymal Regions
Transcripts PNDI PNDS PNDI10 PND20 PND40 PND120
Caput Corpus Cauda Caput Corpus Cauda
P4hb 21.36+0.37 21.79+0.15 21.43+0.40 21.54+£0.35 20.91+£0.73 21.07+0.17 21.35+0.54 20.43+£0.92 20.88+0.34 20.43+0.6
Pdia3 24.64+0.31 25.28+0.26 24.80+£0.53 24.08+0.36 23.32+£0.66 23.47+0.23 23.97+£0.54 22.82+0.92 24.04+0.23 23.45+04
Pdia5 26.47+0.40 26.37+0.21 25.42+0.41 25.07+0.37 23.67+0.01 26.08+0.40 26.43+0.49 22.65+0.35 27.37+0.24 26.34+0.2
Pdia6 23.40+0.52 24.06+0.19 23.51£0.50 23.05+0.25 22.01%£0.15 22.92+0.40 23.38+£0.53 20.96+0.29 23.71+0.35 22.86+0.3
Erp29 25.98+0.62 26.00£0.29 25.82+0.38 25.55+0.34 25.67+0.31 25.88+0.41 25.80+ .46 24.76+0.46 27.02+0.28 26.16+0.3
Pdilt 34284+ 0.85 34.25+0.82 34.41+1.16 36.10£0.99 3242+1.75 32.73+0.93 33.54+1.91 34.09+0.84 34.09+1.87 37.88+0.5
Glrx3 25.19+0.61 24.58+0.51 23.76+0.50 24.86+0.25 24.15+0.49 24.67+0.54 24.59+0.55 24.40+0.58 25.08+0.53 25.24+0.2
Rpl19 19.30+0.17 19.19+0.18 19.01+£0.31 19.75+£0.17 20.01+0.19 20.90+0.36 20.11+0.26 19.71+0.15 19.93+0.22 19.95+0.2




SUPPLEMENTAL TABLE S4. Modulation of Pdi transcripts by androgens in adult rat epididymis.
Quantification cycle (Cq) values from RT-qPCR studies performed with total RNA from caput (including initial
segment) epididymis from rats (PND90) that were sham-operated (control; CTL) or surgically castrated for 7 (7d)
or 15 days (15d). A separate group of rats was surgically castrated for 7 days and then treated with testosterone
propionate (1 mg/kg of body mass, s.c.), daily, for 6 consecutive days, before euthanasia (7dT). Data are mean =+
SEM of experiments performed with samples from 4-6 rats per group. Rpl19 was used as the reference gene. The

average Cq value > 31 was used as a cutoff for low-expression transcripts (see Methods).

Experimental Groups
Transcripts  Sham-Operated Surgical Castration
CTL 7d 15d 7dT

P4hb 20.54+0.19 21.99+£0.11 21.91+0.18 21.32+0.18
Pdia3 21.36+0.11 22.90+0.13 22.43+0.14 21.95+0.21
Pdia6 20.17+0.05 2436+0.28 18.70+0.17 19.47+0.38
Erp29 23.34+0.23 24.61+0.18 24.41+0.12 23.97+0.17
Pdia5 23.93+0.08 25.33+0.28 24.47+0.13 23.98+0.56
Pdilt (10 ng) 27.84+0.55 31.99+0.81 34.43+1.86 31.96+0.40
Pdilt (5 ng) 32.43+0.56 36.68+0.45 37.28+1.68 35.88+0.84
Ar 23.78+£0.18 23.30+0.24 22.86+0.19 24.84+0.28
Rpll9 20.22+£0.22 20.27+0.12 19.97+0.17 20.52+0.19




SUPPLEMENTAL TABLE S5. Effects of efferent ductules ligation on the Pdi transcriptional profile in
adult rat epididymis. Quantification cycle (Cq) values from RT-qPCR studies performed on cDNA samples from
the initial segment (IS) or caput epididymis of adult rats (PND90) subjected to sham procedure (control, CTL) or
efferent ductules ligation (EDL) to study the modulation of Pdi transcripts by testicular factors. Data are mean +
SEM of experiments performed with samples from 3-6 rats per group. Rpl19 was used as the reference gene. The

average Cq value > 31 was used as a cutoff for low-expression transcripts (see Methods).

Experimental Groups
Transcripts Initial segment (IS) Caput
CTL EDL CTL EDL
P4hb 21.59+1.25 21.65+1.28 21.82+1.01 21.69+1.43
Pdia3 21.50+£1.16 21.69+1.32 22.02+1.21 21.58+1.75
Pdia5 23.68+1.26 2427+137 24.12+1.19 23.97+1.50
Pdia6 17.57+1.76  19.40+0.75 19.20+1.20 19.35+£1.67
Emp29 22.79+£0.97 22.82+0.95 23.07+0.81 22.96+0.95
Pdilt 36.05£1.61 36.50+0.55 36.51+1.13 35.37+0.50
Rpl19 20.19+0.91 20.28+1.17 20.84+0.77 20.14+1.35




SUPPLEMENTAL TABLE S6. Pdi gene expression levels were assessed using NURSA transcriptome
datasets, revealing insights into their transcriptional modulation within androgen receptor (AR) signaling
pathways influenced by various regulatory molecules. These include AR agonists (T, testosterone; DHT,
dihydrotestosterone; R1881, metribolone), the AR antagonist flutamide, siRNA against AR, estrogen receptor
(ER) agonist (E2, 17p-estradiol), and AR co-modulators (HDACI, histone deacetylase 1 in complex with other
corepressors of AR gene expression). HDAC1 knockdown was observed to partially restore AR function, while.
UTX (Ubiquitously Expressed Prefoldin Like Chaperone or AR trapped clone-27, ART-27) was found to enhance
androgen-stimulated transcription. ELK1 (ETS Transcription Factor ELK1) was identified as non-essential for
overall transcriptional activity of AR but crucial in AR-mediated growth signaling. Pdi genes were filtered based
on a fold change (FC) criterion < -2 and > 2 (p < 0.05). Multiple entries for the same regulatory molecule within
the same study account for different experimental conditions. The expression data, displayed as FC values, are
presented. Consistent with our qPCR data, we found PdiaJ, followed by Pdia6, Erp29 and Pdia3, transcripts to
be upregulated by androgens in vitro or by androgen receptor manipulation in vivo. The analysis also revealed that
the P4hb mRNA is both up- and downregulated by androgens, whereas Pdia2 transcript is downregulated by either
agonists or antagonists of AR. The analysis sheds light on the intricate regulatory network controlling Pdi gene

expression and its modulation within the AR signaling pathway.

Pdi gene Expression Levels References**
AR Modulator Experimental Model
P4hb  Pdia3 Pdia5 Pdia6  Erp29 Pdia2
LNCaP Cells 2.04 Kazmin et al., 2006 !
DHT -
LNCaP Cells 2.54 Nickols and Dervan, 2007 2
LNCaP Cells 2.36 Jia et al., 2008 3
LNCaP Cells 3.83 Hieronymus et al., 2006
LNCaP Cells 29 Massie et al., 2011 3
LNCaP Cells 3.01
R1881 Nwachukwu et al., 2009 ¢
Agonists LNCaP Cells + UTX knockdown 32
LNCaP Cells 4.69
Patik et al., 20137
LNCaP Cells + ELK knockdown 4.08
LNCaP Cells + HDAC1 knockdown 2.31 2.44 2.09 -2.76 Welsbi et al., 2009 &
Efferent Ductules -2.08 6.04 8.38 8.83
T
Caput Epididymis 2.96 28 2.07 -2.19 Snyder et al., 2009 ¢
T+ E2 Caput Epididymis 2.69
Antagonist Flutamide Whole lung (GD17.5) male x female -6.98 Bresson et al., 2010 10
siRNA AR-siRNA LNCaP Cells -2.02 Heetal., 2014 1!




*Method for Supplemental TABLE S6: The Nuclear Receptor Signaling Atlas (NURSA), which is integrated
with the Signaling Pathways Project (SPP; https://dknet.org), was used via the Transcriptomine tool (Ochsner

et al. 2019). '? This resource was used to extract publicly available transcriptomic datasets to gain insight into
the mechanistic and functional roles of genes whose products interact with nuclear receptors. '* Each Pdi gene
was searched individually with default settings using the criteria of a significance level of p < 0.05 and a fold
change threshold (FC) less than -2 and greater than 2 to identify examples of notable changes in gene expression.
The FC values were treated in their unlogged form, indicating either induction/upregulation (FC >1) or
repression/downregulation (FC < 1) of the respective transcript. The retrieved data were then acquired in .xIsx
format and subjected to a manual filtering process that focused on the modulation of androgen receptor (AR)
pathway. Each result was subjected to validation by querying the corresponding PubMed identification number
(PMID) for authenticity. Data entries lacking an associated PMID or with a p-value of zero (either due to

unavailability of the p-value by the author or lack of replicates within the datasets) were excluded.

**References cited in this Supplemental Table Sé6:
1. Kazmin D, Prytkova T, Cook CE, et al. Linking ligand-induced alterations in androgen receptor structure to

differential gene expression: A first step in the rational design of selective androgen receptor modulators. Mo/
Endocrinol . 2006;20(6):1201-1217. Doi:10.1210/me.2005-0309
2. Nickols NG, Dervan PB. Suppression of androgen receptor-mediated gene expression by a sequence-specific
DNA-binding polyamide. PNAS. 2007;104(25):10418-10423. Doi:10.1073/pnas.0704217104.
3. Jia L, Berman BP, Jariwala U, et al. Genomic androgen receptor-occupied regions with different functions,
defined by histone acetylation, coregulators and transcriptional capacity. PLoS One. 2008;3(11):¢3645.
Doi:10.1371/journal.pone.0003645
4. Hieronymus H, Lamb J, Ross KN, et al. Gene expression signature-based chemical genomic prediction
identifies a mnovel class of HSP90 pathway modulators. Cancer Cell. 2006;10(4):321-330.
Doi:10.1016/j.ccr.2006.09.005
5. Massie CE, Lynch A, Ramos-Montoya A, et al. The androgen receptor fuels prostate cancer by regulating
central metabolism and biosynthesis. EMBO J. 2011;30(13):2719-2733. D0i:10.1038/emboj.2011.158
6. Nwachukwu JC, Mita P, Ruoff R, et al. Genome-wide impact of androgen receptor trapped clone-27 loss on
androgen-regulated transcription in prostate cancer cells. Cancer Res. 2009;69(7):3140-3147.
Doi:10.1158/0008-5472.CAN-08-3738
7. Patki M, Chari V, Sivakumaran S, Gonit M, Trumbly R, Ratnam M. The ETS domain transcription factor ELK1
directs a critical component of growth signaling by the androgen receptor in prostate cancer cells. J Biol Chem.

2013;288(16):11047-11065. Doi:10.1074/jbc.M112.438473



8. Welsbie DS, Xu J, Chen Y, et al. Histone deacetylases are required for androgen receptor function in hormone-
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