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Characterizing the distribution of steroid sulfatase during
embryonic development: when and where might metabolites

of maternal steroids be reactivated?
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ABSTRACT

All vertebrate embryos are exposed to maternally derived steroids
during development. In placental vertebrates, metabolism of maternal
steroids by the placenta modulates embryonic exposure, but how
exposure is regulated in oviparous vertebrates is less clear. Recent
work in oviparous vertebrates has demonstrated that steroids are not
static molecules, as they can be converted to more polar steroid
sulfates by sulfotransferase enzymes. Importantly, these steroid
sulfates can be converted back to the parent compound by the
enzyme steroid sulfatase (STS). We investigated when and where
STS was present during embryonic development in the red-eared
slider turtle, Trachemys scripta. We report that STS is present during
all stages of development and in all tissues we examined. We
conclude that STS activity may be particularly important for regulating
maternal steroid exposure in oviparous vertebrates.
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INTRODUCTION

Steroids are important mediators of embryonic development as they
are capable of influencing phenotypes in all vertebrates (Cooke
etal., 1998). The developmental effects of steroids are often studied
in relation to sexual differentiation, where sex steroids produced by
embryonic gonads play a role in producing irreversible, sex-specific
effects ranging from differentiation of reproductive organs to sex-
specific reproductive behaviors in adults (Goy and McEwen, 1980;
Ball et al., 2014). Other steroids also affect embryonic development
as evidenced by the vital role glucocorticoids play in preparing
developing lungs and other tissues for conditions outside of the
maternal environment (Ballard, 1979; Fowden et al.,, 1998;
Moisiadis and Matthews, 2014). These studies demonstrate that
steroids produced by the embryo are important modulators of
offspring phenotype, but they are not the only steroids present
during development.

All vertebrate embryos develop in the presence of maternally
derived steroids. In oviparous vertebrates, steroids of maternal
origin are present in eggs at the time of laying (Schwabl, 1993), and
these yolk steroids have the potential to affect offspring phenotype
(Williams and Groothuis, 2015). Yolk steroids can influence
various aspects of offspring phenotype such as behavior, growth
and immune function (Groothuis et al., 2005). In birds, elevated
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yolk testosterone can influence traits early in life such as nestling
begging behavior (von Engelhardt et al., 2006), as well as traits later
in life such as mate choice in adults (Hsu et al., 2016). This research
has led to the hypothesis that yolk steroids might have important
fitness consequences for both mother and offspring (reviewed in
Groothuis et al., 2005). While there are many examples of maternal
steroids influencing offspring traits (Williams and Groothuis,
2015), our understanding of the physiological processes
underlying these effects lags far behind (reviewed in Moore and
Johnston, 2008; Groothuis and Schwabl, 2008). Basic questions
such as ‘how does exposure to maternal hormones affect individual
phenotype without interfering with sexual differentiation?’ (Carere
and Balthazart, 2007; Moore and Johnston, 2008) are, at best, only
beginning to be addressed, highlighting the need for studies that
examine the mechanisms underlying yolk steroid effects (Williams,
2012; Williams and Groothuis, 2015).

There is an increasing focus on deciphering the physiological
processes underlying the effects of yolk steroids, with an emphasis
on understanding the metabolic fate of maternal steroids. Findings
from a variety of oviparous species and several different steroids
demonstrate that maternal steroids are metabolized during early
embryonic development, which modulates embryonic exposure to
these steroids (reviewed in Paitz and Bowden, 2013). These studies
have primarily relied on injecting radiolabeled steroids into
either the yolk or albumen of eggs and have demonstrated that the
in ovo metabolism of androgens (von Engelhardt et al., 2009; Paitz
et al.,, 2011; Benowitz-Fredericks and Hodge, 2013; Paitz and
Bowden, 2013), progesterone (Paitz and Casto, 2012; Paitz and
Bowden, 2013), corticosterone (von Engelhardt et al., 2009,
Vassallo et al., 2014) and estrogens (Paitz et al., 2012; Paitz and
Bowden, 2015) often occurs within the first 5 days of embryonic
development, resulting in the production of metabolites that are
much more polar and water soluble. One such study using these
methods demonstrated that the primary metabolite formed in eggs of
the red-eared slider turtle, Trachemys scripta (Schoepff 1792), is
estrone sulfate (Paitz and Bowden, 2013). Given that in ovo
metabolism results in steroids being converted to more polar forms,
some of which have been identified as sulfonated forms, it is
possible that maternal steroids are sulfonated in ovo. Interestingly,
the sulfonation of maternal steroids is also the primary pathway of
steroid metabolism in placental vertebrates, including humans
(Diczfalusy, 1969), indicating that this pathway is likely conserved
across vertebrates and results in embryonic exposure to steroid
sulfates (Paitz and Bowden, 2013).

In addition to steroid sulfates being produced from the
metabolism of yolk steroids during early development, there are
detectable levels of maternally derived steroid sulfates present in
eggs (Haccard et al., 2012; Paitz and Bowden, 2013). At present,
little is known about the biological effects of steroid sulfates, but a
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common premise is that these metabolites represent inactive end
products as the sulfonation of a steroid typically renders it unable to
bind its respective steroid receptor and results in an increased
clearance rate via excretion (reviewed in Strott, 2002). However,
there is evidence suggesting this may not always be the case. For
example, both estradiol sulfate and estrone sulfate alter sex ratios in
T. scripta when applied exogenously (Paitz and Bowden, 2011,
2013). As steroid sulfates do not bind steroid receptors, most effects
attributed to steroid sulfates are thought to result from the
desulfonation of the metabolite by the enzyme steroid sulfatase
(STS), which is the sole enzyme responsible for the hydrolysis of
steroid sulfates back to their active form (Reed et al., 2005). In
humans, STS is most abundant in the placenta (Miki et al., 2002),
where it converts steroid sulfates produced by the fetus back to free
steroids that enter maternal circulation (Goodman, 2003). The loss
of STS activity results in elevated levels of all steroid sulfates (Reed
et al., 2005), indicating the importance of this enzyme in the
conversion of steroid metabolites. We know that STS is abundant
during embryonic development in placental vertebrates, and it is
able to produce biologically active steroids from steroid sulfates, but
whether STS is present in oviparous vertebrates during development
is not known.

In the present study, we investigated whether STS is present in
embryos and extraembryonic membranes of 7. scripta across
development. In 7. scripta, concentrations of maternally derived
estradiol vary dramatically across the nesting season, with a
female’s second clutch containing approximately 10 times the
amount of estradiol as her first clutch (Paitz and Bowden, 2009).
Once incubation begins, concentrations of estradiol within the yolk
decline rapidly (Paitz and Bowden, 2009) as a result of estradiol
being metabolized to estrone sulfate (Paitz and Bowden, 2008),
which accumulates within the yolk and reaches the embryo during
the final third of development (Paitz et al., 2012). If STS is present
during development, it would suggest that the sulfonated
metabolites of maternal steroids could, generally, serve as
precursors for the production of active steroids that could, in turn,
influence offspring development.

MATERIALS AND METHODS

Egg collection and incubation

During June 2011, gravid females were collected from a marked
population of 7. scripta that inhabits Banner Marsh State Fish and
Wildlife Area, and returned to the laboratory where eggs were
obtained via oxytocin injection (Ewert and Legler, 1978; Les et al.,
2009). Five clutches (n=61 eggs) were used for this study, with each
clutch being evenly divided between two incubation treatments: as
T. scripta possesses temperature-dependent sex determination
(Crews et al., 1994), half of the eggs from each clutch were
incubated at 26°C to produce male hatchlings and the other half
were incubated at 31°C to produce female hatchlings. These
temperatures are known to produce 100% males and 100% females,
respectively (Crews et al., 1994). Because embryos develop at
different rates under these two conditions, eggs in the cooler
treatment were sampled on days 13, 26, 39, 53, 65 and 70 of
development while eggs in the warmer treatment were sampled on
days 8, 16, 24, 32, 40 and 48 of development, with five eggs
sampled on each sampling day. This approach resulted in embryos
being sampled at approximately equivalent developmental stages
and evenly covering the entire incubation period for both
temperatures (Greenbaum, 2002; Paitz and Bowden, 2009). At the
time of sampling, extra-embryonic membranes, liver, brain and
adrenal-kidney—gonad complexes (AKGs) were removed, except
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for early stage embryos (stages 14—16), which were too small for
collection of individual tissues, so whole embryos were collected.
All samples were frozen on dry ice, and stored at —20°C until
enzyme assays were conducted. This work was approved the Illinois
State University IACUC Committee.

STS quantification and analysis

STS activity was quantified by measuring the conversion of [*H]
estrone sulfate (E;S) to [*H]estrone (E,) following Miki et al. (2002).
First, tissues were homogenized in homogenization buffer
(250 nmol 17! sucrose, 5 mmol 17! MgCl,, 100 mmol 17! Tris-HC1
pH 7.4) and centrifuged for 10min at 1000 g. The protein
concentration of the supernatant was determined via a Bradford
assay and all supernatants were diluted to a final concentration of
3 ug pl=!. Next, 20 pl of supernatant (60 pg of protein) was added to
100 pl of assay buffer (0.2moll™! sodium acetate) containing
50,000 cpm of [*H]estrone sulfate (specific activity 57.3 Ci mmol~';
Perkin Elmer, Waltham, MA, USA), 25 mmol ™' sucrose and
4 mmol 1I=! nicotinamide (Miki et al., 2002). Reactions were run for
2 h at 31°C and terminated with the addition of 1 ml of ice-cold
toluene, and vortexed for 30 s. Newly hydrolyzed [*H]estrone was
quantified by measuring radioactivity levels in 500 ul of toluene.
Thin-layer chromatography was used to confirm that the toluene-
soluble radioactivity migrated with an authentic estrone standard
(Steraloids, Newport, RI, USA) and that [*H]estrone sulfate was not
present in the toluene (Paitz et al., 2012). STS activity was calculated
as estrone produced (cpm) pg~! protein h~".

To test for differences in STS activity, a mixed-model ANOVA
was used with developmental stage, incubation temperature and
tissue type (along with all interactions) included as fixed factors,
while clutch identity was included as a random factor. Values were
log transformed to normalize the data prior to analysis. Group
means were compared using post hoc comparisons (Tukey’s HSD).

RESULTS AND DISCUSSION
We found that STS activity was present in all tissues tested across
development (Fig. 1, Table S1). Incubation temperature did not
affect STS activity (F,5,=3.07, P=0.082), suggesting males and
females exhibit similar patterns of STS activity. Levels of STS
activity varied by tissue (Fy415,=34.63, P<0.001), being highest in
the liver, intermediate in the brain and AKGs, and lowest in extra-
embryonic membranes and whole embryos (Fig. 1A). STS activity
changed across development, but the pattern of change differed by
tissue as evidenced by the significant interaction of tissue and
developmental stage (F7,5,=2.19, P=0.007). Levels in whole
embryos and AKGs remained relatively stable across development
(Fig. 1B,D). STS levels in the extra-embryonic membranes were
highest early in development, declining later in development
(Fig. 1C), while levels in the brain and liver were lowest during early
development, increasing later in development (Fig. 1E,F).
Embryonic development is a period marked by high sensitivity to
steroids (reviewed in Cooke et al., 1998) as well as high levels of
steroid sulfates (Loriaux et al., 1972; Paitz and Bowden, 2013), and
here we demonstrate that STS is present in all tissues examined.
Given that STS is capable of converting most, if not all, steroid
sulfates back to their active form (Mueller et al., 2015), the broad
distribution of STS has implications for developing embryos. The
prevalence of STS, paired with the prevalence of steroid sulfates,
suggests that STS is an important, yet understudied, route of steroid
signaling during development, and the interplay of STS and steroid
sulfates could ultimately dictate when and where maternally derived
steroids elicit their effects.
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Fig. 1. Steroid sulfatase activity in Trachemys scripta embryos. (A) Mean (+s.e.m.) steroid sulfatase (STS) activity for each tissue averaged across
development. (B—F) STS activity within the (B) embryo (n=17), (C) membranes (n=61), (D) adrenal—kidney—gonad complexes (AKGs; n=39), (E) brain (n=39) and
(F) liver (n=39) across development. STS activity was calculated as estrone produced (cpm) ug~" protein h='. Groups not sharing a letter are significantly different

(P<0.05) as measured by ANOVA. Non-transformed values are plotted.

In T scripta, estrone sulfate is present in eggs as a maternally
derived compound (Paitz and Bowden, 2013), and is also produced
from the metabolism of maternal estradiol (Paitz and Bowden, 2011;
Paitz et al., 2012). Given that estrone sulfate is abundant in yolk and
albumen at the onset of development and is taken up by the embryo
throughout development (Paitz et al., 2012), it is possible that STS
can affect embryonic development by converting estrone sulfate
back to an active form to influence developmental processes such as
sex determination (Paitz and Bowden, 2013). While most research
in T. scripta has focused on estrone sulfate, numerous other steroid
sulfates have also been shown to be present during development
(Paitz and Bowden, 2013), but their fate is presently unknown.
Ultimately, the importance of STS as a modulator of embryonic
development will depend on the presence of steroid sulfates
available for reactivation.

Steroid sulfates are abundant during pregnancy, and numerous
studies have examined STS activity during embryogenesis in
placental vertebrates. Only recently has it become apparent that
steroid sulfates are also abundant during development in oviparous
vertebrates (Haccard et al., 2012; Paitz and Bowden, 2013). Patterns
of STS activity in embryos of placental vertebrates are relatively
similar to what we report in 7. scripta; in mice (Compagnone et al.,
1997) and humans (Miki et al., 2002), STS activity is high during
the later stages of development and subsequently drops after birth
such that embryonic levels of STS activity are higher than adult
levels (Mortaud et al., 1996; Miki et al., 2002). However, STS levels
tend to be highest within the placenta itself (Miki et al., 2002),
which is thought to facilitate the movement of steroids from the fetal
circulation into the maternal circulation for subsequent excretion

(Levitz et al., 1960; Reed et al., 2005), but we found the lowest
levels in the extra-embryonic membranes. Given that there is no
opportunity to transfer steroids back to the maternal environment in
oviparous vertebrates, it is not surprising that we did not detect high
STS activity in 7. scripta extra-embryonic membranes.

Variation in substrate availability will dictate the consequences of
STS activity; thus, it is important to understand the dynamics of
steroid sulfate production during embryonic development. The
hydrophilic nature of steroid sulfates means that active transport is
necessary for both cellular uptake and efflux, and this is primarily
carried out by solute carrier transporters and ATP-binding cassette
transporters (Mueller et al., 2015). Functionally, this means that the
movement of steroid sulfates can be more tightly controlled than
the movement of free steroids, and that STS activity can alter the
transport and movement of steroids by freeing them from this
controlled transport. The ability to regulate the movement of
molecules may be even more important for embryos of oviparous
vertebrates as there is no opportunity to move unwanted molecules
to the maternal circulation for excretion. Additionally, the finite
amount of resources available in eggs for development could
necessitate the recycling of molecules in a coordinated fashion. It is
possible that STS interacts with the sulfotransferase enzymes that
produce steroid sulfates to modulate the movement of maternal
steroids throughout development, allowing molecules to be
repeatedly conjugated and deconjugated. If correct, maternal
steroid effects could arise in various tissues across development,
and this could explain many of the pleiotropic effects that have been
observed (Williams and Groothuis, 2015). A continued
investigation into the prevalence of STS and steroid sulfates
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during embryonic development is necessary to better understand the
role of this pathway in regulating development, including potential
effects of maternal steroids.
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