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Editorial on the Research Topic
Advances in Sulfation Pathways Research

Sulfation Pathways are understood as the oxidative branch of sulfur metabolism (Günal et al., 2019). Core to sulfation pathways is sulfate activation, the transfer of sulfate to biological acceptor molecules and its dynamic cleavage in a spatially and temporally specific manner. The biochemical problem of sulfate activation is evident even in geological specimens–gypsum may be observed in orthopedic casts, an example of the highly inert sulfate ion (Figure 1). A significant amount of energy is needed to turn biological sulfate into PAPS (3′-phospho-adenosine-5′-phospho-sulfate), the active sulfate form.
[image: Figure 1]FIGURE 1 | Sulfur and a rock of sulfate. A lump of elementary sulfur featuring many shades of sulfuric yellows (front) and a rock of gypsum (rear), also known as CaSO4 • 2 H2O. Both specimens were kindly provided by the Lapworth Museum of Geology, University of Birmingham, for an outreach event (to JWM).
The many and diverse sulfation acceptor molecules in biology dictate the molecular functions of ubiquitous sulfation pathways. Recent publications have highlighted doubly sulfated steroids (Lightning et al., 2021) as well as sulfo-conjugated vitamin D species (Jenkinson et al., 2022). This Research Topic focused on Advances in Sulfation Pathways Research features nine research articles and three reviews, authored by 63 individual scientists, significantly advancing the field of Sulfation Pathways, highlighted within the following paragraphs:
Research into sulfation pathways always relied on state-of-the-art analytical methods. Hence, we are pleased to present novel mass-spectrometry-based ways of profiling sulfated metabolites in urine by Fitzgerald et al. Developing mass spectrometry methods is impossible however without having the respective pure compounds readily at hand. In this regard, Alshehri et al. report a novel sulfation strategy to prepare steroid sulfates and isotopically labeled variations thereof, certainly an innovation with great importance for the field. Whenever coming from a genomic viewpoint, it may be necessary to characterize a sulfation enzyme with regards to its activity. With this in mind, Sun et al. have prepared a manuscript on optimized sulfotransferase assays.
Sulfation impacts greatly on steroidogenesis–sulfated steroids may represent transport forms and/or modulate downstream processing (Foster and Mueller, 2018). Two studies by Pavlič et al. and De Almeida Da Costa et al. independently provide experimental evidence that endometrial tissues can generate estrogens from circulating steroid sulfates. Sulfation of steroids predominantly occurs within the cytosol and sulfated steroids then need dedicated transporters to enter circulation and for the uptake into target tissues. Karakus et al. provide an in-depth study about the steroid sulfate uptake transporter SOAT (SLC10A6) in adipose tissue that illustrates this well.
When studying sulfated steroids, not only are circulating steroids important, but also sulfated neuro-steroids. This Research Topic features two review articles about steroid sulfation in neurodegenerative diseases by Vitku et al. and during neurodevelopment by Clarke et al. Fascinating topics that will enable exciting discoveries in future, with great potential for the development of novel therapeutics.
Aspects of sulfation pathways are highly conserved in multicellular organisms. Hence, the review article by Igreja and Sommer about sulfation pathways in nematode development will be of great interest to the community–much is known about the genetics of these pathways, however a lot remains to be uncovered from the metabolism side.
One part of sulfation pathways that differs greatly between species is degradation of the remnants of PAPS-dependent sulfation. 3′-Phospho-adenosine-5′-phosphate seems to be a waste product in humans–it however represents important signaling properties in plants. Ashykhmina et al. studied the divergent functions of this nucleotide in stress signaling, when encountered in different cellular compartments. It remains to be seen, if any of these signaling propensities would also be discovered in human sulfation pathways.
From a synthetic biology perspective, some sulfation proteins have been characterized in their folding and protein stability, reviewed here (Brylski et al., 2019), following on from which Brylski et al. constructed a folding sensor that reports protein integrity via Förster resonance energy transfer. This elegant advance allowed measurement of protein unfolding within intact cells. With this approach, Brylski et al. established that cellular ATP levels determine the stability of a nucleotide kinase. The same team of researchers also studied the stability and aggregation behavior of disease-related protein variants of the highly conserved enzyme PAPSS2 (Brylski et al.).
We look towards a bright future in Sulfation Pathways research. New developments may bring insights in novel or overlooked sulfated metabolites. Linking sulfation pathways with other metabolic pathways may also be highly interesting–such as the study of two Golgi-residing heparan sulfate sulfotransferases that cooperatively act on their substrate (Gesteira et al., 2021). By investigation of patients with rare genetic mutations or by using omics and big data approaches, we also may be able to link sulfation pathways to other biological themes; and linking steroid sulfation to adrenal tumors (Mueller et al., 2021) is a first step towards this goal.
There were dedicated meetings on sulfation pathways back in the 1990s. Due to renewed interest and significant advances in the field, such meetings started again. SUPA meetings took place in Greifswald, Germany, in 2015; then continued in Birmingham, United Kingdom, in 2017, and Castle Rauischholzhausen, Germany, in 2019. Accompanying Research Topics on sulfation pathways were published in 2016 (Mueller and Muller, 2016) and 2018 (Mueller and Foster, 2018). We are delighted to present the current Research Topic, looking towards the SUPA 2023 meeting that is being organized already.
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Endometrial cancer (EC) is the most common gynecological malignancy in resource-abundant countries. The majority of EC cases are estrogen dependent but the mechanisms of estrogen biosynthesis and oxidative metabolism and estrogen action are not completely understood. Here, we evaluated formation of estrogens in models of moderately and poorly differentiated EC: RL95-2 and KLE cells, respectively. Results revealed high expression of estrone-sulfate (E1-S) transporters (SLCO1A2, SLCO1B3, SLCO1C1, SLCO3A1, SLC10A6, SLC22A9), and increased E1-S uptake in KLE vs RL95-2 cells. In RL95-2 cells, higher levels of sulfatase and better metabolism of E1-S to E1 were confirmed compared to KLE cells. In KLE cells, disturbed balance in expression of HSD17B genes led to enhanced activation of E1 to E2, compared to RL95-2 cells. Additionally, increased CYP1B1 expression and down-regulation of genes encoding phase II metabolic enzymes: COMT, NQO1, NQO2, and GSTP1 suggested decreased detoxification of carcinogenic metabolites in KLE cells. Results indicate that in model cell lines of moderately and poorly differentiated EC, estrogens can be formed via the sulfatase pathway.
Keywords: sulfatase pathway, steroid sulfatase, endometrial cancer, estrone sulfate, estrone sulfate transporters, 17beta-hydroxysteroid dehydrogenase, oxidative metabolism of estrogens, estrogen biosynthesis
INTRODUCTION
Endometrial cancer (EC) is the most frequent gynecological cancer in the developed world (Bray et al., 2018), with a continuing trend for increased incidence over recent decades due to pandemic obesity and increased life expectancy (Lindemann et al., 2010). According to the Bokhman classification, EC histopathology defines two groups. Type I is characterized by well and moderately differentiated endometrioid histology (grades 1, 2), which comprises 70–80% of all cases. In contrast type II, includes clear-cell, serous, or squamous histology, or endometrioid tumors with poorly differentiated histology (grade 3) (Amant et al., 2005; Chiang and Soslow, 2014; Murali et al., 2014; Morice et al., 2016), which comprises 20% of all cases. Tumors that show combined morphological and molecular characteristics of types I and II are also common (Yeramian et al., 2013). In addition to these sporadic cases, about 10% of ECs are hereditary and are associated with Lynch syndrome (Amant et al., 2005). Based on integrated genomic, transcriptomic, and proteomic data, EC is now classified into four molecular subtypes (Kandoth et al., 2013).
EC type I is estrogen-dependent disease, which develops and progresses due to unopposed actions of endogenous and exogenous estrogens on endometrial cells (Inoue, 2001). EC type II is usually considered estrogen independent. However, this has been questioned by studies that have shown no differences in tissue and plasma estrogen concentrations between patients with EC types I and II. This indicates that estrogens also have roles in EC type II (Berstein et al., 2003; Brinton et al., 2016; Wan et al., 2016). EC develops mainly in postmenopausal women, and thus relies on local formation of active estrogens. Locally, estrogens can be formed from the adrenal precursors dehydroepiandrosterone sulfate (DHEA-S) and DHEA, and from circulating estrone sulfate (E1-S) (Rižner et al., 2017). To enter the cells, these sulfated precursors use transporters from the solute carrier gene (SLC) superfamily. These genes encode organic anion transporters and organic anion transporting polypeptides (Roth et al., 2012). The efflux of sulfated steroids is via ATP-binding cassette (ABC) transporters. Within cells, active estrogens can be synthesized via the so-called aromatase and sulfatase pathways by the actions of a series of enzymes that include sulfatase (STS) and aromatase (CYP19A1). The most potent estrogen is estradiol (E2), and it can be formed from DHEA-S or DHEA via androstenedione, through the actions of STS, 3β-hydroxysteroid dehydrogenase (HSD3B), aromatase, and reductive 17β-hydroxysteroid dehydrogenases (HSD17B1, HSD17B7, HSD17B12), and also from E1-S through the actions of STS and HSD17B1, HSD17B7, and HSD17B12 (Rižner, 2013). The oxidative enzymes HSD17B2, HSD17B4, HSD17B8, and HSD17B14 catalyze the inactivation of E2 to the less potent estrone (E1). Sulfotransferases SULT2A1 and SULT2B1 maintain the levels of DHEA-S, and SULT1E1 maintains the levels of E1 and estradiol sulfate (E2-S). Estrogens can activate nuclear receptors ERα and ERβ and G protein coupled receptor (GPER), through which they either stimulate cell proliferation (ERα, GPER), induce apoptosis (ERβ) or enhance migration of cancerous cells (GPER) (Paterni et al., 2014; Xu et al., 2019). Additionally, phase I metabolism of estrogens by the CYP enzymes (CYP1A1, CYP1A2, CYP1B1, CYP3A5, CYP3A7) leads to formation of 16α-hydroxyestrogens and 2- and 4-hydroxyestrogens. These catechols can then be further oxidized to quinones, which can bind to DNA and form adducts (Hevir et al., 2011). The formation of estrogen quinones is opposed by phase II metabolism, which includes methylation (catechol-O-methyl transferase; COMT), sulfation (sulfotransferases; SULT1A1, SULT1E1, SULT2B1) and glucuronidation (UDP-glucuronyl transferase). The formation of DNA adducts is prevented by conjugation with glutathione (glutathione S-transferase; GSTP1) and reduction back to catechols by (NAD(P)H quinone dehydrogenases; NQO1, NQO2). Estrogens can stimulate cell proliferation, and can also have genotoxic effects; they can thus act as promoters and initiators of carcinogenesis (Cavalieri and Rogan, 2011; Rižner, 2013; Cavalieri and Rogan, 2016).
The altered uptake of sulfated steroid precursors, the mechanisms of estrogen biosynthesis and oxidative metabolism, and estrogen actions in EC are not completely understood. In the present study we hypothesized that local formation of estrogens via the sulfatase pathway has roles in different histological types of endometrial cancer and also in metastatic cancer. We investigated estrogen biosynthesis and metabolism in the RL95-2 and KLE cell lines, as models of moderately and poorly differentiated EC, respectively. The aims were; (i) to examine expression of 20 genes that encode E1-S uptake and efflux transporters, and 31 genes that encode estrogen biosynthetic, phase I and II metabolic enzymes and receptors; (ii) to investigate the metabolism of DHEA-S and E1-S, and to quantify the metabolites they form; and (iii) to measure cell uptake of E1-S in the RL95-2 and KLE cell lines, as representative of moderately and poorly differentiated, metastatic EC.
MATERIALS AND METHODS
Reagents and Chemicals
The standards of E1 (1,3,5 (10)-estratrien-3-ol-17-one) and E2 (1,3,5-estratriene-3,17β-diol) were from Steraloids (Newport, RI, United States), the standards of E1-S (1,3,5 (10)-estratrien-17-one 3-sulfate), E2-S (1,3,5 (10)-estratriene-3,17β-diol sulfate), E2-d2 (1,3,5 (10)-estratriene-2,4-d2-3,17β-diol) were from Sigma Aldrich (St. Louis, MO, United States). Methanol and ammonium fluoride (NH4F) were from Honeywell International Inc. (Charlotte, NC, United States), and ethanol was from Merck (Darmstadt, Germany). Ultrapure water with a resistivity of 18.2 MΩ × cm was obtained from a Milli-Q water purification system (Merck Millipore, Darmstadt, Germany). The STS inhibitor STX64 was a kind gift from Dr. Barry Potter (Oxford University, Oxford, United Kingdom).
Model Cell Lines
The RL95-2 cell line (RRID: CVCL_0505) was originally established from a grade 2 moderately differentiated adenosquamous carcinoma of the endometrium from a 65-year-old patient (Way et al., 1983), and it was purchased from American Type Culture Collection (ATCC; CRL-1671; lot 62130010) on October 18, 2017, as passage 125. The RL95-2 cells were cultured in Dulbecco’s modified Eagles’s medium/F12 (D6421), with 10% fetal bovine serum (FBS; F9665), 2.5 mM L-glutamine (G7153), and 5 μg/ml insulin (I9278) (all from Sigma–Aldrich GmbH). The RL95-2 cells were used as passages +8 to +14. Authentication by short tandem repeat (STR) profiling was performed by ATCC.
The KLE cell line (RRID: CVCL_1329) was originally established from a poorly differentiated endometrial carcinoma from a 68-year-old patient (Richardson et al., 1984), and it was purchased from ATCC (CRL-162; lot 70001143) on October 18, 2017, as passage +12. The KLE cells were cultured in Dulbecco’s modified Eagles’s medium/F12 (D6421) supplemented with 10% FBS (F9665) and 2.5 mM L-glutamine (G7153) (all from Sigma–Aldrich GmbH). The KLE cells were used as passages +21 to +27. Authentication by STR profiling was performed by ATCC.
The HIEEC cell line was obtained from Michael A. Fortier (Laval University, Quebec, Canada) on April 4, 2014, as passage 14. The HIEEC cells were grown in RPMI-1640 Medium supplemented with 2 mM L-glutamine and 10% fetal bovine serum (FBS) (all from Sigma-Aldrich, St. Louis, MI, United States). The HIEEC cells were used as passage +7. Cells in passage +8 were authenticated by STR profiling performed by ATCC on March 8, 2018.
These cell lines were all negative for mycoplasma infection, according to MycoAlert mycoplasma detection kits (Lonza, Basel, Switzerland).
RNA Isolation
The RL95-2 and KLE cells were cultured four different times independently (n = 4) as two replicates. The total RNA from RL95-2 and KLE cells was isolated and purified using RNA isolation kits (Nucleospin; Macherey-Nagel GmbH & Co. KG, Düren, Germany), according to the manufacturer instructions. The RNA quality was determined using a bioanalyzer (2100: Agilent) and RNA nanokits (RNA 600; Agilent Technologies Inc, Santa Clara, CA, United States). The mean RNA integrity number was 9.00 ± 0.53, which demonstrated that the RNA was of good quality. Samples of the total RNA (4 µg) were reverse transcribed into cDNA (in 40 µg) using cDNA synthesis kits (SuperScript VILO; Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, United States), according to manufacturer instructions. The cDNA samples were stored at −20°C.
Quantitative PCR
The expression of the genes that encode the enzymes involved in estradiol biosynthesis and oxidative metabolism was examined using quantitative PCR (qPCR) with exon-spanning hydrolysis probes (dye labeled, FAM), as commercially available as ‘Assay on Demand’ (Applied Biosystems, Foster City, CA, United States) (Table 1), or with primers and probes for AKR1C3 that were designed by our group previously (Rižner et al., 2006) (Table 2), using TaqMan Fast Advanced Master Mix and the universal thermocycling parameters recommended by Applied Biosystems (1 cycle of 20 s at 50°C; 1 cycle of 20 s at 95°C; 40 cycles of 1 s at 95°C; 20 s at 60°C). The expression of the genes that encode transporters was examined using SYBR green I master (Roche, Basel, Switzerland) and primers that were designed in our laboratory (Table 3), using the following program: 1 cycle of 5 min at 95°C; 40 cycles of 10 s at 95°C; 10 s at 60°C; and 21 s at 72°C. Quantification was accomplished using a real-time PCR system (ViiA 7; Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, United States). All of the cDNA samples were run on the PCR machine in triplicates, using 0.25 μl cDNA, and the reactions were performed in 384-well plates (MicroAmp Optical; Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, United States), in a reaction volume of 5.0 μl. The PCR amplification efficiency was determined from the slope of the log-linear portion of the calibration curve for each gene investigated, and this was allowed for in the further calculations.
TABLE 1 | Details for the TaqMan “Assays on Demand” used for the genes investigated in this study.
[image: Table 1]TABLE 2 | Sequences of the primers and probe for specific amplification of AKR1C3.
[image: Table 2]TABLE 3 | Sequences of the primers for SYBR green evaluation of gene expression.
[image: Table 3]For gene expression analysis in RL95-2 and KLE cells, the normalization factor for each sample was calculated based on the geometric mean of the three most stably expressed reference genes (POLR2A, HPRT1, RPLP0). The gene expression for each sample was calculated from the crossing-point value (Cq) as E−Cq, divided by the normalization factor, and multiplied by 1013. The Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines were considered in the performance and interpretation of the qPCR reactions (Bustin et al., 2009).
For comparison of RL95-2 and KLE cell lines with HIEEC, expression of HPRT1 was used as a normalization control. Inter-plate variability in comparison of these two cell lines with HIEEC cells was minimized by the use of relative quatification method and by considering as important only the genes with 10-fold or higher significant differences in expression.
Western Blotting
Cell lysates were prepared using RIPA Lysis buffer (EMD Millipore Corporation, Temecula, CA, United States) according to the manufacturer instructions. Total protein concentrations were determined using Bradford reagent (Carl Roth GmbH + Co. KG, Karlsruhe, Germany), bovine serum albumin (BSA) as standard, and BioTek (Winooski, VT, United States) PowerWave XS Microplate reader.
Samples of 50 μg protein were separated using SDS PAGE in 10% Tris-glycine gels, and then transferred to poly (vinylidene fluoride) membranes (Millipore, Billerica, MA, United States). For STS detection, the membranes were blocked in 5% non-fat milk overnight and 5% bovine serum albumin in TTBS buffer for 2 h. The membranes were incubated with primary anti-STS antibodies (1:5,000; in TTBS, 5% bovine serum albumin; 2 h at 4°C), which were kindly provided by Dr. Gerhard Schuler (Faculty of Veterinary Medicine, Justus-Liebig-University, Giessen, Germany). The membranes were then incubated for 2 h at 4°C with horseradish-peroxidase-conjugated secondary goat anti-rabbit antibodies (111-035-045, 1:5,000; in TTBS with 2.5% bovine serum albumin; Jackson ImmunoResearch Laboratories Inc, West Grove, PA, United States). For GAPDH detection, the membranes were blocked in 5% non-fat milk at room temperature, and incubated for 1 h in the primary anti-GAPDH antibody (G8795; lot number: 045M4799V; 1:5,000; in TTBS with 1% non-fat milk at room temperature; Sigma-Aldrich, St. Louis, MI, United States). The membranes were then incubated for 1 h at room temperature with the horseradish-peroxidase-conjugated secondary goat anti-mouse antibodies (115-035-062; 1:5,000; in TTBS with 1% nonfat milk; Jackson ImmunoResearch Laboratories Inc, West Grove, PA, United States). SuperSignal West Pico Chemiluminescent Substrate (Thermo Fischer Scientific, Waltham, MA, United States) was used for chemiluminescent detection, with a CCD camera (LAS-4000; Fujifilm, Tokyo, Japan). Differential expression of STS was determined after normalization to GAPDH, using the ImageJ program.
Steroid Metabolism and Quantification by LC-HRMS
The RL95-2 and KLE cell lines were seeded into six-well plates (92106; TPP, Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany) at 3.5 × 106 cells/well and 3.0 × 105 cells/well, respectively. The next day, when they had reached 70% confluency, the cells were washed twice with Dulbecco’s phosphate-buffered saline (DPBS) and treated with different concentrations of E1, E1-S, DHEA or DHEA-S (10, 100, 500, 1,000 nM), dissolved in dimethylsulfoxide (DMSO) and medium without phenol red and FBS. The final concentration of DMSO was 0.05%. The cells were treated for 48 h, and then the medium was removed and stored at −80°C in glass tubes (6 ml tubes; 986492; Wheaton, VWR, Pennsylvania, United States) until the liquid chromatography–high-resolution mass spectrometry (LC-HRMS) analysis. For normalization purposes, the cells in individual wells were counted using an automated cell counter (TC20; Bio-Rad, CA, United States). Two independent experiments were performed.
A selective and sensitive LC-HRMS assay was used for quantification of steroid precursors and estrogen metabolites (i.e., AD, DHEA, DHEA-S, E1, E1-S, E2, E2-S, E2-glucuronide, estriol, testosterone). This system was validated according to the Q2 (R1) International Conference on Harmonisation guidelines, as described previously (Poschner et al., 2017).
The HPLC system (UltiMate 3000 RSLC-series; Thermo Fisher Scientific, Inc, Waltham, MA, United States) was run with a C18 column (Phenomenex Luna 3 µm C18 (2) 100 Å; 250 × 4.6 mm ID; Phenomenex, Inc, Torrance, CA, United States), and with a C18 guard column (Hypersil BDS; 5 μm, 10 × 4.6 mm ID; Thermo Fisher Scientific, Inc). The column temperature was maintained at 43°C, with 100 µl sample injected. The gradient elution used aqueous ammonium acetate buffer (10 mM, pH 5.0) as solvent A, and acetonitrile as solvent B. The gradient was as follows: 0.0–19.0 min, 25.0–56.3% B; 19.0–19.5 min, 56.3–90.0% B; 19.5–24.0 min, 90.0% B; 24.5–24.5 min, 90.0–25.0% B; 24.5–30.5 min, 25% B. The flow rate was 1.0 ml/min. The HPLC was coupled to a mass spectrometer (maXis HD ESI-Qq-TOF; Bruker Corporation, Bremen, Germany). Full-scan mass spectra were recorded from 150 m/z to 500 m/z.
Steroid Metabolism and Quantification by LC-MS/MS
The RL95-2 (passage, +10 to +15) and KLE (passage, +7 to +15) cells were plated into six-well plates at a cell density of 1.0 × 106 cells/well and 1.0 × 105 cells/well, respectively. After 24 h, the cells were washed with DPBS, and serum-free and phenol-red-free culture medium was added. The cells were then incubated with 2.3, 8.5, and 85 nM E1-S (in ethanol; final ethanol concentration, 0.25%). The effects of the STS inhibitor STX64 on E1-S metabolism was evaluated as follows: 30 min before addition of 2.3 nM E1-S, the cells were incubated with 10 nM STX64 (in anhydrous DMSO; final DMSO concentration, 0.25%). After 8, 24, 48, and 72 h of incubation, the cell culture medium was collected in microcentrifuge tubes (Eppendorf, Germany), and stored at −80°C until further processing. Three independent experiments were carried out, each performed in duplicate.
A deuterated internal standard of E2-d2 was added to the cell culture medium samples following their thawing at room temperature. The lipophilic fraction containing the analytes of interest was extracted using solid-phase extraction (Strata-X polymer-based columns; Phenomenex, CA, United States). This method involved: column conditioning (1 ml methanol), column equilibration (1 ml water), sample loading, column drying (high vacuum, 10 min), and sample elution (1.5 ml methanol). The solvent was then evaporated off using a vacuum concentrator (Savant SPD 31 DDA-230; Thermo Fisher Scientific, Waltham, MA, United States), and reconstituted in a 100 μl 70% methanol/0.2 mM NH4F in water. The samples were stored at −20°C until LC-tandem mass spectrometry (MS/MS) analysis.
An LC-MS/MS system used for detection and quantification of E1, E1-S, E2, and E2-S comprised of a Shimadzu Nexera XR system (Shimadzu Corporation, Kyoto Japan) coupled to a triple quadrupole system (Triple Quad 3 500; AB Sciex Deutchland GmbH, Darmstadt, Germany), operating with the Analyst 1.6 software (AB Sciex Deutchland GmbH, Darmstadt, Germany). Chromatographic separation of the estrogens was performed using a C18 column (Kinetex 2.6 μm XB; 100 × 4.6 mm; Phenomenex, Aschaffenburg, Germany) equipped with a guard column and cartridges (Securityguard C18; 4 × 3.0 mm; Phenomenex, Aschaffenburg, Germany). The mobile phases were 0.2 mM NH4F, 5% methanol in water (A) and 0.2 mM NH4F in methanol (B). Samples of 25 μl were injected via an autosampler (SIL-20 AC XR; Shimadzu Corporation, Kyoto, Japan). The mobile phase flow rate was 0.5 ml/min, and the gradient elution was as follows: 0.0–3.0 min, 70% A; 3.0–8.0 min, 70–4% A; 8.0–8.01 min, 4–70% A; 8.01–15.0 min, 70% A. The column temperature was maintained at 38°C. The MS/MS analysis was performed in negative ion mode with constant electrospray ionization conditions. The source-dependent parameters were as follows: curtain gas, 50; collision gas, 8; ion spray voltage, −4,500 V; source temperature, 600°C; ion source gas 1, 40; ion source gas 2, 80. All transitions were recorded using the scheduled multiple reaction monitoring (MRM) algorithm. The target scan time was set to 1 s, with an MRM detection window of 120 s. The resolution for the first and third quadrupole (Q1, Q3) was set as UNIT, with the pause between the mass ranges set at 5 ms.
The concentration of each steroid was calculated using the internal standard approach. The standard calibration curves were constructed from 12 calibration concentrations prepared in 70% methanol/0.2 mM NH4F, to cover the range from 0.01 to 100 ng/ml. An internal standard of E2-d2 was added to each sample at a final concentration of 1 ng/ml. The retention times and monitoring transitions for the analytes are given in Supplementary Table S1. The limits of detection and quantification were calculated as 3× and 10× the signal/noise ratio. The limit of detection for E1, E1-S, E2, and E2-S was 1 pg/ml. The limit of quantification for E1 and E1-S was 5 pg/ml, and for E2 and E2-S, 10 pg/ml.
E1-S Uptake
For analysis of E1-S transport, RL95-2 and KLE cells were seeded into six-well plates at 1.0 × 106 cells/well and 1.2 × 105 cells/well, respectively, in triplicates. Here, RL95-2 cells were between passages +12 and +14, and KLE cells between passages +28 and +32. When the cells reached 60% confluency, full growth medium was replaced with medium without FBS, for 24 h. The cells were then washed twice with warm DPBS (S5652; Sigma-Aldrich, St. Louis, MO, United States) and incubated for 30 min at 37°C in 1.9 ml/well transport buffer (125 mM NaCl, 4.8 mM KCl, 1.2 mM CaCl2, 1.2 mM KH2PO4, 12 mM MgSO4, 25 mM MES, 5.6 mM glucose, pH 5.5) with or without 10 µM inhibitor cyclosporine A (CsA, SML1018, Sigma-Aldrich, St. Louis, MI, United States) or 10 µM bromosulphophthalein (BSP, HY-D0217, MedChemExpress, Monmouth Junction, NJ, United States). After 30 min, steroid transport was initiated by addition of 100 µl transport buffer containing [3H]E1-S (NET203250UC; Perkin Elmer Inc, MA, United States) to a final concentration of 16 nM, and the cells were incubated for 2, 5, 15, and 30 min at 37°C. The medium was collected and the uptake was stopped with 2 ml ice-cold DPBS. After five washes with DPBS, the cells were lyzed by addition of 300 µ/well 1% Triton X-100, mixed for 30 min at 200 rpm at 4°C, and then frozen at −80°C. After thawing, the lyzed cell samples were collected and centrifuged at 11,000 × g for 15 min at 4°C. Finally, 250 µl of the cell lysates was mixed with 1.5 ml scintillation fluid (Quickszint Flow 302; Zinnsser Analytic, Frankfurt, Germany) and the radioactivity was determined in a scintillation counter (MicroBeta TriLux 1450; PerkinElmer, CT, United States). The [3H]E1-S concentrations in the individual samples were then back-calculated from the disintegrations per minute (dpm) and the specific isotope activity (49.19 Ci/mmol) with the conversion of 1 Ci = 2.22 × 1012 dpm. The data were normalized to total protein concentrations, as determined using the protein assay kits (BCA protein assay; Pierce, Thermo Scientific), according to manufacturer instructions. The E1-S transport was studied as two to three independent experiments.
Statistical Analysis
For evaluation of gene expression, RL95-2 and KLE cells were cultured independently on four different occasions; three times in duplicate, and once singly. The expression of the genes of interest and the reference genes was determined in each of these seven samples of three technical triplicates. The means for each independent experiment (n = 4) were considered in the statistical analysis. Western blotting was performed on protein samples from three biological replicates of each cell line. Cells for LC-HRMS and LC-MS/MS analyses were cultured in two and three independent experiments, respectively (n = 2 and 3), each in duplicate. E1-S uptake was performed independently two to three times, each time as triplicates.
Statistical evaluation was carried out using the GraphPad Prism software for Windows, version 8.0 (San Diego, CA, United States), with Mann–Whitney tests, Kruskal–Wallis tests followed by Dunn’s multiple comparisons tests or ANOVA followed by Tukey’s tests. Differences with p < 0.05 are considered as statistically significant. Unless stated otherwise, all of the data are shown as means ± standard deviation (SD).
RESULTS
Here, we evaluated the expression of 51 genes that encode uptake and efflux transporters of sulfated steroid precursors, estrogen biosynthetic enzymes, estrogen receptors, and phase I and II estrogen metabolic enzymes, using model cell lines of moderately and poorly differentiated EC, as RL95-2 and KLE cells, respectively. The expression of these genes was compared on the basis of the changes from the moderately differentiated to poorly differentiated EC cells, as poorly differentiated EC cells KLE vs the moderately differentiated EC cells RL95-2. Furthermore, each of the RL95-2 and KLE cell lines were compared directly with HIEEC cells, which provided a model cell line of normal proliferative endometrium. For these comparison purposes, the raw gene expression data for HIEEC cells were obtained from our previously published studies (Hevir-Kene and Rižner, 2015; Pavlič et al., 2021). The data for all three cell lines were here normalized to the same house-keeping gene, HPRT1.
Differential Expression of E1-S Uptake Transporters in the RL95-2 and KLE Moderately and Poorly Differentiated Endometrial Cancer Cell Lines
After menopause, the ovaries cease to produce estrogens, and local E2 formation relies on the actions of transporters for the uptake of the inactive steroid precursors DHEA-S and E1-S into cells. We evaluated here the expression of 20 genes that encode 15 E1-S uptake and four E1-S efflux transporters (Figure 1, Supplementary Table S2). The great majority of the genes that encoded these E1-S uptake and efflux transporters were expressed in both the RL95-2 and KLE cells.
[image: Figure 1]FIGURE 1 | Expression of genes that encode E1-S uptake (A) and efflux (B) transporters, estrogen biosynthetic enzymes (C), estrogen receptors (D) and enzymes of phase I and II oxidative metabolism (E). Left: Expression levels in RL95-2 and KLE cells, as normalized to the three reference genes, POLR2A, HPRT1, and RPLP0 (n = 4). *, p < 0.05 (Mann–Whitney tests). Right: Volcano plots for relative expression of the genes (KLE vs RL95-2 cells). FC, fold change; horizontal dashed line, cut-off for experimental significance (shaded; -log (1.3); p < 0.05); vertical dashed lines, cut-off for genes similarly expressed in both cell lines (FC, ±2.0); vertical line (x = 0), genes not expressed in either cell line; red symbols, differentially expressed genes; black symbols, non-differentially expressed genes.
For the relative expression of the poorly differentiated (KLE) EC cells compared to the moderately differentiated (RL95-2) EC cells (i.e., KLE vs RL95-2 relative expression), differences were seen for several of the E1-S uptake transporters (Figure 1A). These showed higher expression for six E1-S uptake transporters (KLE vs RL95-2): SLCO1A2 (3433.6-fold), SLCO1B3 (2301.5-fold), SLCO1C1 (381.2-fold), SLCO3A1 (19.0-fold), SLC10A6 (5.5-fold), and SLC22A9 (5.0-fold). Two E1-S uptake transporters showed lower expression instead (KLE vs RL95-2): SLC22A11 (59.3-fold) and SLCO4A1 (3.4-fold) (Supplementary Table S2). No differences were seen for the E1-S efflux transporters (Figure 1B).
Comparisons of these RL95-2 and KLE cells with the model of normal endometrium, HIEEC cells, showed several differences in the expression of the E1-S uptake transporters (Figure 2, Supplementary Table S3). For RL95-2 vs HIEEC cells, the relative expression was higher for SLC22A11 (1199.8-fold). Then for KLE vs HIEEC, this was higher for SLCO1B3 (754.9-fold) and SLC22A9 (380.3-fold). For the efflux transporters, for KLE vs HIEEC cells, the relative expression was lower for ABCG2 efflux transporter (11.9-fold).
[image: Figure 2]FIGURE 2 | Volcano plots of genes differentially expressed in each of RL95-2 and KLE cells vs HIEEC cells. Genes with significant changes in expression are shown in different colors according to function: uptake of steroid precursors, gray; efflux of steroid precursors, dark blue; estradiol biosynthesis, orange; phase I and II metabolism, green. See legend to Figure 1 for further details.
This gene expression analysis thus initially indicated that both of these EC cell lines can carry out E1-S uptake. The increased relative expression of six of these E1-S uptake transporters in the poorly differentiated KLE EC cells vs the moderately differentiated RL95-2 EC cells, and the higher expression of two of these genes for KLE cells vs HIEEC cells (over RL95-2 cells vs HIEEC cells) imply that more sulfated steroid precursors can enter KLE cells.
Higher Expression of STS and Negligible Expression of CYP19A1 in RL95-2 and KLE Endometrial Cancer Cell Lines Support the Importance of the Sulfatase Pathway for E2 Formation
After the steroid precursors enter the cells, these can be further transformed through multiple steps into the most potent estrogen, E2. This can occur via the sulfatase and aromatase pathways, where E2 can be formed from E1-S and from DHEA-S (via androstenedione), respectively. The expression of 16 genes of these pathways was examined here for the RL95-2 and KLE model cell lines.
Both RL95-2 and KLE cells showed 105-fold–106-fold higher expression of STS compared to CYP19A1 (Figure 1C). This suggests that these cell lines form estrogens only through the sulfatase pathway. Additionally, these data indicated that RL95-2 and KLE cells differ in their E2 formation. KLE vs RL95-2 relative expression was lower for the sulfatase pathway STS (9.3-fold), as also for the aromatase pathway HSD3B1 (76.2-fold), HSD3B2 (4.5-fold), and AKR1C3 (50.7-fold). For AKR1C3 lower protein levels were seen in KLE cells as compared to RL95-2 (Supplementary Figures S1A, S2).
The genes that encode the HSD17B enzymes were also differentially expressed. The greatest difference for KLE vs RL95-2 cells was lower relative expression for HSD17B2 (1303.7-fold), the enzyme product of which has the highest catalytic efficiency for inactivation of E2 to E1. Similarly, this was lower for another oxidative HSD17B, HSD17B4 (1.8-fold). On the other hand, this was higher for HSD17B14 (7.9-fold), which also catalyzes oxidation of E2 to E1, but with lower catalytic efficiency. Additionally, KLE vs RL95-2 relative expression was lower for HSD17B12 (2.4-fold), which encodes an enzyme for reduction of E1 to E2. The gene that encodes the major reductive HSD17B1 enzyme was not differentially expressed. For KLE cells, these alterations in gene expression of the reductive and oxidative HSD17B enzymes would shift the balance between E1 and E2 towards E2 formation.
Differences in KLE vs RL95-2 relative expression of genes for the sulfotransferase enzymes were also seen. The relative expression here was lower for the gene that encodes DHEA sulfotransferases, SULT2B1 (17.7-fold), while expression of SULT2A1 was only detected in KLE cells. Higher relative expression was instead seen for the gene encoding E1 and E2 sulfotransferase, SULT1E1 (13.6-fold). This differential expression of these genes suggests that KLE cells followed more sulfation of DHEA (higher relative expression of SULT2A1), E1 and E2 (higher relative expression of SULT1E1) compared to RL95-2 cells.
Comparing RL95-2 cells to HIEEC cells, relative expression was lower for CYP19A1 (16.1-fold), and higher for STS (73.1-fold) (Figure 2, Supplementary Table S3). This suggests that for RL95-2 cells, E1 and E2 can be formed via the sulfatase pathway. Several other genes involved in the aromatase and the sulfatase pathways also showed higher relative expression here: HSD17B2 (43,060.2-fold), HSD3B1 (209.0-fold), and SULT2B1 (185.8-fold). Other genes with higher relative expression in RL95-2 cells vs HIEEC cells were HSD17B8 (65.4-fold) and HSD3B2 (19.9-fold). This higher expression of HSD3B1 and HSD3B2 suggests that in RL95-2 cells, DHEA can be metabolized to androstenedione, although DHEA can also be sulfated due to higher expression of SULT2B1. Higher expression of several genes for oxidative HSD17B enzymes suggest that for RL95-2 cells compared to HIEEC cells, the balance between E1 and E2 will be shifted towards E1.
For KLE vs HIEEC cells, relative expression was higher for HSD17B1 (204.6-fold), which encodes reductive HSD17B, SULT1E1 (1020.7-fold), and SULT2A1, which was expressed in KLE cells but not in HIEEC cells. These data indicate that for KLE cells, more E2 can be formed, but conjugation to E2-S would prevail.
RL95-2 and KLE Cell Line Models of Moderately and Poorly Differentiated Endometrial Cancer Express ESR1 and ESR2, but Differ in GPER Expression
The actions of estrogens are mediated through their binding to and activation of nuclear estrogen receptors and membrane-bound receptors. Here, expression was evaluated for ESR1 and ESR2, which encode nuclear receptors ERα and ERβ, respectively, and the three GPER transcript variants, as v2 and v3 plus v4 (Hevir-Kene and Rižner, 2015) (Figure 1D).
Both ESR1 and ESR2 were expressed in RL95-2 and KLE cells, with no difference between these. For KLE vs RL95-2 relative expression, this was lower for GPER v2 (2189.7-fold) and GPER v3 plus v4 (80.9-fold). When RL95-2 and KLE cells were compared to the control cell line, HIEEC cells, there were no significant differences in gene expression of estrogen receptors ESR1, ESR2 and GPER (Figure 2, Supplementary Table S3). The expression of ESR1 surmounted expression of ESR2 in all three cell lines RL95-2, KLE and HIEEC for 3-fold, 3-fold and 67-fold, respectively (Supplementary Table S4).
These data suggest that in moderately differentiated EC (RL95-2 cells), estrogens might act via nuclear and membrane bound receptors, while in poorly differentiated EC (KLE cells), estrogens might preferentially activate the nuclear receptors.
Decreased Expression of Genes Encoding Phase II Enzymes in the KLE Cell Line, as a Model of Poorly Differentiated Endometrial Cancer
For phase I metabolism inside cells estrogens can be metabolized to 2-, 4- or 16α-hydroxy-estrogens by the actions of different CYP enzymes. Catechol estrogens (2- or 4-OH-E1/E2) can be oxidized to semiquinones or quinones, which are associated with DNA damage. To avoid cell damage, these catechols and quinones are further conjugated and detoxified in phase II metabolism, by the COMT, SULT, UGT, GSTP1, NQO1, and NQO2 enzymes (Rižner, 2013; Hevir-Kene and Rižner, 2015). The expression of 13 genes that encode phase I and II metabolic enzymes was evaluated in these model cell lines (Figure 1E).
The relative expression of genes involved in phase I metabolism for KLE vs RL95-2 cells was higher for CYP1B1 (17.1-fold), which encodes a 4-hydoxylase, but lower for CYP1A1 (10.6-fold) and CYP3A7 (70.1-fold), which encode a 2-hydroxylase and a 16α-hydroxylase, respectively.
For expression of the eight genes of phase II metabolism that were evaluated, KLE vs RL95-2 relative expression was higher for SULT1E1 (13.6-fold), while expression of UGT2B7 was only detected in KLE cells. All of the other genes that encode detoxification-associated enzymes showed lower relative expression for KLE vs RL95-2 cells, as SULT2B1 (17.7-fold), NQO1 (12.7-fold), NQO2 (6.6-fold), COMT (6.3-fold), and GSTP1 (2.2-fold), with SULT1A1 not expressed in KLE cells. This was confirmed at the protein level for soluble COMT in KLE as compared to RL95-2 cells (Supplementary Figures S1B, S3). These changes imply that more 4-hydroxy-estrogens can be formed in KLE cells, along with more genotoxic 3,4-quinones, as a result of lower expression of genes that encode phase II metabolic enzymes.
Comparisons of RL95-2 and KLE cells with HIEEC cells for expression of genes encoding phase I metabolic enzymes revealed some significant differences (Figure 2, Supplementary Table S3). RL95-2 vs HIEEC relative expression was higher for CYP1A1 (127.6-fold), while for KLE vs HIEEC cells, this was higher for CYP1A2 (87.2-fold), CYP1B1 (81.1-fold) and CYP3A5 which was expressed in KLE but not in HIEEC cells. On the other hand, KLE cells showed lower relative expression for CYP3A7 (93.2-fold). These data suggest that more 2-hydroxyestrogens can be formed in RL95-2 vs HIEEC cells, and more 4-hydroxyestrogens in KLE vs HIEEC cells.
Genes of phase II metabolism were also differentially expressed between each of these EC cell lines and HIEEC cells (Figure 2, Supplementary Table S3). RL95-2 cells showed higher relative expression of SULT2B1 (185.8-fold) and NQO2 (14.1-fold), as for KLE cells for SULT1E1 (1020.7-fold) and UGT2B7 which was expressed in KLE cells but not in HIEEC cells.
Gene Expression Analysis Indicates Increased E1-S Uptake, Alteration in E2 Biosynthesis and Metabolism, and Decreased Detoxification of Estrogen Quinones in KLE Cells Compared to RL95-2 Cells
The changes in the expression of genes that encode uptake and efflux transporters, estradiol biosynthetic enzymes, and phase I and II metabolic enzymes (Figure 1; summarized in Figure 3) were then integrated and taken forward. These indicated that for KLE vs RL95-2 cells, the KLE cells would initially have increased uptake of E1-S (i.e., higher relative expression of SLC10A6, SLC22A9, SLCO1C1, SLCO1A2, SLCO3A1, SLCO1B3) and decreased formation of E1 (i.e., lower relative expression of STS and lower protein levels of STS (Figure 4C). This can then be combined with increased activation of E1 to E2 (i.e., lower relative expression of HSD17B2) and increased formation of sulfated estrogens (i.e., higher relative expression of SULT1E1 and nonsignificantly higher protein levels (Figure 1, Supplementary Figures S1, S4). Indeed, we also experimentally confirmed increased E1-S uptake in KLE vs RL95-2 cells here (Figures 4A,B), which is associated with higher expression of several genes encoding OATP transporters, especially SLCO1A2, SLCO1B3 and SLCO1C1 in KLE, as also confirmed by inhibition of E1-S uptake by bromosulphophthalein, a known inhibitor of OATP1B1, OATP1B3, OATP1A2, OATP2B1 (König et al., 2006). Increased E1-S uptake in KLE cells in the presence of cyclosporine A, which also inhibits E1-S efflux transporters (Dantzic et al., 2018), imply that these efflux ABC transporters importantly regulate E1-S uptake in KLE cells. Furthermore, for KLE cells, the active estrogens formed from E1-S via the sulfatase pathway would be expected to act via nuclear receptors ERα and ERβ (i.e., lower relative expression of GPER, compared with RL95-2 cells).
[image: Figure 3]FIGURE 3 | Schematic representation of local estradiol biosynthesis and metabolism in RL95-2 and KLE cells. Genes with higher and lower relative expression for KLE vs RL95-2 cells are indicated in red and blue, respectively. Genes in red and blue with strikethrough were not expressed in either in RL95-2 or KLE cells, respectively.
[image: Figure 4]FIGURE 4 | (A) Time-course of [3H]E1-S uptake in RL95-2 and KLE cells at 37°C (as total transport). Data are means ± SD, for two to three independent experiments, with each carried out in triplicate. Nonlinear regression curve fitting of the data is also shown (GraphPad Prism for Windows, version 8.4.3; San Diego, CA, United States). **, p ≤ 0.01 (Mann–Whitney U tests). (B) E1-S uptake in the presence of OATP inhibitors 10 µM cyclosporine A (CsA) and 10 µM bromosulphophthalein (BSP) in KLE (left) or RL95-2 (right) cell lines at two different time points, 5 and 30 min. Control cells were treated with 16 nM [3H]E1-S without inhibitor. Percentages were calculated based on E1-S uptake in control at the evaluated time point. Statistical analysis was done using Mann Whitney U tests. Results of three individual experiments in two technical replicates. (C) Protein levels of sulfatase (STS) in HIEEC, RL95-2, and KLE cells. Left: Representative Western blot. Right: Quantification of STS levels, normalized to GAPDH as control, with three biological replicates for each cell line (Kruskal–Wallis tests, with Dunn’s multiple comparisons). For whole Western blots and densitometry readings see Supplementary Figure S5.
Additionally, again for KLE vs RL95-2 cells expression data suggest that the KLE cells may show lower levels of 2-hydroxyestrogens and 16α-hydroxyestrogens (i.e., lower relative expression of CYP1A1, CYP3A7), but more 4-hydroxycatechols (i.e., higher relative expression of CYP1B1), which can be oxidized to carcinogenic 3,4-quinones. In KLE cells, lower detoxification levels of catechols (i.e., lower relative expression of COMT and lower S-COMT protein levels, Supplementary Figure S1) and quinones (i.e., lower relative expression of NQO1, NQO2, GSTP1) would also indicate higher levels of DNA adducts, compared to RL95-2 cells.
A similar summarized comparison between RL95-2 and HIEEC cells (Figure 2, Supplementary Figure S6) suggests enhanced hydrolysis of E1-S to E1 (i.e., increased levels of STS), hindered reduction of E1-S to E2 (i.e., higher expression of HSD17B2) and hydroxylation of E1 at the C2 position to form 2-hydroxyestrogens (i.e., higher expression of CYP1A1).
For the comparison between KLE and HIEEC cells (Figure 2, Supplementary Figure S7), this would support increased E1-S uptake (i.e., high relative expression of SLCO1B3, SLC22A9), but also enhanced activation of E1 to E2 and conjugation to E2-S, or formation of 2-hydroxy or 4-hydroxy-estrogens (i.e., higher relative expression of HSD17B1, SULT1E1, CYP1A2, CYP1B1).
In RL95-2 and KLE Cells as Model Cell Lines of Moderately and Poorly Differentiated Endometrial Cancer, Estrogens Are Not Formed From DHEA-S and DHEA
To evaluate the formation of active estrogens in the RL95-2 and KLE cells, the metabolism of 10 nM, 100 nM, 500 nM, and 1000 nM DHEA-S, DHEA, E1-S, and E1 was studied following their addition to the cells, with their products separated and quantified by LC-HRMS (Figure 5).
[image: Figure 5]FIGURE 5 | Metabolism of DHEA-S (A), DHEA (B), E1-S (C) and E1 (D) in RL95-2 (left) and KLE (right) cells. Metabolites were separated and quantified by LC-HRMS. AD, androstenedione; E2-G, E2-glucuronide; E3, estriol; T, testosterone; for other abbreviations see main text.
These data showed more efficient DHEA-S metabolism in RL95-2 cells compared to KLE cells. In RL95-2 cells, DHEA-S was metabolized to DHEA and lower levels of androstenedione. In KLE cells, DHEA-S was only metabolized to DHEA at the highest, non-physiological, DHEA-S concentration (i.e., 1,000 nM), which is in line with the lower levels of STS seen previously for KLE cells (Figure 4).
In contrast, metabolism of DHEA was more efficient in KLE cells, where DHEA-S was the major product, followed by androstenedione. Here, DHEA-S production can be explained by expression of SULT2A1. In RL95-2 cells, DHEA was instead mainly metabolized to androstenedione, with very low levels of testosterone. Here, in RL95-2 cells, the lower DHEA-S production is supported by the higher relative expression of HSD3B1, HSD3B2, and AKR1C3. These data confirm that DHEA-S and DHEA cannot serve as precursors for estrogen biosynthesis in these cells, as no estrogens were formed here from these steroid precursors.
In RL95-2 and KLE Cells as Model Cell Lines of Moderately and Poorly Differentiated Endometrial Cancer, E1-S Is Metabolized to Active Estrogens
Incubations with E1-S revealed that both EC cell lines can take up and metabolize the E1-S steroid precursor, to form active E2. For KLE vs RL95-2 cells, lower levels of E1 and E2 were seen, with E2 formed only at the supraphysiological 1000 nM E1-S. This can be explained by higher relative expression of STS in RL95-2 cells. In contrast, incubation of EC cell lines with E1 showed that in KLE cells, there is greater metabolism of E1 to E2 and E1-S, which would be due to lower expression of HSD17B2 and higher expression of SULT1E1, compared to RL95-2 cells. In RL95-2 cells, formation of very low levels of estriol was seen after addition of E1-S and E1, which is in line with higher relative expression of CYP3A7, and for KLE cells, E2-glucuronides were detected as a result of UGT2B7 activity (Figure 1).
To better simulate the physiological conditions, the metabolism of E1-S in these EC cell lines was also studied at lower E1-S concentrations: 2.3, 8.5, and 85 nM (Figure 6, Supplementary Figure S8). After 72 h for KLE vs RL95-2 cells, metabolism of 2.3 nM E1-S resulted in lower levels of E1, E2 and E2-S; for KLE cells here, E1 and E2 were formed, but E2-S was the major product. The profiles of the metabolites remained the same at the higher, 8.5 and 85 nm E1-S concentrations (Supplementary Figure S8).
[image: Figure 6]FIGURE 6 | E1-S metabolism in RL95-2 and KLE cells. Time courses for the estrogen metabolites following addition of 2.3 nM E1-S to the cells, for E1-S (A), E1 (B), E2 (C), and E2-S (D), in the presence and absence of 10 nM STX64 (sulfatase inhibitor). Data are means ± SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001 (ANOVA plus Tukey’s tests).
When comparing the EC cell lines to HIEEC cells, more E1 and E2 were formed from E1-S for RL95-2 cells, which is in line with higher levels of STS, and more E2-S was formed for KLE cells, which can be explained by higher relative expression of HSD17B1 and SULT1E1 (Figure 2, Supplementary Figures S6, S7). The importance of the sulfatase pathway for formation of E2 from E1-S was additionally confirmed using a specific and potent STS inhibitor, STX64; this shows an IC50 of 8 nM at 20 μM E1-S (Malini et al., 2000), and was used at 10 nM STX64. In RL95-2 cells, this addition of STX64 in combination with 2.3 nM E1-S resulted in an almost complete block of the sulfatase pathway, with significantly lower levels of E1 and E2 formed (Figure 6). In KLE cells, where less E1 was formed from E1-S, addition of STX64 affected the levels of E1 and E2, although a significant difference was only seen for E1-S (Figure 6).
DISCUSSION
The current understanding of estrogen formation and actions in moderately and poorly differentiated EC is very limited (Berstein et al., 2003). We aimed to contribute to the clarification of estrogen formation from steroid precursors DHEA-S, DHEA, E1, and E1-S in the RL95-2 and KLE cell lines, as models of moderately differentiated and poorly differentiated metastatic (Van Nyen et al., 2018) EC, respectively. We focused on two well-characterized cell lines that are commonly used, uncontaminated, with known STR profile and histopathological characteristics. Although with these two model cell lines we did not cover inter-individual variability among patients, the results of our study may help to determine whether blockade of estrogen actions at the pre-receptor or receptor levels can be considered as new options for treatments of individual patients with these histological types of EC.
Transport of steroid sulfates via organic anion transporters (SLC), organic anion transporter polypeptides (SLCO), ABC transporters, and OSTαβ (dimer SLC15A, SLC51B) is an important process after menopause, which is when production of lipid-soluble estrogens diminishes, and the water-soluble sulfated precursors, DHEA-S and E1-S, are still present at relatively high levels in the plasma (Rižner et al., 2017). In the present study, we evaluated the expression of 19 transporters encoded by 20 genes.
Comparisons between these EC cell lines suggested increased uptake of E1-S and DHEA-S in the poorly differentiated KLE EC cells, as six uptake transporters (i.e., SLCO1A2, SLCO1B3, SLCO1C1, SLCO3A1, SLC10A6, SLC22A9) showed higher relative expression in KLE cells vs the moderately differentiated RL95-2 EC cell line, and as the expression of the efflux transporters was not different. These expression data were also supported by E1-S uptake inhibition by bromosulphophthalein and by the E1-S uptake studies that show increased influx in KLE cells compared to RL95-2 cells. Comparisons of gene expression in these EC cell lines with that of the control HIEEC cell line indicated their increased uptake of steroid precursors. This was due to higher expression of SLC22A11 in RL95-2 cells and SLCO1B3 and SLC22A9 in KLE cells, vs HIEEC cells. This would be combined with decreased efflux of the steroid precursors in the EC cells, as the gene for efflux transporter ABCG2 showed lower expression in KLE cells, and the gene for ABCC11 was not expressed in RL95-2 and KLE cells. All in all, these gene expression and functional studies confirm E1-S uptake in these moderately and poorly differentiated EC cells, with higher uptake seen in the poorly differentiated KLE EC cells.
These differences in expression of the transporters might also be associated with menopausal status of the patients who donated tissues for the original establishment of these HIEEC, RL95-2, and KLE cell lines. The HIEEC cell line was derived from the proliferative endometrium of a 37-year-old woman (Chapdelaine et al., 2006), and the RL95-2 and KLE cell lines were established from tissues of postmenopausal patients. However, to the best of our knowledge, there are no suitable control endometrial cell lines that would originate from postmenopausal women. We recently investigated the HEC-1A cell line, a model of postmenopausal well-differentiated EC cells. Compared with HIEEC cells, HEC-1A cells showed higher expression of SLCO1B3, followed by SLCO1B1 and SLCO2B1, where silencing of SLCO1B3 decreased E1-S uptake. Comparison of Ishikawa cells, which are a model for premenopausal EC, vs HIEEC cells as the control again, showed higher expression for SLCO1C1 and SLCO1A2, but lower expression of SLCO3A1. ABCG2, which encodes an efflux transporter, showed lower expression in both HEC-1A and Ishikawa cells, compared to HIEEC cells (Pavlič et al., 2021). These data support the role of these SLCO and ABC transporters in EC.
We and others have previously reported on the importance of the sulfatase pathway for E2 formation in EC tissue samples and model cell lines (Hevir-Kene and Rižner, 2015; Sinreih et al., 2017; Cornel et al., 2018). The crucial role of sulfatase was also confirmed in mouse endometrial cancer xenograft model where STS inhibitor STX64 significantly inhibited tumour growth (Foster et al., 2008). STS inhibitor STX64, also known as irosustat, has also been investigated in a phase II clinical study (NCT00910091) in patients with advanced/metastatic or recurrent endometrial cancer. In this study irosustat showed lower clinical benefit compared to progestin megestrol acetate. However, expression of STS has not been determined in these patients, which can explain the observed weak response to irosustat. Similarly as shown here for KLE, patients with metastatic cancer probably had low levels of STS in cancer tissue, and varied STS levels in other tissues.
Here we confirmed the crucial role of the sulfatase pathway once again, with 105-fold–106-fold higher expression of STS compared to CYP19A1 in both RL95-2 and KLE cells. Gene expression analysis indicated that E2 can be formed from E1-S in both of these EC cell lines. In KLE vs RL95-2 cells, lower levels of E1 would be expected due to lower relative expression of STS, but higher activation to E2 would be expected due to lower relative expression of the major oxidative HDS17B2 and HSD17B4 genes (Rižner, 2013). Additionally, when compared to HIEEC cells, KLE cells showed higher expression of the major reductive HSD17B1 gene, which supports higher E2 formation, and higher expression of SULT1E1, which leads to E2-S as the major product of E1 metabolism and questions the action of estrogens in this cell line. The E1-S metabolism supported these data, with production of E1, E2, and very low levels of estriol in RL95-2 cells, and production of E1, E2 and E2-S in KLE cells. The metabolism of E1 was more efficient in KLE cells, with the formation of E2, E1-S, E2-S, and E2-glucuronide, while in RL95-2 cells, E2, estriol, and E1-S were formed. At 2.3 nM E1-S, E1 and E2 were the main products for RL95-2 cells, and E2-S for KLE cells. For RL95-2 cells vs HIEEC cells, there was >85-fold higher expression of STS, with increased STS protein levels also seen. This indicates enhanced hydrolysis of E1-S to E1 in RL95-2 cells, and supports the importance of the sulfatase pathway. This was also confirmed by the E1-S metabolism in the presence of the STS inhibitor STX64. For KLE vs HIEEC cells, there were no significant differences in expression of STS, while there was higher expression of HSD17B1 and SULT1E1, thus allowing hydrolysis of E1-S to E1, and promoting formation of E2 and E2-S. These data confirm that these cell lines of moderately and poorly differentiated EC have a capacity for E1-S metabolism and E2 formation.
Also, higher expression of DHEA sulfotransferases supported the biosynthesis of E2 from E1-S via the sulfatase pathway. SULT2B1 was expressed in both RL95-2 and KLE EC cell lines, with higher relative expression in RL95-2 cells vs KLE and HIEEC cells, while the more efficient SULT2A1 (Lu et al., 2008) was expressed only in KLE cells. These data suggest that in KLE cells, DHEA sulfation would prevail over hydrolysis of DHEA-S. In RL95-2 vs HIEEC cells, higher expression of HSD3B1 and HSD3B2 with concurrent higher expression of HSD17B2 and HSD17B8 imply that DHEA metabolism proceeds to androstenedione, while lower relative expression of AKR1C3 in KLE vs RL95-2 cells suggests that more testosterone will be formed in the moderately differentiated RL95-2 cells. This supports the protective role of androgens in EC (Gibson et al., 2014; Simitsidellis et al., 2017). The results of the DHEA-S and DHEA metabolism studies are also in line with the gene expression data. In RL95-2 cells, the balance between hydrolysis of DHEA-S and sulfation of DHEA was shifted towards hydrolysis to DHEA, with further metabolism to androstenedione and testosterone; instead, in KLE cells, sulfation prevails.
Binding of estrogens to their receptors is crucial for estrogen actions. In our previous study, ESR1 and ESR2 showed higher expression in Ishikawa vs HIEEC cells, while ESR1 was not expressed in HEC-1A cells (Hevir-Kene and Rižner, 2015). Here, both the RL95-2 and KLE moderately and poorly differentiated EC cell lines expressed the genes that encode ERα and ERβ and the expression of ESR1 prevailed. For these RL95-2 and KLE EC cell lines compared to the model HIEEC cell line, there was no difference in expression of ESR1. This is surprising, as differences in ERα have previously been associated with histology, response to therapy, and metastatic potential of EC (Swasti, 2018). Previously, we showed lower GPER expression in HEC-1A vs HIEEC cells (v2), and vs Ishikawa cells (v3, v4) (Hevir-Kene and Rižner, 2015). For Ishikawa and HEC-1A cells, other studies have reported that E2 and 4-hydroxytamoxifen stimulate cell proliferation via GPER and via the MAPK and PI3K pathways (Vivacqua et al., 2006). In the present study, there were important difference in GPER expression, with lower relative expression for KLE vs RL95-2 cells, which suggests that estrogen action via GPER might be hampered in poorly differentiated EC. These data thus suggest that in moderately differentiated EC, estrogens might act via ERα and ERβ or GPER, while in poorly differentiated EC, estrogens might act preferentially via ERα and ERβ, and less via GPER. However, further studies are needed to clarify estrogen action in these cell lines.
Also phase I and phase II metabolism may differ between these EC cell lines. Compared to the KLE cells, RL95-2 cells differentially expressed genes of phase I and II metabolism in favor of 2-MeOE1/E2 formation (higher relative expression of CYP1A1, COMT) and 4-MeOE1/E2 formation (higher relative expression of NQO2, COMT). Formation of these metabolites has a protective role since harmful hydroxyl-E1/E2 are deactivated and also 2-MeOE2 is known to have antiproliferative, antiangiogenic, and proapoptotic effects (Lépine et al., 2010; Hevir et al., 2011). Expression patterns of these phase I and II metabolism genes might to some extent be associated with EC; however, on the other hand, correlations have also been reported between age of patients and formation of 2-MeO and 4-MeO E1/E2 (Brinton et al., 2016), with more 2-MeO and 4-MeO E1/E2 formed in older patients.
For KLE vs RL95-2 cells, lower relative expression of CYP1A1 and CYP3A7 and higher relative expression of CYP1B1 are in favor of the formation of 4-hydroxyestrogens in KLE cells and 2-OH or 16αOH estrogens in RL95-2 cells. Also, KLE cells will probably form more catechol glucuronides and less 2- or 4-MeO E1/E2 and glutathione conjugates, compared to RL95-2 cells. This will be due to higher relative expression of UGT2B7 (i.e., for catechol glucuronides) and lower relative expression of COMT and GSTP1 (i.e., for 2- and 4-MeO E1/E2 and glutathione conjugates). Additionally, for KLE vs RL95-2 cells, lower relative expression of GSTP1, NQO1, and NQO2 favors higher DNA adduct formation in poorly differentiated EC.
For KLE cells vs control HIEEC cells, higher expression of CYP1A2 and CYP1B1, and lower expression of CYP3A7 indicate that in KLE cells, E1 or E2 are primarily transformed into 2-OH E1/E2 or 4-OH E1/E2, and less so into 16α-OH E1/E2. Higher expression of SULT1E1 for KLE vs HIEEC cells indicates increased formation of catechol sulfates, which have potential protective roles. Higher expression of CYP1A2 and CYP1B1 might lead to increased formation of E1/E2-2,3- or E1/E2-3,4-quinones, and thus to higher probability of the formation of depurinating estrogen–DNA adducts, which are associated with carcinogenesis (Cavalieri and Rogan, 2016). In model EC cell lines of lower grade EC, as RL95-2 (G2), HEC-1-A (G2), and Ishikawa (G1) cells (Hevir-Kene and Rižner, 2015), increased CYP1A2 and CYP1B2 expression has not been reported previously, compared to HIEEC cells. To clarify the formation and action of the oxidative metabolites of estrogens and their conjugates further studies are needed.
CONCLUSION
Here, we carried out gene expression analysis supported by E1-S uptake, metabolism studies for DHEA-S, DHEA, E1-S, and E1, and quantification of metabolites by LC-HRMS and LC-MS/MS. These analyses have revealed that the RL95-2 and KLE model cell lines of moderately and poorly differentiated EC, respectively, differ significantly. In both of these cell lines, DHEA-S and DHEA cannot serve as precursors for estrogen formation. RL95-2 cells show metabolism of DHEA-S to DHEA and androstenedione, while KLE cells show little DHEA-S metabolism to DHEA, and DHEA-S production from DHEA, along with androstenedione. In contrast E1-S is metabolized to active estrogens in both of the RL95-2 and KLE cell lines. For RL95-2 cells, as a model of moderately differentiated EC, E1 and E2 are formed, as also for KLE cells, as a model of poorly differentiated EC; however, in KLE cells, E2-S is the major product at physiological E1-S concentrations. Lack of understanding of estrogen action in these model cell lines of moderately and poorly differentiated EC calls for further studies that may reveal new avenues for treatment.
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The energy currency of the cell ATP, is used by kinases to drive key cellular processes. However, the connection of cellular ATP abundance and protein stability is still under investigation. Using Fast Relaxation Imaging paired with alanine scanning and ATP depletion experiments, we study the nucleotide kinase (APSK) domain of 3′-phosphoadenosine-5′-phosphosulfate (PAPS) synthase, a marginally stable protein. Here, we show that the in-cell stability of the APSK is determined by ligand binding and directly connected to cellular ATP levels. The observed protein stability change for different ligand-bound states or under ATP-depleted conditions ranges from ΔGf0 = -10.7 to +13.8 kJ/mol, which is remarkable since it exceeds changes measured previously, for example upon osmotic pressure, cellular stress or differentiation. The results have implications for protein stability during the catalytic cycle of APS kinase and suggest that the cellular ATP level functions as a global regulator of kinase activity.
Keywords: PAPS synthase, ATP depletion, in-cell spectroscopy, protein folding stability, alanine scanning, ligand binding, sulfation pathways, cellular stress
INTRODUCTION
In eukaryotic cells, there is abundant ATP at millimolar concentrations (Traut, 1994). Under conditions of stress, such as starvation (Maddocks et al., 2013; Petrovska et al., 2014) or DNA damage (Bonora et al., 2012), the ATP concentration is fluctuating inside cells. Recently, ATP was attributed an additional role as a ‘biological hydrotrope’; it controls the solubility and stability of proteins and protein complexes and governs liquid-liquid phase separation (Patel et al., 2017; Hayes et al., 2018; Gnutt et al., 2019b).
A class of proteins traditionally linked to ATP are P-loop kinases; they are ATP-dependent phosphate-transferring enzymes (Leipe et al., 2003). Nucleotide kinases are a kinase sub-family-they have ATP and some other nucleotide as their substrates. A special class of nucleotide kinases are those that phosphorylate the atypical nucleotide adenosine-5′-phosphosulfate (APS). Because APS is created in an upstream reaction that strongly relies on ATP as a substrate (Mueller and Shafqat, 2013), all substrates and all products of the reaction catalyzed by APS kinase (APSK) directly or indirectly depend on ATP availability (Brylski et al., 2019).
APSK enzymes sit at the center of sulfation pathways, as they are essential to produce active sulfate in the form of 3′-phosphoadenosine-5′-phosphosulfate (PAPS) (Gunal et al., 2019). With more than 50 PAPS-utilizing sulfotransferases encoded in the human genome, for example generating heparan sulfate (Gesteira et al., 2021), defects in the supply of the active sulfate PAPS should result in multi systems-defects. Clinical mutations in the human APS kinase-containing enzyme PAPS synthase 1 (PAPSS1) have not been described so far. However, disease-relevant point mutations in PAPSS2 have been linked specifically to bone and cartilage mal-formation (Iida et al., 2013) as well as dysregulation of steroid hormone action (Noordam et al., 2009; Oostdijk et al., 2015; Mueller et al., 2018). Noteworthy, a previous report classified PAPSS2 as a marginally stable protein, when being studied as recombinant protein (van den Boom et al., 2012). It remains unclear whether this marginal stability and possibly misfolding and subsequent aggregation of disease-related mutant proteins is a cause of the diseases mentioned above (Brylski et al., 2019).
Alternatively, the marginal stability of the PAPSS2 enzyme could actually serve a biological role in regulating enzymatic activity in sulfation pathway (Brylski et al., 2019). PAPS synthase isoforms are only marginally stable when studied as recombinant proteins, but they are stabilized by binding of their natural nucleotide ligands (van den Boom et al., 2012; Brylski et al., 2019). Most proteins should be stabilized by ligand binding (Luque et al., 2002), which may also serve as a protective measure from degradation (Staniec et al., 2015). However, a high affinity of two binding partners and high binding energies do not necessarily result in a stabilization of the full protein structure, as observed very recently for the protein complex of human proteins histone H1 and prothymosin-α (Borgia et al., 2018). This demonstrates the necessity to study individual protein-ligand interactions and their effect on protein stability on a case-by-case basis. For PAPS synthases, the main stabilizing ligands are PAPS, ADP as well as APS (Mueller and Shafqat, 2013); they all preferentially bind to the APSK (van den Boom et al., 2012). The protein-ligand interactions and stability of the respective ligand-bound states were traditionally studied using recombinant proteins and in aqueous buffers. Hence, it remains unclear if the stabilization of APSK by ligand binding (van den Boom et al., 2012) is preserved inside crowded cells and how protein stability of the APSK kinase domain is affected by fluctuating cellular ATP levels.
Here, we measure the in-cell stability of the APS kinase domain (APSK) of PAPSS2 under different conditions, using Fast Relaxation Imaging in combination with the engineered FRET-based fluorescent folding sensor APSK37. By alanine-scanning mutagenesis, we probe the stability changes of the APS kinase domain in different ensembles of substrate bound states. The observed stability changes correlate with the type of interaction deleted and its impact on the catalytic cycle. This implicates a changing protein stability for different states of the catalytic cycle. Further, we monitor the stability of this kinase domain at different intracellular ATP levels to determine the impact of ATP on the regulatory mechanism of sulfation pathways. Here, the overall protein stability of this kinase is directly coupled to cellular ATP levels, with marginal stability at low cellular ATP levels. In summary, we demonstrate that the APS kinase domain undergoes a protein-stability cycle that is coupled to the different ligand-bound states during its catalytic cycle and cellular ATP levels.
MATERIALS AND METHODS
Plasmid Preparation
Full-length human PAPS synthase 2b (NM_001015880) in a EGFP-C1 vector was described previously (Schroder et al., 2012). The APS kinase domain of PAPSS2 was subcloned into a modified pDream2.1 vector with an N-terminal AcGFP1 and a C-terminal mCherry by PCR (In-Fusion, Clontech). The AcGFP1 is additionally tagged with an 6-His-Tag for protein purification. Point-mutations were introduced using site-directed mutagenesis (QuikChange Lightning, Agilent Technologies). Plasmid DNA was amplified in NEB5α (New England Biolabs), Stellar (Clontech) or XL10 Gold (Agilent Technologies) competent E. coli cells and purified using Zyppy Miniprep plasmid preparation kits (Zymo Research). DNA was quantified by UV/Vis spectroscopy (NanoDrop 2000; Thermo Fisher) and sequenced at an intramural facility (RUB Bochum).
Protein Purification
NiCo21(DE3) competent E. coli (New England Biolabs) were transformed with plasmid DNA. A single colony was grown at 37°C and moderate shaking at 220 rpm to OD600 0.6 in LB broth medium and then induced by addition of 100 µM IPTG. Protein expression was allowed overnight (∼16 h) at 18°C. Cells were harvested via centrifugation and lysed using xTractor buffer (Clontech). Protein suspension was transferred onto gravity flow His60 Ni Gravity Flow columns (Clontech) and purified according to the manufacturers protocol. Buffer was exchanged using Amicon Ultra (MWCO 30 kDa) to PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) at pH 7.4. Proteins were aliquoted and shock-frozen for long-term storage. Purity was evaluated via SDS-PAGE.
Cell Culture and Plasmid Transfection
HeLa cells were grown in DMEM supplemented with 10% FBS, 100 U/ml penicillin and 0.1 mg/ml streptomycin as an adherent culture (Sarstedt) in a humidified atmosphere (37°C, 5% CO2). Cells were passaged in a 1:4 or 1:6 ratio after 2 to 3 days upon reaching 80–90% confluence using trypsin digestion. For experimental preparation, cells were seeded on six-well plates (Sarstedt) and transfected at 80–90% confluence using Lipofectamine 3,000 (Thermo Fisher) according to the manufacturers protocol. Briefly, 125 µl Opti-MEM (Thermo Fisher) was supplemented with 2 µg of according plasmid DNA and 4 µl P3000 reagent. Mixture was transferred and mixed with 125 µl Opti-MEM supplemented with 4 µl Lipofectamine3000 reagent after 5 min of incubation. Transfection mixture was added to the cellular growth medium and cell culture incubated for 6 hours. After incubation, cells were passaged using trypsin digestion and seeded on 35 mm glass bottom dishes (Fluorodish, World Precision Instruments) and grown for 2 days at regular cell culture conditions.
Sample Preparation
In-cell measurements using Fast Relaxation Imaging were performed with transfected cells grown on 35 mm glass bottom dishes (Fluorodish, World Precision Instruments). Growth medium was aseptically removed and cells washed with DPBS (Sigma-Aldrich). Glass bottom dishes with cells were placed on a glass cover slip (Menzel #1.0) with a 120 µm thick imaging spacer (Sigma-Aldrich) and covered with 30 µl Leibovitz’s L15 medium supplemented with 30% FBS. For measurements at ATP depleted conditions, Leibovitz’s L15 medium was supplemented with 1 mM KCN (Sigma-Aldrich) and 10 mM 2-deoxyglucose (Sigma-Aldrich) and cells incubated for the respective time prior to the FReI measurement.
Measurements in buffered solutions were performed at 10 µM protein concentration in PBS supplemented with 10 µM MgCl2. Nucleotides were dissolved in PBS and added at desired concentration. 20 µl of sample were sealed between a glass cover slip with a 120 µm thick imaging spacer and a 35 mm glass bottom dish.
HeLa cells transfected with the ATeam1.03-nD/nA protein sensor were not sealed as the ATP depleting agents had to be supplemented during the measurement.
Fast Relaxation Imaging Measurements
Fast Relaxation Imaging combines millisecond temperature jumps with wide field fluorescence microscopy (Ebbinghaus et al., 2010). The microscope setup as well as the fluorophore pair used in this study have been described and characterized earlier (Dhar et al., 2011; Gao et al., 2016; Buning et al., 2017). Briefly, the specimen is rapidly heated by an IR diode laser (m2k-Laser, 2,200 nm) in the millisecond range while recording change of fluorescent signal using CCD cameras. The temperature jumps were calibrated using the temperature sensitive dye Rhodamine B (Vopel et al., 2015; Gao et al., 2016; Buning et al., 2017). The heating profile used throughout this study consisted of individual 2.2°C temperature jumps at intervals of 50 s (Supplementary Figure 1), covering a temperature range from 23.0°C to 58.2°C in 16 steps. Images were recorded at a frame rate of 1 fps and image acquisition times were between 50–200 ms with LED exposure only during acquisition times. At least three technical replicates (N ≥ 3), including separate cell culturing and measuring, were performed for in-cell measurements. For in vitro measurements at least three technical replicates were performed (N ≥ 3).
Images were processed and evaluated using ImageJ (National Institute of Health, United States). Retrieved intensity data were further evaluated using self-written MatLab (Mathworks) codes and GraphPad Prism 6 (GraphPad). The cytoplasmic region of the cell was defined by excluding the visible nuclear area and fluorescence intensity averaged throughout this region of interest for each channel individually. In vitro samples were averaged throughout a defined region covering about 90% of the image.
After subtraction of the background signal for the individual donor (D) and acceptor (A) channels, the ratio D/A was calculated for an initial evaluation of data and D-αA for kinetic analysis (Dhar et al., 2011). Single temperature jumps and their unfolding kinetics were fitted to single exponentials, reflecting a two-state folding behavior, and the kinetic amplitudes (D-αA(T)) plotted against temperature. These amplitudes were then fitted to the thermodynamic model introduced as Better thermodynamics from kinetics (Girdhar et al., 2011):
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The determined fitting parameters are δg1 and TM. δg1 is the pre-factor of the linear Taylor approximation of the two-state population and TM the melting point of the protein unfolding transition analyzed. ΔT is the amplitude of the temperature (set to 2.2°C) and A0 and mA the fitting parameters of the underlying baseline (with mA set to 0). The melting point TM was compared for individual point-mutants measured. Fits were performed using GraphPad Prism 6.
The pre-factor of the linear Taylor approximation δg1 as well as TM are used to calculate the standard free energy of folding (Dhar et al., 2011; Girdhar et al., 2011):
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with T being the reference temperature of 37°C or 310.15 K respectively.
The results of the different solvated alanine mutants need to be compared to the wildtype APSK37 sensor as an internal standard and depict a lower limit of the actual thermodynamic contribution.
ATP Depletion Experiments
The ATeam1.03-nD/nA protein sensor used for depletion experiments is based on the ε-subunit of the bacterial F0F1-ATP synthase (Kotera et al., 2010). Recordings of ATP depletion were performed using an Olympus FV3000 CLSM confocal microscope. Transfected HeLa cells were supplemented with 1 mM KCN and 10 mM 2-deoxyglucose during the measurement and the solution carefully mixed using a pipette. The sensor was excited using a 445 nm laser and the signal recorded via an UPLXAPO ×20 objective (NA 0.8, Olympus). Donor and acceptor signals were detected on separate detectors for 50 min in 5 s intervals. Two technical replicates (N = 2), including new passaging of cells and transfection, were performed to determine relative ATP concentration changes during treatment.
RESULTS
Determining the in-Cell Stability of APS Kinases in vitro and in the Cell
In order to study protein-ligand interactions and their effects on protein stability in the complex environment of the cell, we use Fast Relaxation Imaging. It is a unique tool to study protein folding kinetics and thermal stability in single living cells with high spatial and temporal resolution (Ebbinghaus et al., 2010; Dhar et al., 2011; Wirth et al., 2013). Fast Relaxation Imaging combines wide-field fluorescence microscopy with consecutive temperature jumps utilizing a mid-infrared laser and Förster Resonance Energy Transfer (FRET) (Figure 1A). Analysis of kinetic amplitudes of protein unfolding at the respective temperatures allows to determine the thermal stability of the protein in the cell (Dhar et al., 2011; Girdhar et al., 2011).
[image: Figure 1]FIGURE 1 | In-cell thermal unfolding of APSK37 using Fast Relaxation Imaging. (A) Representation of the Fast Relaxation Imaging setup. (B) Thermal unfolding curve of APSK37. Bold dotted lines represent start and end-point of T-jumps applied. Faint dotted lines represent start-point of each single T-jump. (C) Kinetics of APSK37 unfolding at the respective temperatures. (D) Comparison of sigmoid fitting of the thermal unfolding data to the Better Thermodynamics from Kinetics method. (E) Crystal structure of human PAPS synthase 2 APS kinase domain (PDB: 2AX4). Truncations of the N-terminal tail region are highlighted in color. (F) In vitro ligand titration of APSK37 (10 µM). Total concentration of both nucleotides APS and ADP is at the indicated 1:2 ratio (8 mM ADP, 4 mM APS). Data points represent mean ± s.d and include at least three replicates (N ≥ 3). For comparison, the APSK37 in-cell melting temperature is shown in green. Dotted lines indicate ±s.d. of mean.
In this study, a temperature profile with 16 consecutive temperature jumps was used. This resulted in individual temperature jumps of 2.2°C covering a temperature range from 23.0°C to 58.2°C (Supplementary Figure 1). The consecutive temperature jumps allowed to measure the thermal melting curve of a FRET-labeled APS kinase (Figure 1B) within 16 min. The respective unfolding kinetics at each temperature jump were fitted (Figure 1C) using the Better Thermodynamics from Kinetics method (Girdhar et al., 2011) (see Material and Methods for details). The amplitudes of the unfolding kinetics were analyzed, showing a maximum at the melting temperature (TM) due to the highest population shift between folded and unfolded states. In common fitting of thermal melting curves folded and unfolded baselines need to be resolved, which does not need to be accounted for in this model (Figure 1D), making the fitting procedure more robust (Girdhar et al., 2011). The standard free energy of folding at 37°C (ΔGf0) was then determined by a linear Taylor approximation as described earlier (Dhar et al., 2011; Girdhar et al., 2011).
This method was applied both in aqueous buffered solution in vitro and in the cell under the same experimental conditions. For FRET detection, we constructed a fusion protein of the APS kinase domain of human PAPS synthase 2 (Figure 1E). The APS kinase domain catalyzes the rate-limiting step in PAPS synthesis (Grum et al., 2010) and harbors four of the six known disease-mutations (Kurima et al., 1998; Noordam et al., 2009; Iida et al., 2013). To construct the fusion protein, we truncated the two-domain bifunctional PAPSS2 protein between two isoleucine residues (I220 and I221) within the flexible linker region connecting the kinase and sulfurylase domain (Harjes et al., 2005). In bacteria, fungi and plants, APS kinase and ATP sulfurylase are not observed as fusion proteins (Patron et al., 2008) and crystal structures (Sekulic et al., 2007a) as well as enzymology studies (Harjes et al., 2005; Sekulic et al., 2007a) indicate that the isolated APS kinase remains fully functional, rationalizing the choice of truncation for the experiment. Next, we step-wise truncated the flexible and disordered N-terminal region. An APS kinase variant, shortened by 37 amino acids (Δ37N), resembles a truncation variant of the PAPSS1 homolog that retained catalytic activity (Sekulic et al., 2007a). Only this variant allowed us to study the conformational dynamics of the monomer by intramolecular FRET using AcGFP1 (N-terminus) and mCherry (C-terminus) as fusion proteins (Supplementary Figure 2). We refer to this newly engineered folding reporter as APSK37 from now on.
APSK37 showed an intrinsic donor (D) to acceptor (A) fluorescence intensity increase upon IR-laser heating (Figure 1B, fluorophore response), resulting from the different temperature dependency of quantum efficiencies of the FRET pair AcGFP1 and mCherry (Dhar et al., 2011). Thermal unfolding was then observed at TM = 48.0 ± 1.7°C giving rise to an unfolding curve with a single transition. The unfolding process is reversible for a fraction of the protein ensemble as indicated by recovery towards the initial D/A ratio upon temperature relapse (Feng et al., 2019) (Supplementary Figure 3). Unfolding kinetics at the respective temperatures show single exponential behavior, suggesting two-state unfolding (Figure 1D).
For in vitro experiments, we purified the recombinant APSK37 fusion protein from E. coli to investigate its substrate binding capacity (see Material and Methods). Reversible unfolding and refolding of the protein in vitro requires the addition of nucleotides (Supplementary Figure 4), illustrating their role in determining folding stability. Titrations of the recombinant APSK37 protein with different nucleotides showed a pronounced stabilization by APS followed by a less pronounced stabilization by ADP and PAPS (Figure 1F) which is in good agreement with previous in vitro studies of full-length PAPS synthase 2 (van den Boom et al., 2012). Combination of the nucleotides ADP and APS at a ratio of 2:1, as found in nucleotide-soaked crystals of the PAPSS1 APS kinase domain (PDB: 2PEY), stabilized the protein to a much larger extent than addition of only one nucleotide alone. In fact, joint binding of ADP and APS nucleotides to APSK37 resulted in similar TM values to the ones determined inside live cells (Figure 1F) (48.0 ± 1.7°C compared to 48.9 ± 1.7°C). Experiments in buffered solutions neglect excluded-volume (Zimmerman and Trach, 1991) and non-specific binding (McConkey, 1982) present inside crowded cells, however these results show that both nucleotide binding sites of this kinase need to be occupied to compensate for being naturally fragile (van den Boom et al., 2012).
APSK37 in-Cell Thermal Stability is Determined by Ligand Binding
Next, we used APSK37 to elucidate the influence of substrate, product and co-factor binding on protein stability inside cells, by systematically alanine-scanning its ligand binding sites. We know that ADP, APS and PAPS stabilize the PAPS synthases proteins (van den Boom et al., 2012). Analogous in-cell nucleotide titrations are not feasible as nucleotide concentrations cannot be controlled inside cells in a quantitative manner. To introduce changes in binding affinity of the protein to its nucleotide ligands and the metal co-factor, we probed the protein environment of the ATP/ADP and the APS/PAPS nucleotide binding sites as well as the P-loop coordinating the Mg2+ cation by alanine scanning mutagenesis (Figure 2A, see Table 1). Binding sites of the APS kinase domain of human PAPS synthases have been characterized structurally before (Harjes et al., 2005; Rabeh et al., 2005; Sekulic et al., 2007a). This allowed us to selectively delete different types of chemical contacts, such as hydrogen bonds, π-π- or cation-π-stacking interactions or cation coordination (see Table 1). Deletion of the stronger interactions, such as cation coordination or stacking interactions, is expected to reduce affinity more than deleting a single H-bond. This approach enabled us to evaluate the in-cell stability change of APSK37 in an indirect way that is comparable to classic titration experiments with recombinant proteins and different ratios of bound and unbound substrate ensembles.
[image: Figure 2]FIGURE 2 | Interactions and stability of APSK37 point-mutants. (A) Contact map of the ADP/ATP and APS/PAPS binding site of the PAPSS1 APS kinase domain adapted from Sekulic et al. (PDB: 2PEZ). Magenta colored circles represent water molecules coordinating the magnesium cation. Bold black lines represent the peptide backbone. Q21 was deleted in APSK37 (B) Standard free energy of folding at 37°C (ΔGf0) for in-cell measured APSK37 binding site mutants. Mutations with a ΔGf0 lower −10 kJ/mol are referred to as stable. Mutations showing ΔGf0 of −10 kJ/mol to 0 kJ/mol are referred to as marginally stable. Mutations showing ΔGf0 larger 0 kJ/mol are referred to as unstable. Data points depict single cells measured. Bars refer to mean ± s.d.
TABLE 1 | Summary of APSK37 in-cell binding-site analysis. Mutations are split into stable, marginally stable and unstable variants and sorted according to their ΔGf0. ΔGf0 corresponds to the standard free energy of folding at 37°C. Asterisks depict mutations originally interacting with the nucleotide via their peptide backbone. Values are depicted as mean ± s.d.
[image: Table 1]We determined the in-cell melting temperature TM as well as the standard free energy of folding at 37°C (ΔGf0) of the respective alanine mutations. Mutants showing a ΔGf0 energy of less than −10 kJ/mol are referred to as stable mutants. Mutants with ΔGf0 energies between −10 kJ/mol and 0 kJ/mol are referred to as marginally stable mutants, in accordance with a recent definition (Pastore et al., 2019), and mutants with a ΔGf0 energy of more than 0 kJ/mol are referred to as unstable (Figure 2B, see Table 1).
Alanine-scanning of hydrogen bonding, which we expected to have a small impact on affinity changes upon deletion, showed largely varying protein stabilities. The stable mutants R96A, N99A and S197A show ΔGf0 values in a range of −15 to −13 kJ/mol, being more stable than the wild type. Mutants R82A and S123A do not change in their ΔGf0 values from the wild type. Here, the hydrogen bonds are formed via the peptide backbone or the side-chain with either the β-sulfate of APS/PAPS or the adenine bases of the nucleotides. The deletion of their interactions does seemingly not alter the affinity of the protein to its ligands and co-factor.
However, alanine variants with deleted hydrogen bonds are also found in the marginally stable energy range. Mutation S51A showed a minor destabilization with a difference of 2.4 kJ/mol to the APSK37 wild type. Mutations T57A, I122A, K161A and G174A represent a more destabilized, but still marginally stable group at physiological conditions indicated by the negative ΔGf0, ranging from −3.4 to −1.6 kJ/mol. S51 interacts with the 3′-phosphate of PAPS, T57 interacts with the α-phosphate of ATP/ADP and I122 with the one of APS/PAPS via its peptide backbone, K161 with the ribose 4′-hydroxide of APS/PAPS and G174 via its peptide backbone with the adenine base of APS/PAPS. Surprisingly, the peptide backbone interactions with the α-phosphate and APS/PAPS adenine base via I122 and G174 result in a pronounced destabilization, which we did not expect to occur from exchanges in the side-chains. The effects must therefore be connected to the gain (I122A) or loss (G174A) of flexibility and the consequences for the structural integrity of the APS/PAPS binding-site. Here, the interactions of marginally stable H-bonds residing close to the center of catalysis, the transfer of the γ-phosphate of ATP onto the 3′ hydroxide of APS, are highly stabilizing. Hence, the effect of hydrogen bonds appears to depend on the localization within the protein.
Deleted stacking interactions, occurring either as π-π stacking with the adenine base of APS/PAPS (F91, F175) or cation-π stacking with the ATP/ADP adenine base (R158), range from marginally stable to unstable. Deletion of π-π-interactions differently impacts on the destabilization comparing the ΔGf0 values of −7.6 kJ/mol (F91A) and −3.5 kJ/mol (F175A). However, the loss of π-π interactions is overall destabilizing, making the protein marginally stable. Deletion of cation-π stacking in the ATP/ADP binding site resulted in a severe destabilization, shifting the APSK37 protein from a stable protein to an unstable one by deletion of a single protein-ligand interaction.
The cation coordination of the p-loop mutants T56 and K55 is of similar importance as the stacking interaction of R158, indicated by ΔGf0 values ranging from 7.0 to 8.5 kJ/mol. According to the pronounced destabilization compared to wild-type APSK37, the cation coordination within the p-loop in a direct (T56) or indirect manner via orientation of the nucleotides phosphates (K55) (Figure 2A) is crucial for protein stability. These data suggest that cation coordination within APSK37 is essential for the protein to fold.
Next, we analyzed initial and final D/A values in our experiments that are representative of the initial and final conformational states of the different mutants (Supplementary Figure 5). Folded mutants (stable and marginally stable) show largely identical initial D/A values, indicative of a similar folded fraction of protein at the beginning of the experiment (Supplementary Figure 5). The exceptions within the folded mutants are N99A and G174A. N99A shows low initial D/A values prior to the temperature jumps and similar final D/A values after temperature relaxation compared to other mutants. G174A shows low initial as well as final D/A values. This exception may be attributed to protein oligomerization prior to the experiment. Still, unfolding transitions could clearly be observed for this mutant.
In contrast to the folded mutants, we found that the unstable mutants K55A, T56A and R158A showed decreased initial (3.5 compared to 4.5 for wild-type) and final D/A values (3.5 compared to 5.2 for wild-type) (Supplementary Figure 5). Further, the determined in-cell ΔGf0 is smaller than 0 kJ/mol (5.1–8.7 kJ/mol), reflecting proteins which are unfolded at physiological conditions. The final D/A decreased below the initial ratio and the negative D/A response at elevated temperatures for these three mutants due to intermolecular FRET (Ebbinghaus et al., 2010; Buning et al., 2017) (Supplementary Figure 5, 6; see negative kinetic amplitudes at T larger 36°C) indicates aggregation of the respective mutants prior and during the experiment at high temperatures. Again, unfolding transitions were still observable clearly for these mutants.
We could correlate the observed changes in standard folding free energy ΔGf0 due to the type and localization of the deleted protein-ligand interaction with the ligand titrations of the recombinant APSK37 protein (Figure 1F). Thus, we could estimate qualitatively how the population of the enzyme devoid of substrates and possibly co-factor, single-bound and fully occupied APSK37 shifted within the cell. For the stable mutants (see Table 1), the population at the beginning of the in-cell experiment should be predominantly on the side of occupied APSK37, as stability is not affected for the stable mutants. The deletion of their interactions seemingly does not alter the affinity of the protein to its ligands and co-factor. For the marginally stable mutants (see Table 1), the ensemble of APSK37 binding states should shift towards less stable states due to a major loss in affinity. Except for T57A, all mutations are located within the APS/PAPS binding site. Therefore, the single-bound state with only the ATP/ADP binding site occupied and the Mg2+ cation coordinated should most likely reflect the marginally stable mutants. For the unstable mutants (see Table 1), the population of APSK37 binding-states should shift to predominantly being the state devoid of substrates. Considering the type and localization of the interactions, the loss of coordination sites for the Mg2+ cation does largely affect ligand binding, resulting in low affinity of all binding sites, to their respective binding partner including the cation itself.
Here we have shown by alanine-scanning that nucleotide ligands and the metal co-factor binding determine APSK37 stability in living cells at physiological substrate and co-factor concentrations. Most deleted H-bonds do not shift populations of different ligand-binding states notably towards unstable states free of bound ligands. Deletion of stronger interactions, such as π-π or cation-π interactions however shift the APSK37 complex towards the substrate-free state, as noted by the pronounced destabilization. The largest effects were observed for deleted interactions necessary for cation-coordination, being the most crucial contacts to stabilize APSK37 upon ligand binding. Strikingly, the deletion of a single interaction is connected to the expected loss in affinity and results in pronounced protein destabilization, due to less protein population in ligand bound states.
ATP Depletion Strongly Destabilizes the APSK37 Kinase Domain
We have shown how changing the binding affinity of all ligands mutating their binding sites impacts on APSK37 stability. The catalytic cycle of PAPS synthases shows that the key determinant for the availability of the stabilizing ligands, APS, PAPS and ADP, is ATP availability. The cellular ATP concentration, however, is prone to changes during stresses such as DNA damage (Dmitrieva et al., 2011) or cellular starvation (Maddocks et al., 2013; Petrovska et al., 2014). Depending on the nutrition or even the organelle investigated the ATP concentration may range from 8–10 mM to a low micromolar level (Imamura et al., 2009). Especially in active neurons, the ATP:ADP ratio can change on a minute timescale upon excitation from 40 to 1 (Tantama et al., 2013). For comparison, the half-live of PAPS synthases in different cell types can be up to 100 h (Mathieson et al., 2018) and therefore the APS kinase domain is necessarily affected by changing ATP concentrations due to cellular events. Therefore, we investigated how cellular ATP levels influence APSK37 stability.
We depleted HeLa cells of ATP, using potassium cyanide (KCN) and 2-deoxyglucose (2DG), to poison the oxidative phosphorylation machinery and to clear the ATP pool available for APSK37 ligand binding and nucleotide ligand synthesis (Imamura et al., 2009). The change in cellular ATP during the treatment was detected using the FRET-based ATP protein-sensor ATeam (Kotera et al., 2010). The relative ATP concentration is reported as the acceptor to donor ratio (A/D) with decreasing ratios showing reduced FRET-efficiency and release of ATP from the sensor due to decreasing cellular concentrations. Incubation with KCN and 2DG led to a rapid decrease of ATP levels inside cells followed by a regeneration phase reaching an intermediate ATP level (Figure 3A) as described by Imamura et al. (Imamura et al., 2009). In-cell protein stability of APSK37 was measured before and after depletion of ATP, representing high, low and intermediate ATP levels (Figure 3A).
[image: Figure 3]FIGURE 3 | Effect of ATP depletion on APSK37 in-cell stability. (A) Normalized A/D signal of ATP sensor Ateam 1.03-nD/nA during ATP depletion of HeLa cells with 1 mM KCN and 10 mM 2-deoxyglucose. Time frames of low ATP and intermediate ATP concentration are highlighted in grey. Measurements including folding-reporters were performed within these time frames. Bars reflect s.d. (n = 3) (B) Standard free energy of folding at 37°C (ΔGf0) of APSK37 and SOD1bar G41D (non-binding control) during ATP-depleting conditions. Significant differences between data sets were tested using a non-parametric Kruskal-Wallis test followed by a post-hoc Dunn’s test for multiple comparisons (***p < 0.001, *p < 0.05). Data points refer to single cells measured (exact numbers can be found source file of Figure 3B). Bars refer to mean ± s.d.
Stability of wild-type APSK37 at low and intermediate cellular ATP levels did not differ significantly. Compared to untreated cells, APSK37 is destabilized by 24.5 ± 2.9 kJ/mol at low cellular ATP levels and 23.9 ± 2.9 kJ/mol for intermediate ones. The observed range of destabilization exceeded the effect of the most severe alanine mutants, which showed a destabilization up to 19.2 ± 2.7 kJ/mol for APSK37 variant K55A (Figures 2B, 3B). The pronounced destabilization at lowered ATP levels may be attributed to a depletion of APS and PAPS as both nucleotides are generated from ATP. At low and intermediate ATP, the accessible pool of nucleotide binding partners appears to be mostly depleted, resulting in highly destabilized APSK37 within cells.
In addition to the low-temperature unfolding event described above, we observed a second high-temperature unfolding event within ATP-depleted cells, which shows similar ΔGf0 energies to the wild-type at regular ATP levels (Figure 3B); suggestive of two distinct protein populations in the observed protein ensemble. Unfolding at low temperatures resembles the unfolding of substrate-free APSK37 protein, best approximated by the K55A mutant. As the protein stability of the wild-type APSK37, which predominantly occurs in fully occupied binding states, is comparable to the high-temperature unfolding event, this state may be attributed to a fully occupied binding state as well. Lately, the inhibitory ADP-APS complex of APSK was proposed to may serve as a storage form in times of ATP depletion (Brylski et al., 2019). This suggests that the high-temperature event of unfolding, visible in ATP-depleted cells, may be connected to the highly stable ADP-APS-complex (Figure 4), which may protect the APSK from misfolding and aggregation.
[image: Figure 4]FIGURE 4 | Catalytic and temporal stability cycle of APS kinase from PAPS synthase. (Top) Catalytic cycle of the APS kinase domain of PAPS synthases at physiological ATP concentrations. The storage form (ADP-APS complex) is most likely not significantly utilized under these conditions (blacked out) (Bottom) Distribution of the states during ATP depletion. Decreasing ATP concentration via starvation or DNA damage results in population of the kinase complexes within the cycle with the least phosphorylation equivalents of the substrates. The storage form of the PAPS intermediate APS and ADP may serve as a stable state for a fraction of the APS kinase protein ensemble in times of ATP depletion.
We finally compared our measurements to the stability of an in-cell folding reporter that does not feature kinase activity or co-factor binding sites, the G41D mutation of the SOD1bar protein (Gnutt et al., 2019b), as a control. We measured the stability of this folding reporter under the same experimental conditions and indeed found that this protein’s stability is insensitive to intracellular ATP concentration. We found only a minor destabilization at low ATP levels and no significant destabilization at intermediate ones (Figure 3B). This shows that not the treatment with KCN and 2DG itself, but the resulting depletion of ATP and consequently APS and PAPS is responsible for the severe destabilization of APSK37 in these measurements.
Taken together, ATP depletion caused a pronounced destabilization of the APSK37 wild-type kinase. Complementing the alanine-scanning that focused on site-directed reduction of affinity to the ligands, these data show that the stability of APSK37 is directly connected to the cellular ATP concentration and consequently the available nucleotide ligand pool.
DISCUSSION
Cells maintain abundant pools of ATP at millimolar concentrations (Traut, 1994). The necessity of such high ATP levels and their costly maintenance are not fully understood. For an enzyme like PAPS synthase where all stabilizing substrates need to be generated from ATP, stability of the enzyme is necessarily connected to the availability of ATP inside the cell. The nucleotide kinase domain of human PAPSS2, a naturally fragile protein, was the starting point for developing the FRET-based folding reporter APSK37. Using alanine-mutagenesis and ATP depletion experiments of APSK37 in living cells, we investigated the effect of ligand binding on APSK37 stability and how it is connected to cellular ATP levels.
By alanine-mutagenesis of amino acids interacting with the nucleotide ligands and the metal co-factor, the number of intermolecular interactions and ultimately affinity of APSK37 to either APS/PAPS or ATP/ADP is reduced. This allows to study the effect of ligand binding to APSK37 stability inside cells and to shift the ratios of the possible protein-ligand complexes formed towards single-bound or substrate-free form. Each alanine mutation was classified according to its ΔGf0 value (Figure 2B) into stable mutants, marginally stable (Pastore et al., 2019) and unstable proteins. The loss of hydrogen bonds to the nucleotide substrates results in stable and marginally stable protein. Noteworthy, half of the hydrogen bonds deleted (R82A, R96A, N99A, S123A and S197A) do not alter protein stability and most likely do not impair affinity, compared to an expected loss of binding energy of 4 kJ/mol (Davis and Teague, 1999). Alanine mutation of the other half resides close to the catalytic center (S51A, T57A, I122A, K161A and G174A) and showed surprisingly large effects. Differences in stabilization between the two sets of hydrogen bonds can be explained by the apparent gain of unwanted flexibility by reducing steric hindrance, for example affecting contacts in the cation-binding p-loop. Other mutations may lead to unwanted rigidity in the protein, leading to less stable contact formation in adjacent parts of the proteins (e.g., stacking interactions affected by G174A).
A loss of stacking interactions with the nucleotide ligands, proposed to be in the range of 16 kJ/mol (Gallivan and Dougherty, 1999; Huber et al., 2014), severely destabilizes APSK37. For the cation-π stacking interaction, the loss of binding energy translates directly into a similar loss in protein stability. Loss of π-π stacking resulted in marginally stable protein variants; however, the destabilization was less pronounced as expected for stacking interactions. The destabilization ranged from 3.1 kJ/mol for F91A to 7.2 kJ/mol for F175A. Targeting interactions of the p-loop residues K55 and T56 with the Mg2+ cation translated to the largest destabilization of the protein of up to 19.2 kJ/mol (K55A).
In summary, our data showed that substrate and co-factor binding determine the APSK37 in-cell protein stability. The spread in protein stability ΔGf0 from -10.7 to +8.5 kJ/mol is remarkable. Considering that the effect of the solvent water on the thermodynamic stability range is unknown, these values may be a lower limit of the actual effect on the protein. They may even be more precisely determined in a homogeneous in vitro environment using calorimetric measurement approaches such as isothermal titration calorimetry. Still, in the heterogeneous cellular environment the effects by far exceed the changes that had been reported previously for conditions such as osmotic pressure, cellular stress or differentiation (Stadmiller et al., 2017; Gnutt et al., 2019a): Hyperosmotic stress of E. coli, by adding 300 mM NaCl to regular buffer conditions, destabilized the expressed SH3 protein by ∼4.2 kJ/mol (Stadmiller et al., 2017). Cellular stress, induced by inhibition of the 26S proteasome using MG132, showed a destabilization of a SOD1-based folding reporter of ∼1 kJ/mol (Gnutt et al., 2019a). The SOD1-based folding reporter was also tested with regard to protein stability in differentiated and undifferentiated PC12 cells; it did not show significant changes in the standard folding free energies, but minor changes to thermal stability and folding properties (Gnutt et al., 2019a).
When comparing in vitro and in-cell results for different biomolecules, cellular crowding genuinely affects in-cell stability in a range of up to 7 kJ/mol as observed for cell surface antigen VlsE (Guzman et al., 2014) or SOD1 (Danielsson et al., 2015; Gnutt et al., 2019b), which are destabilized, an RNA hairpin (Gao et al., 2016) marginally affected and PGK (Dhar et al., 2011) which is stabilized in cells. Quinary interactions, that lead to (intracellular) fifth order structure of proteins change the conformational stability by up to ∼4.7 kJ/mol (Cohen and Pielak, 2016). Compared to the aforementioned cases of in-cell protein stability and their modulation by up to 7 kJ/mol, our study shows that ligand binding is a crucial factor to determine the in-cell stability of a protein, as indicated by the pronounced stability effects of 19.2 kJ/mol. It adds a novel descriptor to the recently discussed effects of quinary interactions and crowding, largely exceeding these effects in the systems studied so far. For this specific protein an interaction with its binding partners becomes stability-wise just as crucial as the induced folding of intrinsically disordered proteins by ligand binding (Fuxreiter and Peter, 2012). Ligand binding induced stability shifts will also be crucial to consider for marginally stable proteins that participate in liquid-liquid phase separation (Samanta et al., 2021).
What are the implications of the stability changes of the enzyme for the catalytic cycle? The APS kinase domain of PAPS synthase undergoes a series of ligand binding and releasing events during its catalytic cycle (Sekulic et al., 2007a; Ravilious and Jez, 2012; Brylski et al., 2019) (Figure 4A). Our in-cell results at ATP-depleted conditions show that the APS kinase free of bound substrates is highly unstable - as we have assigned the unfolding event at ∼17.5°C to this form due to its pronounced instability. Proceeding in the cycle, the kinase then preferentially binds either ATP or ADP (Ravilious and Jez, 2012) leading to a re-structuring within the otherwise flexible lid region (P151-S180) (Harjes et al., 2005; Sekulic et al., 2007b). This conformational change opens the APS/PAPS binding site for binding (Sekulic et al., 2007b). The severe destabilization of the R158A as well as the T56A and K55A mutations (Figure 2B) show, that the occupation of the ATP/ADP binding site and the resulting conformational change are essential for an initial stabilization to a marginal stability level. The K55 and T56 side-chains are responsible for the Mg2+ cation coordination. The R158 side chain interacts via cation-π-stacking with the adenine base of ATP/ADP and has been attributed to the structuring of the lid region of APSK (Sekulic et al., 2007b). The pronounced stabilization induced by the second ligand-binding event of APS/PAPS is best explained by the additive effect of ADP and APS we have observed in vitro (Figure 1F). In summary, during the catalytic cycle the actual stability of the APSK is subjected to temporal changes ranging from intrinsically unstable in its apo-form as well as without any substrate bound to marginal and great stabilization upon substrate binding in its two nucleotide binding sites.
As ATP fuels the PAPS cycle, physiological ATP concentrations will keep the PAPS synthase fraction in stable binding conformations, while ATP depletion should shift these fractions to less stable ones (Figure 4). Further, the intrinsic instability of the protein devoid of substrates and single-bound ligand complexes also sheds new light on the inhibitory PAPS synthase complex with ADP and APS bound (Brylski et al., 2019). The complex might not have only evolved as an inhibitory complex regulating activity but in addition may serve as a stable storage form of the APS kinase during ATP depletion (Brylski et al., 2019). The proposed storage complex is also a less ATP-dependent conformation in which effectively ADP and APS show only three phosphorylation equivalents, compared to ATP-APS and ADP-PAPS complexes having one more phosphorylation equivalent. The second unfolding event that we observed at high temperatures during ATP depletion of cells indicates that the ADP-APS binding conformation may be maintained for a fraction of the protein in cells at times of low ATP levels.
Temporal stability changes and control over pathways by ligand concentration changes are factors to consider when it comes to the properties of marginally stable proteins, such as PAPS synthases, inside cells. As the APS kinase plays a crucial role in the generation of the unique activated sulfate PAPS and catalyzes the rate-limiting step in PAPS biosynthesis (Grum et al., 2010), the temporal stability changes during the catalytic cycle and changing cellular ATP concentration observed suggest that sulfation pathways may be regulated by intracellular ATP levels. Decreasing ATP concentration under starvation or stress may destabilize key ATP-dependent enzymes to slow down metabolic activity. Thereby, the abundance of ATP in cells may be utilized to maintain ATP levels beyond what is needed for energy supply and to use it to additionally control metabolic activity. The excess pool may be used to stabilize proteins such as PAPS synthases and provide a ‘regulatory buffer’ in which ATP changes may be tolerated by cells.
In summary, we show APS kinase (APSK) stability and therefore its activity is highly determined by several factors including ligand binding capability and intracellular ATP levels. We engineered the FRET-based folding sensor APSK37 and used it for alanine-scanning mutagenesis of the ligand binding site. This revealed that the potential protein-ligand complexes have different impact on the overall protein stability. Further, pharmacological in-cell depletion of ATP levels inside cells confirmed, that APSK stability is directly connected to the accessible ATP as all ligands binding to APSK are generated from it. This connection has major implications for the catalytic cycle of the APSK kinase enzyme, which experiences significant changes in its stability during catalysis. The second unfolding event observed, suggests that in times of ATP depletion, the inhibitory ADP-APS complex may still be populated as a storage form to protect a fraction of APSK from aggregation and degradation. Our results show that the stability of catalytically active proteins inside cells may be primarily determined by ligand and co-factor binding, in addition to crowding effects and quinary interactions that determine the in-cell stability of proteins. This suggests a novel regulatory layer of catalytic activity by co-factor and ligand dependent stability regulation of the involved enzymes. This idea may be particularly applicable to enzymes that show marginal stability in the cell and are highly stabilized by ligand binding. The proposed mechanism will initiate further studies on different kinases and their associated regulatory complexes.
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The treatment of common steroids: estrone, estradiol, cortisol, and pregnenolone with tributylsulfoammonium betaine (TBSAB) provides a convenient chemoselective conversion of the steroids alcohol/phenol moiety to the corresponding steroidal organosulfate. An important feature of the disclosed methodology is the millimolar scale of the reaction, and the isolation of the corresponding steroid sulfates as their biologically relevant sodium salts without the need for ion-exchange chromatography. The scope of the method was further explored in the estradiol and pregnanediol steroid systems with the bis-sulfated derivatives. Ultimately, a method to install an isotopic label, deuterium (2H) combined with estrone sulfation is a valuable tool for its mass-spectrometric quantification in biological studies.
Keywords: sulfation, selectivity, isotopic labelling, sulfuryl transfer, TBSAB
INTRODUCTION
The preparation of authentic reference samples of sulfated steroids with either regioselective mono or di-sulfation patterns, (Lightning et al., 2021) combined with methods to isotopically label the resulting sulfated steroids is an ongoing challenge to their biological study. The resulting authentic sulfated steroids are key reference standards of paramount importance to the understanding of sulfatases (Mueller et al., 2015), (Günal et al., 2019), (Foster and Mueller, 2018), the role of steroid sulfation in diseases (Mueller et al., 2021) and the fields of detection of steroids, whether in abuse (Waller and McLeod, 2014) or in the environment, (Petrie et al., 2013) using spectroscopic techniques (Hill et al., 2019). Furthermore, the development of improved sulfation methods can be applied to both sulfated steroid containing natural products synthesis and structural elucidation studies (Hoye et al., 2007).
Current methods to sulfate steroids fall into two main categories (Chart 1). The use of a protected sulfate group (e.g., isobutyl protected sulfate esters) with subsequent deprotection (Simpson and Widlanski, 2006), or the use of a sulfur trioxide equivalent (e.g., chlorosulfonic acid or pyridine-sulfur trioxide complex) (Waller and McLeod, 2014), (Hungerford et al., 2006). Although these methods are effective, they suffer from the additional steps of deprotection and/or purification cascades. Issues with toxicity regarding pyridine contamination from the use of pyridine-sulfur trioxide complex in related carbohydrate scaffolds (Gabriel et al., 2020), (Vo et al., 2021) requires either an exceptionally vigilant isolation and analysis; or an improved overall method for steroid sulfation.
[image: Chart 1]CHART 1 | Current approaches to steroid sulfation and this work using TBSAB.
Our own current interest in the sulfation field derives from the development of tributylsulfoammonium betaine (TBSAB) (Gill et al., 2019a), (Jones, 2021) as a convenient one-pot method for the sulfation of heteroatom containing bioactive molecules. (Benedetti et al., 2020), (Alshehri et al., 2020) This was inititated due to challenges encountered with the purification of sulfated small molecule heparin sulfate glycomimetics (Gill et al., 2021), (Gill et al., 2019b), (Mahmoud et al., 2019), (Langford-Smith et al., 2019), (Mahmoud et al., 2017) with conventional, pre-existing sulfation methods. A key advantage of TBSAB over similar amine containing-sulfur trioxide complexes (e.g., triethylamine-sulfur trioxide) is the lipophilic nature of the counterion avoiding the need for ion-exchange chromatography. Herein we report our findings on the use of TBSAB as a general, scalable and regioselective sulfating reagent for steroids, and the application of TBSAB in conjugation with isotopic labelling for steroidal-organosulfate reference standards.
RESULTS AND DISCUSSION
Our initial exploration of the method builds upon early screening results of TBSAB, including a single example on β-estradiol (1) (Gill et al., 2019a). We firstly sought to demonstrate the reproducibility of this method on a 1.0 mmol scale, thus taking commercially available β-estradiol (1) and treating it with TBSAB resulted in exclusive C (17), secondary alcohol, sulfation (2). Furthermore the same conditions using an excess of TBSAB resulted in both C (17) sulfation and C (3), phenol, sulfation of (4) presumably occurs via initial C (17) alcohol sulfation in a stepwise installation. In both cases, a work-up using sodium iodide isolated the mono (3) and double (5) sulfated steroids as their sodium salts, in good yields without the risk of pyridinium ion contamination (Scheme 1).
[image: Scheme 1]SCHEME 1 | TBSAB mediated regioselective sulfation of β-estradiol (1) affords the mono- or double sulfated estradiols as their sodium salts.
Next, we considered sulfation of a more challenging biologically active substrate, pregnenolone (6). (Harteneck, 2013). Under analogous conditions to the β-estradiol examples, and on a 0.3 mmol scale, steroidal sulfate 8 was afforded after sodium exchange in an excellent 98% isolated yield (Scheme 2). Diastereoselective reduction of the ketone moiety of pregnenolone using sodium borohydride afforded pregnanediol in 31% yield (9). Crystallographic data of the bulk material from d6-DMSO crystallisation supports the assignment of the major diastereomer as R at the newly set stereocentre (Supplementary Figure S3) (2120263 contain, 2120). As 9 contains two secondary alcohol motifs, treatment with TBSAB afforded the double sulfated pregnanediol (11) in a modest 40% isolated yield on a 0.6 mmol scale.
[image: Scheme 2]SCHEME 2 | Sulfation of the pregnenolone (6) and pregnandiol (9) steroids.
The ultimate test of the TBSAB method, in relation to regioselective sulfation, is the complex triol, cortisol (12) (Scheme 3). Cortisol contains three potentially reactive hydroxyl motifs at the C (11), C (17) and C (21) positions. It was anticipated that a regioselective sulfation of the primary C (21) alcohol would result over the C (11), secondary, or C (17), tertiary, alcohol moieties, despite the presence of the α-ketone affecting the reactivity of the C (21)-OH. To our delight, a microscale (8 mg) treatment of cortisol with TBSAB afforded the C (21) organosulfate in a modest 17% overall yield (23% based on recovered starting material) as the sodium salt (14). Furthermore, no unwanted C (11) or indeed C (17) sulfate ester formation was observed.
[image: Scheme 3]SCHEME 3 | Regioselective C (21) sulfate ester formation on cortisol (12).
Finally, we sought to develop a proof-of-concept isotopic labelling-chemoselective sulfation method for the estrone scaffold (15) (Scheme 4). Prior to developing a deuterium labelling method at the C (16) methylene position, a model non-deuterated estrone was sulfated at the C (3) phenolic position in good 72% isolated yield as the sodium salt (17). A higher equivalence of TBSAB (2.0 eq) was used to ensure complete sulfation at the sole reactive C (3) phenolic centre. This provided confidence that sulfation should occur readily at the C (3) position using TBSAB on the deuterium labeled substrate.
[image: Scheme 4]SCHEME 4 | Estrone and estrone-d2 sulfation using TBSAB.
Firstly, we adapted the method of Rudqvist for C (19) deuteration (Rudqvist, 1983). Treatment of the estrone with NaOD in MeOD resulted in estrone-d2 formation (18). The C (16)-H2 protons were selectively deuterated by enolate formation with sodium deutroxide and resultant deuterium incorporation by quenching the enolate with methanol-D (CH3OD). This was confirmed via comparative 2D-NMR spectroscopic studies (see Supporting Information) but the key disappearance of the C (16) protons can be clearly observed in the 1H-NMR spectral overlay (Figure 1). It should be noted that deuteration next to a carbonyl group is not usually recommended for applied quantification studies as the deuterium label could readily back exchange through a keto-enol tautomerisation leading to a loss of the label (Wudy, 1990). In our system we observed, a decline of deuterium label in solution based mass-spectrometry studies (Supplementary Figures S1, S2).
[image: Figure 1]FIGURE 1 | Overlay of 1H NMR spectra of estrone (blue, 15) and estrone-d2 (red, 18) shows the diagnostic reduction of the diastereotopic C (16) protons.
Finally, the treatment of estrone-d2 with TBSAB afforded the sulfated and isotopically labelled estrone-d2 sulfate in 78% isolated yield and 67% incorportation of the deuterium label (20).
CONCLUSION
In summary, we have demonstrated a general method for the synthesis of mono- or di-sulfated steroidal skeletons of importance to the fields of biology and spectroscopmetric detection. We have showcased chemo-selective sulfation within a variety of complex structures, such as cortisol, and developed a simplified deuterium labeling-sulfation strategy for estrone. Overall, these approaches provide tractable routes on preparative scales to multiple sulfated steroid classes as reference compounds for detection of substances of abuse through to cancer diagnosis applications.
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Plants possess the most highly compartmentalized eukaryotic cells. To coordinate their intracellular functions, plastids and the mitochondria are dependent on the flow of information to and from the nuclei, known as retrograde and anterograde signals. One mobile retrograde signaling molecule is the monophosphate 3′-phosphoadenosine 5′-phosphate (PAP), which is mainly produced from 3′-phosphoadenosine 5′-phosphosulfate (PAPS) in the cytosol and regulates the expression of a set of nuclear genes that modulate plant growth in response to biotic and abiotic stresses. The adenosine bisphosphate phosphatase enzyme SAL1 dephosphorylates PAP to AMP in plastids and the mitochondria, but can also rescue sal1 Arabidopsis phenotypes (PAP accumulation, leaf morphology, growth, etc.) when expressed in the cytosol and the nucleus. To understand better the roles of the SAL1 protein in chloroplasts, the mitochondria, nuclei, and the cytosol, we have attempted to complement the sal1 mutant by specifically cargoing the transgenic SAL1 protein to these four cell compartments. Overexpression of SAL1 protein targeted to the nucleus or the mitochondria alone, or co-targeted to chloroplasts and the mitochondria, complemented most aspects of the sal1 phenotypes. Notably, targeting SAL1 to chloroplasts or the cytosol did not effectively rescue the sal1 phenotypes as these transgenic lines accumulated very low levels of SAL1 protein despite overexpressing SAL1 mRNA, suggesting a possibly lower stability of the SAL1 protein in these compartments. The diverse transgenic SAL1 lines exhibited a range of PAP levels. The latter needs to reach certain thresholds in the cell for its impacts on different processes such as leaf growth, regulation of rosette morphology, sulfate homeostasis, and glucosinolate biosynthesis. Collectively, these findings provide an initial platform for further dissection of the role of the SAL1–PAP pathway in different cellular processes under stress conditions.
Keywords: 3′-phosphoadenosine 5′-phosphate (PAP), chloroplasts, mitochondria, nuclei, cytosol, metabolite signaling, SAL1, nucleotidase/phosphatase
1 INTRODUCTION
Eukaryotic cells are highly organized into different compartments, such as the mitochondria, the endoplasmic reticulum, peroxisomes, and the Golgi apparatus. Additionally, plant cells possess plastids, large vacuoles, and the apoplast, each with a unique set of enzymes and functions. Chloroplasts not only perform photosynthesis but also participate in the assimilation of mineral nutrients (e.g., S, N, and P) and synthesize numerous compounds, including secondary metabolites [phenylpropanoids and glucosinolates (GSLs)], fatty acids, and amino acids (Bhardwaj et al., 2015). Mitochondria are essential for cellular respiration and contribute to the generation of reactive oxygen species (ROS) (Wang et al., 2018). The major protein complexes of chloroplasts and the mitochondria are combinations of nuclear- and organelle-encoded subunits; therefore, appropriate gene expression involves a tight coordination between the nucleus and organelles. Plastids and the mitochondria produce retrograde signals that modulate nuclear gene expression and organellar biogenesis or optimize their performance (Chi et al., 2015). Many signals in organellar retrograde pathways have been identified, including chlorophyll intermediates, ROS, and other metabolites (Chan et al., 2016; Ishiga et al., 2017; Pesaresi and Kim, 2019). For example, the SAL1–PAP retrograde signaling pathway is implicated in responses to drought and high-light stresses (Estavillo et al., 2011). The retrograde signaling molecule PAP (3′-phosphoadenosine 5′-phosphate) is generated by the sulfate assimilation pathway and degraded by SAL1 into AMP and inorganic phosphate. During stress conditions, PAP accumulates, as it can no longer be degraded by the nucleotidase/phosphatase SAL1, which becomes inactivated by oxidation (Chan et al., 2016). Transcriptome analysis has also shown that SAL1 regulates an overlapping set of genes with 3′ exoribonucleases (XRNs), suggesting that they function in a common signaling pathway (Estavillo et al., 2011).
The nuclear-encoded SAL1 belongs to a small family of six nucleotidase/phosphatase proteins in Arabidopsis thaliana, and out of these six proteins, only SAL1 contains a dual-targeting signal, which directs the protein to both the mitochondria and chloroplasts. Previous research has partly elucidated the role of SAL1 in sulfur metabolism and retrograde signaling (Lee et al., 2012; Chan et al., 2013). Several sal1 mutant alleles have been identified by genetic screens: fiery1 through an elevated abscisic acid (ABA) response (Xiong et al., 2001), alx8 was identified in a screen for the elevated expression of ASCORBATE PEROXIDASE2 at high- and low-light conditions, fou8 possesses elevated jasmonic acid (JA) levels (Rodríguez et al., 2010), and ron1 was isolated from a screen for mutants with aberrant vascular patterning (Robles et al., 2010) and has rounder leaves and altered auxin signaling. The alx8 and fry1 alleles can rescue stomatal closure in ABA-insensitive mutants, while fou8 has a high jasmonate level (Rodríguez et al., 2010), suggesting that SAL1 regulates development and stress responses via at least three of the main phytohormone signaling pathways. Consistently, Ishiga et al. (2017) have recently shown that the SAL1–PAP pathway is important for the regulation of retrograde signaling in plant immunity and that the salicylic acid (SA) and JA pathways are compromised in sal1, thereby confirming a role for the SAL1–PAP pathway in the antagonistic interaction between SA and ABA, JA and ABA, and SA and JA.
The subcellular localization of its components is important for the function of the SAL1–PAP pathway in retrograde signaling (Figure 1). As the precursor of PAP, 3′-phosphoadenosine 5′-phosphosulfate (PAPS) is mainly synthesized in chloroplasts and transported into the cytosol by PAPST1 (Gigolashvili et al., 2012) and, to a lesser extent, by PAPST2 (Tee, 2018; Ashykhmina et al., 2019), where it is used as a sulfate donor by sulfotransferases (SOTs) for various sulfation reactions. These reactions generate PAP in the cytosol, which is then transported into chloroplasts and the mitochondria for degradation by SAL1 (Estavillo et al., 2011). Unless it is transported back into organelles, PAP regulates nuclear gene expression (Dichtl et al., 1997) and inhibits SOTs in the cytosol (Rens-Domiano and Roth, 1987), thus modulating sulfur assimilation in plant cells (Lee et al., 2012; Chan et al., 2013). To modulate the concentration of PAP in the cytosol, its transport into chloroplasts and the mitochondria is mainly mediated by PAPST2 (Ashykhmina et al., 2019) and, to a lesser extent, by PAPST1 (Gigolashvili et al., 2012).
[image: Figure 1]FIGURE 1 | Schematic illustration of phosphoadenosine 5′-phosphate (PAP) catabolism in the sal1 mutant. The SAL1 (2) protein is localized to plastids and the mitochondria, where it regulates the intercellular PAP concentration (1). PAPST2 (3) and PAPST1 (4) import cytosolic PAP into the mitochondria and plastids. PAPST1 (4) delivers newly synthesized PAPS from the plastid to the cytosol in exchange for PAP. In the cytosol and the Golgi apparatus, PAPS consumption via sulfotransferases results in PAP release (5). A defect in SAL1 activity leads to PAP accumulation in these organelles, which decelerates PAP uptake. The resulting increase in cytosolic PAP induces nuclear responses and phenotypes recorded previously for sal1 mutants.
The dual localization of SAL1 in plastids and the mitochondria and the presence of two different PAP transporters in these compartments are indicative of distinct SAL1 functions in these two compartments. For example, studies that targeted yeast SAL1 (Sc-SAL1) to the chloroplast only (Rodríguez et al., 2010; Estavillo et al., 2011), as well as the nuclear- and cytosolic-specific expression of a truncated (missing chloroplastidic localization sequence) SAL1 construct (Kim and von Arnim 2009), complemented sal1 mutant phenotypes to different extents. Furthermore, although the papst1 mutant showed inhibited plant growth associated with lowered levels of PAPS and invariant levels of cellular PAP (Gigolashvili et al., 2012), the papst2 transfer DNA (T-DNA) and artificial microRNA (amiRNA) mutant lines displayed a larger rosette than did the wild type and moderately increased PAP levels (Ashykhmina et al., 2019). Remarkably, morphological phenotypes in the high-PAP-accumulating sal1 were partially restored to wild type in the sal1 papst1 double mutant, coincident with a lower cytosolic PAP content and a higher chloroplastic PAP level than in sal1. This is due to a decrease in PAPS transport via PAPST1 and, consequently, a reduced PAP formation in the cytosol. In contrast, sal1 papst2 showed an enhancement compared to the sal1 phenotype, with higher cytosolic and chloroplastic PAP contents than sal1.
Collectively, the above observations suggest that PAP has complex effects on plant growth, not only depending on its dosage but also on the subcellular location. This intriguing hypothesis prompted us to deconvolute the role of SAL1 in different cell compartments by systematically expressing it in chloroplasts, the mitochondria, nuclei, and the cytosol and assessing its ability to complement the morphological, physiological, and chemical phenotypes of the sal1 mutant (Ashykhmina et al., 2019).
2 RESULTS
2.1 Generation of Chimeric Constructs to Direct SAL1 Protein Into Different Cell Compartments
To achieve the compartment-specific accumulation of SAL1 and expression of SAL1, we generated six chimeric constructs (Supplementary Figure S1). Constructs SAL1_I to SAL1_IV consisted of a truncated SAL1 (SAL1tr) backbone fused to various organellar targeting sequences. This SAL1tr backbone was previously reported to be localized to the cytosol and the nucleus and to complement the sal1 phenotype, in the absence of organellar targets (Kim and von Arnim, 2009). SAL1_I was designed to express the protein exclusively in the nucleus and contained SAL1tr fused to a nuclear localization sequence (NLS) at the C-terminus. Construct SAL1_II was created to express SAL1tr exclusively in the cytosol and was a fusion of the SAL1tr backbone to the nucleus exclusion sequence (NES) from At1g07140. This NES was necessary to avoid SAL1 localization to the nuclei, as described by Kim and von Arnim (2009). To constructs II–V, we added NES at the C-terminus of SAL1 by incorporating it into primers by PCR. Construct SAL1_III was designed to express SAL1 exclusively in plastids and consisted of SAL1tr fused to the chloroplast pre-sequence (cPS) of the Rubisco small subunit (SSU) at the N-terminus and to the NES at the C-terminus. Construct SAL1_IV aimed to express SAL1 exclusively in the mitochondria and contained SAL1tr fused to the mitochondrial pre-sequence (mPS) or transit peptide of heat shock protein 90 (Hsp90) (Krishna and Gloor, 2001) at the N-terminus and NES at the C-terminus. Construct SAL1_V encoded the native SAL1 pre-sequence and full-length SAL1 fused to the NES at the C-terminus and should target SAL1 to plastids and the mitochondria. SAL1tr, as described by Kim and von Arnim (2009), was designated SAL_VI.
To confirm the subcellular localization of SAL1 fusion proteins experimentally, we used Arabidopsis root cell suspension cultures and mesophyll protoplasts (Figure 2 and Supplementary Figure S2). Suspension cells from Arabidopsis roots were transformed with Agrobacterium carrying constructs encoding SAL1_I–VI fused to green fluorescent protein (GFP) at the C-terminus (Berger et al., 2007), and protoplasts were isolated from the mesophyll of leaves and transfected using purified plasmid DNA (Yoo et al., 2007). Fluorescence confocal microscopic analysis, shown in Figure 2 and Supplementary Figure S2, confirmed the expected localization of the transiently expressed SAL1_(I–VI):GFP fusion proteins in the designated compartments. DAPI staining of Arabidopsis root cells expressing SAL1_I-GFP and SAL1_VI-GFP (Figures 2A,F) confirmed the nuclear localization of both constructs (nuclei of cells containing both DAPI and SAL1-GFP are indicated by white arrows). The cytosolic localization of SAL1_II-GFP and SAL1_VI-GFP was observed in cells showing equal distribution of GFP in the cytosol (Figures 2B,F). Cells transfected with the SAL1-VI construct and showing SAL1-GFP in the cytosol are marked by red arrows (Figure 2F). The chloroplastidic localization of SAL1_III_GFP can be also confirmed (Figure 2C) as chlorophyll autofluorescence coincides with the GFP signal. Similarly, the mitochondrial localization of SAL1_IV (Figure 2D) was revealed by confirming the presence of the MitoTracker signal in the same structures as SAL1_IV-GFP. The GFP signal of SAL1_V was difficult to interpret as the expression level of this construct was weak (adjustments of levels were applied in Photoshop CS3). Nevertheless, the presence of SAL1_V protein in chloroplasts and in some mitochondria-like structures in the cytosol can be assumed (Figure 2E). The co-localization of SAL1_V with the MitoTracker was not successful as the GFP signal was too weak for this assay. Interestingly, the expression of SAL1_V in Arabidopsis suspension cells from roots, which lack chloroplasts (Supplementary Figure S2), showed intensive GFP staining in tiny mitochondria-like structures in the cytosol. In line with this observation Chen et al. (2011) and Estavillo et al. (2011) have previously demonstrated that when the full-length protein of SAL1 is fused to GFP (similar to the SAL1_V construct used in this work), SAL1 will be found in both chloroplasts and mitochondria. The only difference in the SAL1_V construct used in this work from that used by Chen et al. (2011) and Estavillo et al. (2011) is that our construct contained NES. However, as NES did not lead to mislocalization of constructs SAL1_II, SAL1_III, and SAL1_IV, the potential mislocalization of SAL1_V-GFP is less probable.
[image: Figure 2]FIGURE 2 | Subcellular localization of SAL1_I–SAL1_VI proteins in Arabidopsis root cell suspension cultures, protoplasts from the mesophyll, and in Nicotiana benthamiana. Transient expression of SAL1 protein chimeras fused to green fluorescent protein (GFP) under control of the 35S CaMV promoter in various subcellular compartments of cells from Arabidopsis root cell suspension culture, as revealed by confocal fluorescence microscopy. (A) DAPI-stained Arabidopsis suspension cells form roots showing the nuclear localization of SAL1_I:GFP. White arrows show cells in which both GFP and DAPI are visible in the nuclei. Bar = 20 μm. (B) Cytosolic localization of SAL1_II:GFP shown with GFP filter and bright field and GFP. Bar = 40 μm. (C) Chloroplastic localization of SAL1_III:GFP in Arabidopsis protoplasts form the mesophyll four fields with GFP, chlorophyll autofluorescence, bright field, and overlay of GFP and chlorophyll signals. Bar = 10 μm. (D) Mitochondrial localization of SAL1_IV:GFP in Arabidopsis suspension cells form roots four fields with GFP, MitoTracer in red, DAPI staining, and overlay of both MitoTracker with GFP. Bar = 20 μm. (E) SAL1_V:GFP localization in Arabidopsis protoplasts form the mesophyll. It shows the presence of SAL1 in chloroplasts and in some tiny dot-like structures in the cytosol, which can be the mitochondria. Four fields show GFP, chlorophyll autofluorescence, bright field, and overlay of GFP and chlorophyll signals. Bar = 10 μm. (F) DAPI-stained Arabidopsis suspension cells form roots, showing both the cytosolic and nuclear localization of GFP. White arrows show cells in which both GFP and DAPI are visible in the nuclei. Red arrows show cells in which GFP is visible in the cytosol. Bars = 20 μm.
2.2 Selection of Partly and Fully Complemented Transgenic Mutant Lines With Varying SAL1 Expression Levels
To study the function of SAL1 in different cell compartments in planta, sal1 mutant plants were transformed with the respective SAL1 chimeric constructs. We selected independent transgenic lines that showed varying SAL1 transcript levels and that were either marginally, moderately, or fully complemented in terms of the overall rosette morphology (Figure 3). We isolated 77 independent transgenic lines for each of SAL1_I, SAL1_III, and SAL1_IV, 40 lines for SAL1_V, and 12 lines for each of SAL1_II and SAL1_VI. Although we repeated the transformation process several times, we were not able to significantly increase the number of transgenic lines for constructs SAL1_II and SAL1_VI, indicating that SAL1 localization in the cytosol was probably not indiscriminate for the survival of transgenic plants. We then selected six to nine lines for each construct, which showed different levels of complementation. These lines were first compared to wild type and sal1 in their visual appearance of rosette morphology, SAL1 mRNA levels, shoot fresh weight (biomass) of fully developed 5-week-old adult plants, and PAP levels (Figures 3–5).
[image: Figure 3]FIGURE 3 | Morphological phenotypes of plants expressing SAL1 chimeric constructs in different cell compartments. Plants were grown for 5 weeks on soil in short days in a controlled environment chamber. Bar = 2 cm. SAL1_I, nuclear localization; SAL1_II, cytosolic localization; SAL1_III, chloroplastic localization; SAL1_IV, mitochondrial localization; SAL1_V, chloroplastic and mitochondrial localization; and SAL1_VI, nuclear and cytosolic localization, which served as a positive control for the complementation (Kim and von Arnim, 2009).
[image: Figure 4]FIGURE 4 | Expression levels of SAL1 in different transgenic lines. Plants were grown for 5 weeks on soil in short days in a controlled environment chamber, mRNA was isolated, and the expression of SAL1 analyzed. SAL1 expression levels for SAL1_I (nuclear localization) (A), SAL1_II (cytosolic localization) (B), SAL1_III (chloroplastic localization) (C), SAL1_IV (mitochondrial localization) (D), (E) SAL1_V (chloroplastic and mitochondrial localization) (E), and SAL1_VI (nuclear and cytosolic localization) (F). These SAL1 expression data show the mean ± SE from two independent experiments with five biological replicates in each (n = 10). Relative expression values were normalized to Actin2 and compared with the expression level in wild-type plants (Col-0 = 1). Different letters indicate significant differences among means based on t-tests at p < 0.05.
[image: Figure 5]FIGURE 5 | Phosphoadenosine 5′-phosphate (PAP) levels and shoot fresh weight in sal1 mutants with the directed expression of SAL1 to various cell compartments. (A–F) PAP levels in rosette leaves of 5-week-old SAL1 and stably transformed sal1 transgenic plants overexpressing SAL1 chimeric proteins. (A) SAL1_I (nuclear localization). (B) SAL1_II (cytosolic localization). (C) SAL1_III (chloroplastic localization). (D) SAL1_IV (mitochondrial localization). (E) SAL1_V (chloroplastic and mitochondrial localization). (F) SAL1_VI (nuclear and cytosolic localization). Plants were grown on soil in short days in a controlled environment chamber. Data show the mean ± SD (n = 3). FW, fresh weight. Different letters indicate significant differences among means based on t-tests at p < 0.05. (G–L) Shoot fresh weight of sal1 mutants complemented with SAL1 expressed in different cell compartments. Shoot fresh weight of wild-type, sal1, and stably transformed sal1 transgenic plants overexpressing SAL1 chimeric proteins. (G) SAL1_I (nuclear localization). (H) SAL1_II (cytosolic localization). (I) SAL1_III (chloroplastic localization). (J) SAL1_IV (mitochondrial localization). (K) SAL1_V (chloroplastic and mitochondrial localization). (L) SAL1_VI (nuclear and cytosolic localization). Plants were grown for 4 weeks on MS agar plated under short-day conditions in an environment-controlled chamber. Data show the mean ± SD (n = 9). Different letters indicate significant differences among means based on t-tests at p < 0.05.
2.3 Complementation of PAP Levels and Biomass Following SAL1 Expression in Different Compartments
2.3.1 Nucleus
Seven independent lines with varying SAL1 expression levels were analyzed in detail and are presented here. The extent to which the different sal1 phenotypes were complemented correlated well with the degree of nuclear-targeted SAL1 transcript levels. SAL1_I lines 26 and 27 showed the highest SAL1 mRNA levels at 15- to 30-fold that of the wild type (Figure 4A). Adult plants of these lines were fully complemented in terms of rosette morphology, showed higher biomass than did the wild type, and had PAP levels that were either similar to those of the wild type or significantly decreased compared to those of sal1 (Figures 4A, 5A,G). The SAL1_I lines 1, 53, and 61 with moderate SAL1 overexpression (five to eight fold higher than that of the wild type) only showed partial complementation in rosette morphology, biomass, and PAP levels, whereas lines 8 and 28 with wild-type levels of SAL1 expression only partially complemented leaf shape, but not biomass or PAP (Figures 4A, 5A,G).
2.3.2 Cytosol
Following the localization of SAL1 to the cytosol by construct SAL1_II, we obtained 12 independent transgenic lines with a stable phenotype. We analyzed nine lines that showed varying levels of SAL1 expression in detail. All lines showed only partial complementation and a disconnect between their growth/development phenotypes and PAP levels, despite high the SAL1 expression level in several transgenic lines (SAL1_II 1, 3, 6, 7, 8, and 9) (Figures 4B, 5B,H). For instance, biomass was complemented to Col-0 levels in three out of nine lines (SAL1_II 1, 8, and 9) (Figure 5H), but both the PAP levels and morphological phenotype of these lines were intermediate between that of Col-0 and sal1 (Figures 4B, 5B). Similarly, SAL1_II lines 3 and 7 showed partially complemented biomass (Figure 5H) despite accumulating similar or higher levels of PAP compared to sal1 (Figure 5B). SAL1_II lines 2, 3, and 5 accumulated higher levels of PAP than did sal1 and largely failed to restore biomass and rosette morphology (Figures 4B, 5H). This observation was similar to that for the SAL1-I construct (SAL1-I lines 1, 28, and 53). Finally, the cytosolic expression of SAL1 at levels similar to those of the wild type (in lines 2 and 10) (Figure 4B) was not sufficient to complement the biomass phenotype (Figure 5H) or the high PAP levels (Figure 5B) of sal1.
2.3.3 Chloroplast
Surprisingly, the transformation of sal1 by construct SAL1_III (targeting of SAL1 to the chloroplast) only led to partial complementation across lines with different SAL1 expression levels (Figure 4C). Multiple lines such as SAL1_III 16, 28, 45, and 53 showed full complementation of biomass, but not other parameters (Figures 3, 5C,I). Despite having comparable shoot fresh weight to that of wild-type plants (Figure 5I), the PAP levels in these lines were only partially decreased (Figure 5C) (from 17 to 5 pmol/mg) compared to those in sal1, and their rosette morphology was intermediate between that of Col-0 and sal1. As expected, two lines (SAL1_III line 26 and SAL1_III line 36) with only moderately decreased PAP contents showed no complementation of biomass and rosette morphology (Figures 3, 5C,I).
2.3.4 Mitochondria
Complementation of sal1 by construct SAL1_IV (targeted expression of SAL1 to the mitochondria) was extremely effective. Sixty-five out of 77 independent transgenic lines (85%) were fully complemented (data not shown). Here, we show six representative lines (Figures 4D, 5D,J) to illustrate the range of complementation observed. Lines SAL1_IV 8, 19, 24, and 26 had fully complemented PAP levels, whereas line SAL1_IV 16 showed partial complementation and SAL1_IV line 15, which had lower SAL1 transcript levels than the wild type, was not complemented. The extent to which the PAP levels and rosette morphology were complemented correlated well with the PAP levels of these lines (Figures 3, 5D).
2.3.5 Chloroplasts and Mitochondria
Complementation of sal1 by construct SAL1_V (SAL1 targeted to the mitochondria and chloroplasts) was functionally effective, as expected. Here, we present the data for nine representative independent transgenic lines with a range of phenotypes (Figures 4E, 5E,K). Six of these lines (SAL1_V 1, 13, 15, 18, 24, and 26) showed wild-type phenotypes, including leaf blade shape (Figure 3), PAP levels (Figure 5E), and biomass (Figure 5K). Nevertheless, line SAL1-V 6, which had a comparable SAL1 expression level to that of the wild type, was phenotypically similar to sal1 in terms of biomass and rosette morphology, although the PAP level was moderately but significantly decreased. Only lines SAL1_V 2 and SAL1_V 17 were not complemented, presumably due to their very low SAL1 expression (Figure 4E).
2.3.6 Cytosol and Nucleus
Following transformation with SAL1_VI, which served as a positive control for complementation (Kim and von Arnim, 2009), we obtained 12 independent transgenic lines with a stable phenotype and analyzed nine representative lines in detail (Figures 3, 4F, 5F,L). Only one line (SAL1_VI 6) was complemented in terms of leaf morphology and growth (Figure 4) and shoot fresh weight (Figure 5L), with its PAP level almost restored to that of the wild type (Figure 5F). The remaining eight lines all had similar or significantly higher PAP levels compared to sal1 and showed limited complementation in terms of rosette morphology and biomass (Figures 3, 4L). We did not expect to find only 1 out of 12 lines to be complemented or to show a wild-type phenotype because this construct was previously reported to be able to complement sal1 (Kim and von Arnim, 2009). Thus, complementation of sal1 by co-targeting SAL1 to the nucleus and the cytosol is possible in principle, but is not a guaranteed outcome (see Section 3).
2.4 The Sulfur Assimilation Pathway and Accumulation of Secondary Sulfated Compounds in Selected SAL1 Complemented Lines
Loss of SAL1 function results in low total sulfate levels, a decreased accumulation of GSLs, an increased level of desulfo-precursors, and a decreased level of thiols (Lee et al., 2012). Furthermore, sulfur assimilation in sal1 mutants was not only affected at the metabolic level, but the transcript profile of genes was similar to that of sulfate-starved plants (Lee et al., 2012). Therefore, in addition to the general processes related to growth and stress response, the nutritional status was also impaired in sal1 plants. To address the role of the compartmentalization of SAL1 in sulfur assimilation, we selected the best-complemented transgenic lines, SAL1_I 26, SAL1_II 1, SAL1_III 53, SAL1_IV 8, SAL1_V 13, and SAL1_VI 6 (Figures 4, 5), and analyzed their sulfur metabolite profiles (Figure 6). The accumulation of sulfur metabolites in phenotypically weakly complemented lines is shown in Supplementary Figure S3.
[image: Figure 6]FIGURE 6 | Analysis of sulfate, desulfo-glucosinolate (GSL), and aliphatic and indolic GSL levels in complemented sal1 mutant lines. The levels of sulfate (A), desulfo-GSL (B), indolic GSL (C), and aliphatic GSL (D) were analyzed in rosette leaves of 5-week-old sal1 and complemented lines SAL1_I 26, SAL1_II 1, SAL1_III 53, SAL1_IV 8, SAL1_V 13, and SAL1_VI 6. Sulfur metabolites of partially complemented lines are shown in Supplementary Figure S3. Plants were grown on soil in short days in an environment-controlled chamber. Data show the mean ± SD (n = 4). FW, fresh weight. Different letters indicate significant differences among means based on t-tests at p < 0.05.
The sulfate content in the selected lines revealed that SAL1 can rescue the low-sulfate phenotype of sal1 in all compartments, even when it is expressed in the cytosol or the nucleus alone (Figure 6A). However, in weakly expressing lines, complementation of low sulfate levels only occurred when SAL1 was expressed in the nucleus, mitochondria, or chloroplasts, but not when SAL1 was present in the cytosol (constructs II and VI) (Supplementary Figure S3).
As sulfate is required for the sulfation of GSLs, we additionally measured the accumulation of indolic (IG) and aliphatic (AG) GSLs and their desulfo-precursors. The desulfo-GSLs (ds-GSLs), which accumulate to high levels in sal1, were fully complemented by SAL1 expression in the nucleus, mitochondria, and by the native SAL1 construct. However, the cytosolic and chloroplastic expression of SAL1 only led to a 50% decrease in the accumulation of ds-GSL, which could not restore the wild-type level of ds-GSL (Figure 6B). In contrast to ds-GSLs, we observed less phenotypic variation among the SAL1-expressing lines for AGs and IGs. The production of AGs was fully complemented in all lines, with the exception of line VI in which the low AG level only slightly increased (Figure 6D). Conversely, the production of IGs was fully complemented only when SAL1 was targeted to the mitochondria (Figure 6C).
2.5 Phenotypic Comparison of Complementation Efficiency by SAL1 in Different Subcellular Compartments
We further characterized the best-complemented lines in Figure 6 by quantifying their leaf phenotypes in more detail. We did comparative analysis of the following transgenic lines: 1) plants expressing SAL1 in the compartments in which PAP is proposed to act (nucleus, cytosol, or both) compared to the wild type and 2) plants expressing SAL1 in a single organelle (chloroplast or the mitochondria) compared to both organelles where SAL1 is normally found (wild type). Targeting SAL1 to both the cytosol and the nucleus (SAL1_VI_6) showed an additive effect compared to either the nucleus (SAL1_I 26) or the cytosol (SAL1_II_1) alone in restoring leaf area to wild-type levels (Figures 6, 7). In contrast, SAL1 in either the cytosol or the nucleus alone was similarly effective as SAL1 in both the cytosol and the nucleus in rescuing rosette compactness (Figure 7). In the second set of comparisons, targeting SAL1 to chloroplasts alone (SAL1_III 53) only partially rescued leaf area and rosette compactness. Similarly, targeting SAL1 to the mitochondria (SAL1_IV) did not completely restore leaf area, although it rescued rosette compactness to wild-type levels (Figure 7). Taken together, these results suggest that PAP most likely exerts its effects in both the cytosol and the nucleus, albeit unequally, and that the presence of SAL1 in both chloroplasts and the mitochondria is required for PAP homeostasis.
[image: Figure 7]FIGURE 7 | Shoot morphology, leaf area, and rosette compactness in best-complemented sal1 mutant lines expressing SAL1 in different subcellular compartments. Morphological phenotypes were analyzed in rosette leaves of 25-day-old soil-grown plants. The entire aboveground rosette was excised and photographed under standardized lighting conditions, then the image analyzed using ImageJ to quantify the leaf area and rosette compactness. Data show the mean ± SD (n = 5). Different letters indicate significant differences among means based on one-way ANOVA and Tukey’s honestly significant difference (HSD) post-hoc test at p < 0.05. Note that line V_13 was not analyzed here due to the impaired germination and growth of the seeds after prolonged storage between the initial characterization (Figures 2–6) and this analysis. Furthermore, given that V_13 utilizes the native SAL1 targeting sequence (Figure 1), in our view, V_13 should be functionally similar to the wild-type control. Thus, the wild type and constructs III and IV are sufficient for comparing SAL1 targeting to the chloroplasts, mitochondria, or both organelles.
2.6 Re-Evaluating Complementation Efficiency by SAL1 in the Context of SAL1 mRNA and Protein Levels In Vivo
The unequal complementation obtained with the different constructs (Figures 3–7) was striking and unexpected, given that SAL1 was driven by a strong promoter that, in theory, should drive overexpression in all constructs. Therefore, we first examined for any possible relationship between the different phenotypes and SAL1 mRNA levels in lines of the different constructs. SAL1 overexpression at 5- to 10-fold of the wild-type levels was sufficient to completely restore the PAP levels in SAL1_IV 26, but not in lines of the other constructs such as SAL1_I 53, SAL1_II 2, SAL1_III 53, and SAL1_VI 5 (Figures 4, 5). Similarly, SAL1 expression at levels comparable to those of wild-type Col-0 restored plant biomass and significantly decreased the PAP levels only in construct IV, but not in lines of the other constructs (Figures 4, 5).
To address the possibility that the mRNA levels of transgenic SAL1 are uncoupled from the protein levels of SAL1 in the different constructs, we first compared selected lines with similar SAL1 mRNA expression levels (∼10-fold higher than that of Col-0) irrespective of their targeting. The different constructs showed significantly different degrees of leaf complementation despite their similar levels of SAL1 mRNA (Figure 8). Interestingly, the variance in leaf phenotype complementation appeared linked to substantial variation in the protein levels of SAL1, with the Western blot of lines SAL1_III 16 and 28 in particular showing much weaker SAL1 protein bands compared to SAL1_II 3 and SAL1_VI 6 (Figure 9B). This was further confirmed by comparing the protein and mRNA levels of SAL1 in the best-complemented lines of each construct regardless of their SAL1 mRNA levels (Figure 9A). Although the SAL1_I 26, III 53, and VI 6 lines all expressed SAL1 mRNA at 10- to 15-fold that of the wild type, their SAL1 protein levels varied substantially, with III 53 showing very low SAL1 protein abundance. SAL1_II 1 had similar SAL1 protein abundance to III 53 despite overexpressing SAL1 mRNA to a greater extent (40- vs. 10-fold, respectively). Similarly, SAL1_V 13 accumulated substantially more SAL1 protein than SAL1 IV 8 despite overexpressing SAL1 mRNA to a lesser degree (60 vs. 80-fold). Therefore, instead of SAL1 mRNA being the primary determinant of complementation, targeting SAL1 to different subcellular compartments may lead to different levels of the SAL1 protein in vivo through unknown mechanism(s), thus causing unequal complementation.
[image: Figure 8]FIGURE 8 | Shoot morphology, leaf area, and rosette compactness in complemented sal1 mutant lines expressing SAL1 mRNA at similar levels. Morphological phenotypes were analyzed in rosette leaves of 25-day-old soil-grown plants. The entire aboveground rosette was excised and photographed under standardized lighting conditions, then the image analyzed using ImageJ to quantify the leaf area and rosette compactness. All lines shown here have SAL1 mRNA overexpressed at ∼10-fold the levels of Col-0. Data show the mean ± SD (n = 5). Different letters indicate significant differences among means based on one-way ANOVA and Tukey’s honestly significant difference (HSD) post-hoc test at p < 0.05. Note that, similar to Figure 7, there was either complete or serious loss in germination rate and/or seedling growth in lines of interest, which were not seen in earlier experiments (e.g., lines I_61, IV_19, IV_26, and V_13). We decided to omit representatives from certain lines (e.g., construct IV) because no other representative within that construct had similar SAL1 mRNA expression to the rest of the constructs. However, we attempted to compensate for this deficiency by studying two representatives of certain constructs (II and III), in cases where they have similar SAL1 mRNA expression to the rest of the constructs.
[image: Figure 9]FIGURE 9 | SAL1 protein levels in best-complemented sal1 lines expressing SAL1 in different subcellular compartments and in complemented sal1 lines expressing similar SAL1 mRNA levels. SAL1 protein levels were analyzed in total protein extracts of 25-day-old rosette leaves from the best-complemented line of sal1 expressing the different constructs I–VI (A) and diverse complemented sal1 lines with similar SAL1 mRNA levels (∼10-fold overexpression compared to Col-0) (B). Immunoblotting was performed with an anti-SAL1 antibody and a horseradish peroxidase (HRP)-conjugated secondary antibody against 20 µg total protein per sample. The SAL1 protein was detected at approximately 37 kDa, with no SAL1 protein in the sal1 mutant sample, as expected. A higher band at 55 kDa is most likely the result of nonspecific antibody binding to Rubisco (upper panels). The blots were subsequently stained with Ponceau S and re-imaged to evaluate equal loading between samples (lower panels). In both (A) and (B), the upper and lower panels were generated from the same blot that was independently imaged twice after incubation with HRP chemiluminescence substrate and Ponceau S, respectively.
3 DISCUSSION
The accumulation of PAP differs in different subcellular compartments due to the activities of SAL1. Based on current knowledge concerning the SAL1–PAP pathway and taking all phenotypes reported for sal1 mutants into consideration, we hypothesized that PAP can act in different compartments, where PAP signaling can potentially execute different functions (Phua et al., 2018). These intriguing scenarios prompted us to design experiments addressing the role of SAL1 in different cell compartments by expressing it in chloroplasts, the mitochondria, the nucleus, and the cytosol. This set of experiments aimed to compare the ability of SAL1 expressed in different compartments to complement the morphological, physiological, and chemical phenotypes of sal1, thereby revealing initial hints on how PAP might differentially affect multiple growth- and sulfur metabolism-related phenotypes.
Our results indicated that SAL1 expression in the nucleus (construct I) was sufficient to complement the sal1 phenotypes (Figures 4–7). This finding, which is consistent with previous observations by Kim and von Arnim (2009), pointed that: 1) PAP is present in the nucleus due to diffusion from the cytosol and that 2) modulating nuclear the PAP levels can revert the phenotype of sal1 to that of the wild type. This finding is also consistent with the localization of two known PAP targets, XRN2 and XRN3, in the nucleus. PAP inhibits the 5′–3′ exoribonuclease activity of the XRN proteins, most likely by binding to the active site of XRNs (Nagarajan et al., 2013), as suggested by in vitro assays and the protein crystallography of PAP-inhibited exoribonucleases (Yun et al., 2018). In contrast, the high mRNA level of cytosol-targeted SAL1 did not fully complement sal1 with respect to leaf shape, PAP level, plant biomass, and GLs (SAL1_II lines; Figures 4–6). This is counterintuitive because PAP is generated in the cytosol and, therefore, the cytosolic expression of SAL1 was predicted to directly detoxify PAP without the requirement for PAP transport into organelles or its diffusion into the nucleus. Similarly, targeting SAL1 to the chloroplast, which is one of the organelles in which SAL1 is normally located in wild-type plants, should have enabled efficient complementation of sal1 phenotypes. These discrepancies can be explained by the low levels of transgenic SAL1 protein when expressed exclusively in the cytosol or in the chloroplast (Figure 9). It is also possible that the introduction of a NES or the Rubisco SSU targeting peptide to the SAL1 sequences in SAL1_II and SAL1_III lines, respectively, could have negatively impacted its protein folding or structure since even relatively few (one to four) codon changes to the SAL1 sequence are sufficient to decrease its protein abundance in Arabidopsis (Wilson et al., 2009) and Escherichia coli (Chan et al., 2016). Interestingly, in an experiment aiming at the subcellular localization of native SAL1_V_GFP, we also observed low levels of the GFP protein, which can be caused by both GFP and NES. Although the NES was also present in SAL1 sequences of the well-complemented SAL1_IV 8 and SAL1_V 13 lines, these two lines had among the highest levels of SAL1 mRNA overexpression across all the lines tested, which could have partially compensated for the decreased protein stability.
As demonstrated by line SAL1_IV 8, all secondary sulfate metabolism metabolites, including sulfate, ds-GSL, and aliphatic and indolic GSLs, were also fully restored to wild-type levels (Figure 6). Notably, sulfur assimilation (Supplementary Figure S3) was highly stimulated by the mitochondrial expression of SAL1. Aliphatic and indolic GSLs reached levels significantly higher than those in the wild type (Figures 6C, D). Taken together, these observations confirmed the transport of PAP into the mitochondria for degradation by SAL1, which was previously only inferred based on the localization data for SAL1 and the PAPS/PAP transporter PAPST2 (Estavillo et al., 2011; Ashykhmina et al., 2019). Nevertheless, PAP degradation by SAL1 in both chloroplasts and the mitochondria may still be required for complete regulation of PAP-mediated signaling since the leaf area was still significantly, albeit only slightly, lower in SAL1_IV 8 compared to the wild type (Figure 9).
When comparing the PAP levels, leaf area, and rosette compactness between the different lines (Figures 5, 7), it appears that the same level of PAP may exert different impacts on individual growth phenotypes. A moderately elevated PAP level compared to that of the wild-type was sufficient to suppress the altered leaf area, but not rosette compactness (e.g., SAL1_V 13 and SAL1_VI 6), whereas higher PAP levels that were intermediate between the wild type and sal1 also had an impact on rosette morphology (SAL1_II 1 and SAL1_III 53). Similarly, the lines SAL1_II 6, SAL1_III 16, and SAL1_III 28, all of which have similar PAP contents, have suppressed leaf area like sal1, but have wild type-like rosette compactness. Notably, rosette compactness is highly influenced by petiole length (Vanhaeren et al., 2015), which is regulated by light signaling components such as PhyB that are also influenced by PAP accumulation (Kim and von Arnim, 2009). Leaf area is a function of cell size and number, which in turn are regulated by several complex factors such as cell expansion, cell wall composition, and the cell cycle (Gonzalez et al., 2012). How PAP signaling influences these processes is still not clear. Given that a small increase in cytosolic PAP levels, as observed here for the SAL1_IV lines or in the papst2 mutant (Ashykhmina et al., 2019), actually enhances plant growth while further PAP elevations suppress growth, it may be that at least one of the parameters governing cell growth and replication is highly tuned to fluctuations in the intracellular PAP levels.
Similarly, the production of indolic GSLs seemed more sensitive to PAP accumulation than that of aliphatic GSLs. Both SAL1_II 1 and SAL1_III 53 had only partially complemented ds-GSLs and indolic GSLs, yet exhibited complete complementation of aliphatic GSLs. Given that SOT16 highly prefers indolic ds-GSLs whereas SOT18 prefers aliphatic ds-GSLs in vitro (Klein and Papenbrock, 2009), it is possible that PAP exerted a stronger inhibitory effect on SOT16 than on SOT18 in vivo. The inhibition kinetics of PAP have only been determined for SOT18 so far (Hirschmann et al., 2017). Alternatively, it may be that the effect of PAP on indolic GSLs was more pronounced due to their greater abundance in vivo compared to aliphatic GSLs (Figure 6).
All of the best-complemented lines from each construct showed complete recovery of the sulfate levels. This suggests that the regulation of total sulfate is relatively insensitive to PAP accumulation until a very high threshold is reached, as shown by SAL1_II 1, which had wild-type sulfate content despite accumulating 50% of the PAP levels in sal1 (Figures 5, 6). Recently, it has been shown that GSLs serve as a sulfate reservoir and can be catabolized to release free sulfate (Sugiyama et al., 2021), so it is tempting to speculate that a high PAP may affect the sulfate levels at least partly via GSLs. It is also possible that PAP affects sulfate by modulating sulfate transport since the expressions of some sulfate transporters were affected in fry1-6 (Estavillo et al., 2011).
Collectively, our results indicate that the role of the SAL1–PAP pathway in different cell compartments, environmental conditions, and signaling pathways is likely to be more complex than previously assumed. Understanding how PAP exerts differential effects on diverse processes, such as leaf morphology, growth, and sulfur metabolism, as we have shown here, could be the key to unraveling its role in the integration of retrograde, light, and hormonal signaling (Rodríguez et al., 2010; Estavillo et al., 2011; Ishiga et al., 2017; Phua et al., 2018), as well as in nutrient (Hirsch et al., 2011; Lee et al., 2012) and pathogen signaling (Ishiga et al., 2017).
4 MATERIALS AND METHODS
4.1 Plant Material and Growth Conditions
Seeds of A. thaliana ecotype Col-0, the T-DNA insertion mutant, and complemented transgenic plants were sown on soil or culture plates containing 1/2 Murashige and Skoog medium. The seeds were stratified for 2–3 days in the dark, and the plants were cultivated under short-day (8-h light and 16-h dark) conditions with an average photon flux density of 100–150 μmol m−2 s−1. White light was provided by Fluora L58W/77 fluorescent tubes. The temperature was kept at 22°C during the light period and 18°C during the dark period. The relative humidity was ∼40%.
4.2 Isolation of sal1 Mutant
The homozygous mutant sal1 line (At5g63980, SALK_020882, and SALK_005741) was identified and the insertion position of the T-DNA in the target gene was confirmed by sequencing previously (Ashykhmina et al., 2019). In this manuscript, we present data on the analysis and complementation of SALK_020882 line, named here also as sal1.
4.3 Cloning of Chimeric SAL1 Constructs
To achieve the compartment-specific accumulation of SAL1, we generated six chimeric constructs, as shown in Supplementary Figure S1. The SAL1tr backbone was amplified from Arabidopsis cDNA and fused with different DNA pieces using fusion PCR, as described in Section 2.
In our cloning procedure, all six constructs were inserted into the entry pDONOR207 vector. pDONOR207 vectors containing six different SAL1s were recombined with either the binary vector pGWB5 (for GFP localization studies) or pGWB2 (for the complementation of sal1) under the control of the 35S cauliflower mosaic virus promoter. All constructs of interest were transformed into Arabidopsis mesophyll protoplasts or root suspension cells.
4.4 GFP-Based Subcellular Localization of SAL1 Proteins in Arabidopsis Protoplasts and in Arabidopsis Suspension Cell Culture From Roots
To confirm the subcellular localization of SAL1 fusion proteins experimentally, Arabidopsis mesophyll protoplasts and root cell suspension cultures were transformed with Agrobacterium carrying constructs encoding SAL1_I–VI fused to the GFP at the C-terminus. Transfection of Arabidopsis mesophyll protoplasts was performed as described by Yoo et al. (2007) using 20–40 μg of plasmid DNA. Transformation of Arabidopsis root suspension cells was performed as described previously (Berger et al., 2007).
For staining with 4′,6-diamidino-2-phenylindol (DAPI), Arabidopsis cells were incubated in 2 μg ml−1 (w/v) solution of DAPI for 5 min in the dark, followed by one to two times rinsing with cell culture media (Berger et al., 2007). For MitoTracker staining, the cells were removed from the medium and exposed in 500 nmol concentrated MitoTracker dye for 45–60 min. Cells were rinsed several times with cell culture media prior to imaging.
The GFP expression patterns in dark-grown cultured Arabidopsis or protoplasts from mesophyll tissue were recorded by confocal laser scanning microscopy (Zeiss, Jena, Germany). Images were acquired as z-series with a 1- to 3-μm interval with 25 frames using a Zeiss LSM510 confocal laser scanning microscope. Green fluorescent protein was visualized with a 488-nm laser and a band-pass (BP) 500–530 filter and the MitoTracker stain with a 543-nm laser and a BP 565–615 filter. For the visualization of DAPI, we used ultraviolet light and a BP 385–470 filter.
Co-localization of the GFP signal with chlorophyll autofluorescence indicated chloroplastidic localization. A co-labeling of GFP with the DNA fluorescent stain DAPI was interpreted as a nuclear localization, whereas a co-labeling of GFP with the MitoTracker indicated a mitochondrial localization.
Results were documented with Discus and Zeiss software. Images were processed using Photoshop CS3 (Adobe Systems, San Jose, CA, USA). Adjustment of levels was applied to the SAL1-V construct to make weak GFP signals better visible in protoplasts.
4.5 Complementation of sal1 Mutant Using SAL1 I to VI Constructs
To complement sal1, we utilized constructs SAL1 I to VI without GFP and generated stable Arabidopsis transgenic lines. All six SAL1 constructs were recombined from pDONR207 into the Gateway destination pGWB2 vector (35S cauliflower mosaic virus promoter), and correctness of constructs was verified by sequencing. SAL1 I to VI were delivered to sal1 Arabidopsis plants by Agrobacterium-mediated transformation, and positive transformants were selected using kanamycin. The homozygous SAL1ox lines I to VI were isolated following segregation analysis of populations.
4.6 Analysis of Shoot Fresh Weight of Complemented Plants
Individual Arabidopsis plants were grown on MS agar media for 4 weeks as described above. To measure the shoot fresh weight of complemented sal1 mutants, the aboveground rosettes were excised at the hypocotyl and individual weight was recorded. At least nine seedlings per construct were analyzed.
4.7 RNA Extraction and RT-qPCR
To measure the transcript levels in the wild type and the different complemented mutant plants, total RNA was isolated from leaves, cDNA was reversely transcribed, and reverse transcription quantitative PCR (RT-qPCR) was performed as described previously (Gigolashvili et al., 2009). The relative quantification of the expression levels was performed using the comparative delta Ct method, and the calculated relative expression values were normalized to Actin2 and compared with the expression level in wild-type plants (Col-0 = 1).
4.8 Extraction and Measurement of Sulfated Compounds and of Sulfate
GSLs and their desulfo-precursors were extracted from the lyophilized plant material as reported previously (Ashykhmina et al., 2019). Sulfate was detected as previously reported in Mugford et al. (2009).
4.9 Quantification of PAP in Plant Extracts
Plant material was collected and frozen in liquid nitrogen. The extraction and chromatographic detection of PAP were performed as reported previously (Ashykhmina et al., 2019).
4.10 Quantification of Rosette Parameters
Individual Arabidopsis plants were grown on separate soil-filled pots for 25 days under long-day conditions (18-h light and 6-h darkness at ∼100 µmol photons m−2 s−1, 22°C/20°C day/night cycle). For imaging, the aboveground rosettes were excised at the hypocotyl with sharp scissors and immediately photographed using an in-house imaging platform comprising a Canon DSLR camera and controlled fluorescent lighting. The images were analyzed in ImageJ to quantify the leaf area (area of green pixels) and the rosette compactness (ratio of leaf area relative to the convex hull) (Vanhaeren et al., 2015).
4.11 Protein Extraction and Western Blot
Approximately 100 mg leaf tissue harvested from 25-day-old soil-grown Arabidopsis plants was snap-frozen in liquid nitrogen, ground to fine powder using a ball mill at 20 Hz for 1 min (Retsch, Haan, Germany), and then resuspended in 300 µl RIPA extraction buffer (1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, and 10% glycerol) supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF). Cellular debris was removed by centrifugation (14,000 × g for 10 min at 4°C) and the supernatant moved to a fresh tube. Total protein was quantified using the Bradford assay. For SDS-PAGE and Western blotting, 20 µg total protein was loaded per sample onto 12% Mini-PROTEAN® TGX™ Precast Gels (Bio-Rad, Hercules, CA, United States) and resolved at 200 V for 30 min. The proteins were then transferred unto PVDF membranes using the Trans-Blot Turbo Transfer System (Bio-Rad). The membranes were incubated in blocking solution (5% milk, 1 × PBS, and 0.05% Tween) for 1 h at room temperature. This was followed by an anti-SAL1 antibody (Agrisera AS07 256; 1:1,000 dilution in 1% milk, 1 × PBS, and 0.05% Tween) overnight at 4°C and a secondary antibody (ECLTM Donkey anti-rabbit IgG, horseradish peroxidase linked; GE Healthcare, Chicago, IL, United States) for 1 h at room temperature, with three 15-min washes (1 × PBS and 0.05% Tween) after every incubation step. The blots were developed using ECL imaging solution (Clarity Western Peroxide Reagent and Clarity Western Luminol/Enhancer Reagent; Bio-Rad). Chemiluminescence was visualized using the ChemiDoc system (Bio-Rad). To visualize all proteins present on the blot, the membrane was incubated for 5 min in Ponceau S solution (Sigma-Aldrich, St. Louis, MO, USA) and washed with distilled water to remove background staining.
4.12 Statistical Analysis
Comparison of means was performed to determine statistical significance using a two-sample Student’s t-test or an ANOVA (Tukey’s test). Constant variance and normal distribution of data were verified prior to statistical analysis.
In the first phase of the project, comparison to wild type with repeated t-tests seemed to be the most accessible method of choice, as we were most interested in whether an individual line was not significantly different from the wild type (indicating complete complementation) rather than possible differences between certain lines (partial complementation). Prior to the t-test, a two-sample F-test for variances was implemented to check for scedasticity, shown in Figures 4–6. If the variances differed, a heteroscedastic two-tailed t-test was performed, while equal variances led to the choice of a homoscedastic t-test. For Figures 7, 8, homogeneity of the variances was verified using the Levene’s test for equality of variances in SPSS Statistics version 27 (IBM, Armonk, NY, USA). All datasets passed the test for equal variances, returning significance values between 0.3 and 0.6 (significance values higher than 0.05 indicate equal variance). The datasets were subsequently analysed by ANOVA.
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Sulfation is poorly understood in most invertebrates and a potential role of sulfation in the regulation of developmental and physiological processes of these organisms remains unclear. Also, animal model system approaches did not identify many sulfation-associated mechanisms, whereas phosphorylation and ubiquitination are regularly found in unbiased genetic and pharmacological studies. However, recent work in the two nematodes Caenorhabditis elegans and Pristionchus pacificus found a role of sulfatases and sulfotransferases in the regulation of development and phenotypic plasticity. Here, we summarize the current knowledge about the role of sulfation in nematodes and highlight future research opportunities made possible by the advanced experimental toolkit available in these organisms.
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INTRODUCTION
Sulfation, sulfonation or sulfoconjugation, is an essential and ubiquitous biochemical reaction that modifies a wide range of xenobiotic and endogenous molecules. From bacteria to plants and animals, perturbation of the molecular processes that regulate the biologic ratio of sulfated and unconjugated substrates is likely to alter cellular and organismal physiology (Leung et al., 2016; Langford et al., 2017; Gunal et al., 2019). The sulfation pathways are catalyzed by two types of enzymes, the sulfotransferases (sulfuryltransferases) and the sulfatases. The sulfotransferases transfer a sulfuryl group (SO3) from the universal donor PAPS (3′-phosphoadenosine 5′-phosphosulfate) to the hydroxyl or amino group of numerous compounds (Strott, 2002; Coughtrie, 2016). The presence of the charged sulfate group changes the physiochemical properties (water solubility and conformation) of the acceptor molecules and has therefore a major role in the detoxification and elimination of various xenobiotics (Strott, 2002; Leung et al., 2016). Multiple endogenous compounds including carbohydrates, lipids, proteins and hormone precursors (steroids) are also modified by sulfotransferases. In their case, sulfation has significant influence on the biological activity of the modified molecules and consequently in multiple biological processes (for details see (Strott, 2002; Mueller et al., 2015; Leung et al., 2016)).
The sulfatases, on the other hand, hydrolyze the sulfate ester bonds to the unconjugated form of the substrate (Hanson et al., 2004). These hydrolytic enzymes are part of the alkaline phosphatase superfamily and share a post-translational modification that greatly enhances enzymatic activity: a cysteine or serine in the catalytic center is converted to a formylglycine (Schmidt et al., 1995; Dierks et al., 1997; Dierks et al., 1998a; Dierks et al., 1998b). This review elaborates on the players, molecular mechanisms and roles of the sulfation pathways in Caenorhabditis elegans and Pristionchus pacificus. We especially highlight the use of these nematode model organisms to investigate the poorly understood relevance of the sulfation pathways in organismal development. Finally, the emerging topics and questions on sulfation in nematodes are discussed.
The Nematode Model Organisms: C. elegans and P. pacificus
Nematodes, or roundworms, are one of the largest animal phyla and are found in all ecosystems: marine, fresh-water and soil (van den Hoogen et al., 2019). In addition, many nematode species are parasites of plants, animals, life stock or humans, resulting in their economic importance for agriculture, breeding and health (Lee et al., 2002). Most of these parasites are hard to culture in the laboratory, whereas some free-living species are among the most rapidly reproducing and most easily culturable species of all metazoans. One example is Caenorhabditis elegans, which was introduced as a potential model organism by Sydney Brenner in the 1960ies (Brenner, 1974). Building on a unique set of life history traits and a growing functional toolkit, the ‘C. elegans research community’ has grown rapidly to make fundamental discoveries in all areas of the life sciences. C. elegans can be grown on small agar plates in the laboratory, feeds on Escherichia coli and completes its life cycle in 3 days at 20 °C (Figure 1A). This species reproduces primarily by selfing of hermaphrodites, which produce around 200–300 sperm during larval development before switching to a female fate with oocyte production as adults. Consequently, the progenies of hermaphrodites are genetically identical and the resulting isogenic propagation represents a unique advantage among all animal model organisms. Original unbiased forward genetic screens have identified many mutants essential for animal survival, egg-laying, neurogenesis or life span (Wood and Researchers, 1988). With RNA interference and CRISPR/Cas9-based genome engineering being implemented, large scale reverse genetic screens have been performed aiming at the analysis of the knock-down or knock-out of all genes in the genome (Fire et al., 1998; Dickinson and Goldstein, 2016). Indeed, when the C. elegans genome was fully sequenced, the 100 Mb genome was shown to encode around 20,000 genes with several thousands of them being functionally characterized (Consortium, 1998). Together, these features made C. elegans one of the most important study systems in modern biology.
[image: Figure 1]FIGURE 1 | Nematode development and plastic traits. (A) Schematic life cycle of Caenorhabditis elegans and Pristionchus pacificus, including four postembryonic larval (juvenile) stages separated by molts. Worms can either directly develop into a reproductive adult if conditions are favorable and food is available (symbolized by plates with food), or indirectly through a stress-resistant and long-lived dauer larval stage if environmental conditions are unfavorable. (B) Predatory behavior of P. pacificus (Ppa): the eurystomatous morph of the worm is able to devour C. elegans (Ce) larvae. (C) Differential interference contrast (DIC) image depicting the mouth-form of eurystomatous (Eu) and stenostomatous (St) worms. The eurystomatous morph has two teeth (asterisks) and a wide buccal cavity whereas the stenostomatous morph shows only one tooth in a narrow buccal cavity (arrows). Bar = 10 μm.
The related nematode Pristionchus pacificus shares many of these features with C. elegans and similarly builds on a short generation time (4 days, 20°C), self-fertilizing hermaphroditism, forward and reverse genetic tools and a fully sequenced genome (Sommer and Sternberg, 1996; Dieterich et al., 2008; Han et al., 2020). P. pacificus and C. elegans, like many nematodes, can undergo direct and indirect development (Figure 1A). Under favorable environmental conditions and the availability of food, they undergo direct development, rapidly proceeding through four juvenile (larval) stages to become adults. In contrast, in the absence of food and other unfavorable circumstances, they arrest in a long-lived and stress-resistant “dauer” stage, which is adapted to survive harsh environmental conditions (Figure 1A) (for review see (Sommer and Mayer, 2015)). Besides these conserved features, P. pacificus differs from C. elegans with regard to several morphological and organismal features that turned out to be under the control of sulfation-mediated processes. Specifically, while P. pacificus can be cultured on E. coli as single food source indefinitely, it is a potential predator of other nematodes (Figure 1B). It forms teeth-like denticles in its mouth that are unknown in C. elegans or most other free-living nematodes (Figure 1C) (Bento et al., 2010). These teeth come in two alternative mouth-forms, representing an example of developmental (phenotypic) plasticity (Sommer, 2020). Worms can either form a “eurystomatous” (Eu) morph with two teeth and a wide buccal cavity, or, alternatively, a “stenostomatous” (St) morph with a single tooth and a narrow opening (Figure 1C) (Ragsdale et al., 2013). While both morphs can feed on bacteria, only the Eu form is a potential predator with associated self-recognition systems preventing the killing of kin (Lightfoot et al., 2019). The role of sulfation enzymes, the sulfatase eud-1 and the sulfotransferase seud-1/sult-1, in the regulation of mouth-form plasticity were discovered through unbiased forward genetic screens and will be described below (Ragsdale et al., 2013; Bui et al., 2018; Namdeo et al., 2018).
Sulfotransferases in Nematodes
Eukaryotes express cytosolic and membrane-bound sulfotransferases. Cytosolic sulfotransferases (termed SULTs) sulfate xenobiotics and small molecules like neurotransmitters and hormones. The membrane-bound sulfotransferases reside in the Golgi and mediate the post-translational sulfation of endogenous macromolecules (proteins, lipids and glycosaminoglycans) in the secretory pathway (Bojarova and Williams, 2008; Leung et al., 2016). Despite low sequence conservation, sulfotransferases possess a conserved protein structure and catalytic properties, which include the binding to the PAPS cofactor. However, sulfotransferases show broad substrate specificity and may sulfate an unlimited number of substrates (Mueller et al., 2015; Langford et al., 2017). The human genome contains 13 cytoplasmic and 39 membrane-bound sulfotransferases (Langford et al., 2017; Gunal et al., 2019). Based on published literature and Wormbase (version WS282), Table 1 lists the cytosolic and membrane-bound sulfotransferases currently identified in C. elegans (36), P. pacificus (18) and Strongyloides ratti (48), a common gastro-intestinal parasitic worm of the rat (Streit, 2008).
TABLE 1 | Cytosolic and membrane-bound sulfotransferases in nematodes and corresponding human orthologues.
[image: Table 1]Nematode Cytosolic Sulfotransferases
ssu-1 (suppressor of stomatin mutant uncoordination) is the only member of the cytosolic sulfotransferase gene family present in the genome of C. elegans (Carroll et al., 2006; Hattori et al., 2006; Mizuguchi et al., 2009). Orthologous proteins include the human SULT1B1, SULT2A1 and SULT2B1 enzymes (Wormbase curation). This sulfotransferase is expressed throughout development, particularly in embryos and adult stages, but shows increased levels in dauer larvae. Recombinant protein is able to sulfate simple phenol substrates, such as bisphenol A (Hattori et al., 2006). Expression of SSU-1 has also been detected in the amphid sensory neurons located in the head of the worm where it is hypothesized to modify endocrine signals (Carroll et al., 2006). A recent study observed that mutant ssu-1 animals failed to arrest development in response to osmotic stress. The authors suggest that in the sensory neurons SSU-1 sulfates a ligand of the nuclear hormone receptor NHR-1 to activate a transcriptional response to osmotic stress and induce developmental arrest (Burton et al., 2018).
Five paralogs of C. elegans SSU-1 are found in P. pacificus, termed SULT-1 to SULT-5 (Table 1) (Namdeo et al., 2018). CRISPR/Cas9-mediated knockout of these cytosolic sulfotransferases and a genetic screen for suppressors of an all-stenostomatous mutant of P. pacificus has identified a role for SULT-1 (PPA12547) in the regulation of mouth-form plasticity (see details below) (Bui et al., 2018; Namdeo et al., 2018). Additional SULTs can also be found in P. pacificus (4) and S. ratti (8). Their biological role remains unknown.
Nematode Membrane-Bound Sulfotransferases
Tyrosylprotein Sulfotransferases
The genomes of nematodes also contain genes encoding TPSTs (Table 1) (Namdeo et al., 2018), integral membrane glycoproteins of the trans-Golgi network that post translationally sulfate tyrosine residues of soluble and membrane proteins of the secretory pathway. Sulfation is the most common modification of tyrosine residues and regulates biological activity and correct cellular processing (Monigatti et al., 2006; Stone et al., 2009; Yang et al., 2015). Two types of tyrosylprotein sulfotransferases (TPST1 and TPST2) with distinct substrate preference are present in animals; P. pacificus lacks the second TPST gene and S. ratti encodes three TPST enzymes (Table 1) (Beisswanger et al., 1998; Ouyang and Moore, 1998; Mizuguchi et al., 2009; Namdeo et al., 2018). In C. elegans, TPST-1 activity is required for cuticle organization as it controls collagen secretion (Kim et al., 2005; Kim et al., 2010).
Carbohydrate Sulfotransferases
Sulfotransferases also extensively modify carbohydrates/sugars along the secretory pathway. Carbohydrate sulfoforms function on the cell surface and in the extracellular matrix where they provide structural support and mediate communication between cells and the surrounding environment (Bowman and Bertozzi, 1999). Sulfation of carbohydrates creates structural variety, enables electrostatic interactions and generates ligands for specific receptors. The biological significance of the sulfation of carbohydrates is therefore broad as it regulates multiple processes, such as organ development, extracellular signaling, and inflammation, among others (Bowman and Bertozzi, 1999; Strott, 2002). Carbohydrate sulfotransferases are integral membrane enzymes of the Golgi apparatus that sulfate glycans attached to lipids and proteins (Bowman and Bertozzi, 1999; Strott, 2002). Recognizable carbohydrate sulfotransferases in nematodes modify the scaffold of proteoglycans (glycosaminoglycan chains constituted by repeating disaccharide units attached to core proteins) to produce variable sulfoforms. Two groups of carbohydrate sulfotransferases are present in C. elegans, P. pacificus and S. ratti: heparan sulfate (HS) and chondroitin sulfate (CS) sulfotransferases (Table 1). Sequence homology searches revealed 28 CS-6-O-sulfotransferases-like genes (CHST) in C. elegans (Mizuguchi et al., 2009), with three orthologs in P. pacificus (Namdeo et al., 2018) and 32 in S. ratti (Table 1). Five HS-sulfotransferases (HSTs) are also encoded in the genomes of the three nematodes (Mizuguchi et al., 2009; Namdeo et al., 2018) (Table 1).
a) Biological roles of CS-sulfotransferases in C. elegans
Chondroitin sulfate chains are composed of disaccharide units of glucuronic acid (GlcUA) and iduronic acid-N-acetylgalactosamine (GalNAc) heterogeneously sulfated (Sugahara et al., 2003). Sulfation of CS occurs on the 4- and 6-hydroxyl groups of GalNAc and on the 2-hydroxyl group of GlcUA. CS is the main structural component of the extracellular matrix in the brain and cartilage. In addition, CS sulfoforms regulate cell signaling through specific receptor-ligand binding influencing processes such as neuronal and skeletal development, and infection by pathogens (Bowman and Bertozzi, 1999; Sugahara et al., 2003).
Nematodes produce vast amounts of non-sulfated chondroitin (Yamada et al., 1999; Toyoda et al., 2000; Olson et al., 2006; Lawrence et al., 2008), which in C. elegans is crucial for cell division during embryogenesis and vulva morphogenesis (Herman et al., 1999; Hwang et al., 2003; Mizuguchi et al., 2003). Mutations or RNAi depletion of the nematode chondroitin synthase gene are proposed to decrease chondroitin hydration activity controlling tissue osmotic pressure (structural role) and/or disrupt cell signaling (Hwang et al., 2003; Mizuguchi et al., 2003). Although the presence of CS in C. elegans has been controversial, several studies detected different sulfoforms in the worms (Schimpf et al., 1999; Beeber and Kieras, 2002; Dierker et al., 2016). Recently, the first CS sulfotransferase enzyme has also been characterized in C. elegans, CHST-1 (Table 1) (Dierker et al., 2016), suggesting that sulfate CS has a biological role also in nematodes. Recombinant CHST-1 utilizes PAPS to sulfate a chondroitin substrate, and the levels of 4-O-sulfation in chondroitin are dramatically reduced in the chst-1 mutant strain (Dierker et al., 2016). Whether the 26 other putative CS-sulfotransferases present in C. elegans genome encode for functional sulfotransferases with effects on CS sulfation and worm biology remains unclear, similar to the function of CS sulfotransferases in other nematodes.
b) Biological roles of HS-sulfotransferases in C. elegans
HS molecules are linear glycosaminoglycan polysaccharides composed of glucuronic acid (GlcUA) and iduronic acid-N-acetylglucosamine (GlcNAc) repeat units covalently bound to a protein core. As components of extracellular matrices and cell surfaces, HS function in a wide range of cellular processes, are essential in development and homeostasis, and have several implications in disease (Bowman and Bertozzi, 1999; Strott, 2002; Lindahl and Li, 2009). Three different types of HS are present in cells: syndecans (transmembrane proteins), glycosylphosphatidylinositol (GPI)-anchored proteins (e.g., glypicans) and secreted molecules (e.g., perlecan, agrin, and collagen XVIII) (Lindahl and Li, 2009). The genome of C. elegans contains single orthologues of these major proteoglycans (syndecan/F57C7.3, glypican/F59D12.4, perlecan (unc-52) and agrin/F41G3.8) (Rogalski et al., 1993; Hutter et al., 2000; Ackley et al., 2001; Bulow and Hobert, 2004; Minniti et al., 2004; Gumienny et al., 2007). After synthesis in the Golgi complex, heparan sulfate polymers are highly modified by deacetylation, sulfation and epimerization catalyzed by specific HS modifying enzymes at selective positions. The bifunctional enzyme N-deacetylase/N-sulfotransferases (Ndst) removes the acetyl group from GlcNAc and substitutes it with a sulfuryl group (Wei et al., 1993). The reactions catalyzed by Ndst allow the subsequent epimerization of glucuronic acid to iduronic acid and sulfation of HS, as the other enzymes recognize the N-sulfate groups on the molecule (Habuchi, 2000). The HS C-5 glucuronyl-epimerase is responsible for epimerization, while the HS 2-O, HS 6-O, HS 3-O sulfotransferases add SO3 at the C2 hydroxyl group of hexuronic acids and the C6 or C3 of glucosamine units, respectively (Habuchi, 2000; Turnbull et al., 2001; Lindahl and Li, 2009). Orthologues of all of these enzymes are present in nematodes (Table 1). These modifications increase the structural diversity of HS and influence cellular processes such as cell migration, axon guidance and pathogen infection as they are binding sites for multiple ligands, receptors, growth factors, enzymes, extracellular matrix proteins and adhesion proteins found in pathogens. These interactions are specific and perform regulatory roles (Turnbull et al., 2001; Lindahl and Li, 2009).
Work in C. elegans has increased the understanding of the relationships among HS modifications and specific proteoglycans in defined biological processes. The HS-modifying enzymes have differential effects in the development of the nervous system. For example, the modifications catalyzed by C-5 glucuronyl-epimerase (hse-5), HS 2-O (hst-2) and HS 6-O (hst-6)-sulfotransferases have been described to differentially regulate specific signaling pathways controlling axonal development (Bulow and Hobert, 2004). Efficient Robo, Ephrin and possibly Integrin-associated signaling pathways are dependent on distinct HS modifications to properly guide axon patterning in specific cellular contexts. These signaling pathways act in concert with precise modifications on components of the extracellular matrix to organize the complexity of the nervous system (Bulow and Hobert, 2004). In addition, the activity of HST-6 has been shown to modulate the function of anosmin (Kallman protein, kal-1), a secreted neural cell adhesion molecule with roles in axonal growth (Bulow et al., 2002). Parallel HS modifications also participate in the migration of C. elegans hermaphrodite specific neurons (HSNs), the pair of neurons that coordinates contraction of the vulval muscles to initiate egg laying (Desai et al., 1988; Kinnunen et al., 2005; Kinnunen, 2014). The migration of these neurons that are born in the posterior towards the mid body region is supported by HST-6-dependent sulfation of syndecan and HST-2-mediated sulfation of glypican. Genetic elimination of hst-2 (expressed in the muscle and hypodermis) and hst-6 (predominantly expressed in neurons) causes severe defects in the migration of the HSNs (Kinnunen, 2014). RNAi of the hst-2 gene in C. elegans also causes aberrant morphology of the gonad and defects in egg laying, suggesting that sulfated HS chains are required for normal development and function of the reproductive tissues (Turnbull et al., 2003; Kinnunen et al., 2005).
The function of HST-3 enzymes has likewise been investigated in C. elegans. In loss-of-function mutants of hst-3.1 and hst-3.2, worm viability and overall neuronal development are not affected. Yet, HS-3-O-sulfation has a specialized role in HSNs. Together with KAL-1, both enzymes are important for the branching of neurites in these neurons (Tecle et al., 2013). Forward genetic screens, have also identified hst-6 and hst-3.2 as modifiers of kal-1-dependent neurite branching of AIY neurons, a left/right pair of interneurons with axons that innervate the nerve ring in the head of the worm (Diaz-Balzac et al., 2014). Thus, different HS modifications regulate kal-1-dependent branching in distinct tissues. As KAL-1/anosmin is the underlying gene causing hereditary Kalmman syndrome in humans (Franco et al., 1991; Legouis et al., 1991), these studies highlight the importance of using nematode model systems to understand the role of HS in development and disease-associated processes.
Mating behavior between hermaphrodites and males is also controlled by sulfation of HS molecules. During mating, the male will press its tail against the body of the hermaphrodite and move backwards in search for the vulva (Liu and Sternberg, 1995). Abnormal response to mate contact has been observed in hst-2, hst-3.1 and hse-5 mutant worms, suggesting that HS modifications are required for the response to hermaphrodite contact by the male worm (Lazaro-Pena et al., 2018). Specifically, 3-O-sulfation of glypicans regulates synaptogenesis in neurons controlling male mating behavior, the B-type ray sensory neurons (Liu and Sternberg, 1995; Koo et al., 2011; Lazaro-Pena et al., 2018).
Finally, HS modifications have also been shown to regulate cilia structure in C. elegans (Acker et al., 2021). The cilia protrusions are organized in highly compartmentalized microtubule-based domains and disruption of their composition and structure results in ciliopathies (Reiter and Leroux, 2017). Null alleles of hst-3.1 show defects in the localization of complement factor H (CFH) to the cilia of mechanosensory neurons. A potential interaction of CFH with modified HS appears to control cilia structural organization. HST-3.1 is proposed to modify the HS chain of proteoglycans that recruit CFH in the mechanosensory neurons. In the absence of this modification, CFH is not properly localized in the cilia and the animals show defects in mechanosensory neuron function (Acker et al., 2021). The role of HS modifications in cilia structure is another example of how studies in nematodes increase our knowledge on disease associated processes, since CFH is a major risk factor for age-related macular degeneration and blindness in humans (Edwards et al., 2005; Hageman et al., 2005; Haines et al., 2005; Klein et al., 2005; Zareparsi et al., 2005).
In summary, the differential modification of molecules of HS provide a “code” that mediates the selective interaction with a set of signaling factors and molecules that define the migration, patterning and function of different neurons (Bulow and Hobert, 2004; Lindahl and Li, 2009; Kinnunen, 2014).
Sulfatases in Nematodes
From prokaryotes to eukaryotes sulfatases are highly conserved in sequence, structure and mechanism of action (Hanson et al., 2004; Ghosh, 2007). They share a highly conserved N-terminal region containing two consensus sulfatase motifs. The first motif is characterized by the conserved sequence C/SxPxRxxxxTG (x is any amino acid) and is crucial to generate the post-translationally modified active-site aldehyde residue, the α-formylglycine (FGly; 2-amino-3-oxypropanic acid) (Knaust et al., 1998; Dierks et al., 1999). The second sulfatase signature motif is a 12-mer sequence GY/VxS/T-xxxGKxxH. The Lys and His residues are part of the active-site and required for catalysis (Waldow et al., 1999). The C-terminal region of sulfatases is the most diverse; however, it is proposed that this region provides substrate specificity (Hanson et al., 2004). Although a large number of eukaryotic sulfatases are active on small aromatic sulfates (aryl substrates) in vitro and thus classified as arylsulfatases, many sulfatases show strong substrate specificity, specific subcellular location and optimal activity under defined conditions (Hanson et al., 2004). Sulfatase genes encode proteins with a wide range of substrate specificity but little functional redundancy, and deficiency in a single sulfatase can lead to unique disorders and developmental defects in animals (Langford et al., 2017).
Eukaryotic sulfatases are targeted to the secretory pathway. In the endoplasmic reticulum (ER), the sulfatases are modified by glycosylation and FGly is generated (Dierks et al., 1997; Dierks et al., 1998a; Hanson et al., 2004). They can then remain in the ER, be secreted, or transported to other subcellular compartments, such as the Golgi complex and the lysosome (Table 2) (Hanson et al., 2004). The steroid sulfatase (STS, human arylsulfatase C) is integrated into the membrane of the ER or Golgi apparatus (Willemsen et al., 1988; Hernandez-Guzman et al., 2003) where it plays an important role in the regulation of endocrine responses and xenobiotic metabolism. STS is the main enzyme involved in steroid desulfation and regulates hormone levels by removing sulfate from precursors, such as estrone sulfate and dehydroepiandrosterone (DHEAS), and originating active steroid hormones (for review see (Mueller et al., 2015)). Lysosome-located sulfatases (human arylsulfatases A and B) participate in the catabolism of defective and unwanted sulfated glycolipids (sulfatides) and proteoglycans that are imported into this organelle by endocytosis. Lysosome storage disorders are therefore a consequence of lysosome-sulfatase deficiency (Langford et al., 2017). The secreted sulfatases, known as Sulfs, remove the 6-O-sulfate groups of the glucosamine units of HS regulating multiple developmental processes (Hanson et al., 2004; Bojarova and Williams, 2008; Langford et al., 2017).
TABLE 2 | Sulfatases in nematodes and corresponding human orthologues.
[image: Table 2]Nematodes also contain multiple sulfatase genes: three in C. elegans and S. ratti, and five in P. pacificus (Table 2). Sequence-wise Wormbase indicates that SUL-1 proteins are orthologues of the secreted SULF-1 and SULF-2 sulfatases that act on HS. In contrast, SUL-2 proteins show similarity with the human arylsulfatases A, B that participate in the degradation of cerebroside-3-sulfate and keratan/dermatan sulfate or CS, respectively, the steroid sulfatase (STS) and N-acetylglucosamine-6-sulfatase (GALNS) (Ragsdale et al., 2013; Perez-Jimenez et al., 2021), another lysosome-resident protein involved in the catabolism of HS (Schlotawa et al., 2020). SUL-3 proteins are most similar to the lysosome sulfatase human arylsulfatase B that participates in the degradation of keratan/dermatan sulfate and CS, or the potentially secreted arylsulfatases I and J with currently uncharacterized substrates. The biological function, localization and substrates of the nematode sulfatases are largely unexplored. To date, efforts to understand desulfation in worms have been restricted to C. elegans SUL-2 and P. pacificus EUD-1 (SUL-2 paralog). The role of EUD-1 in the regulation of mouth-form and predation is discussed below.
C. elegans SUL-2, the worm steroid sulfatase (Perez-Jimenez et al., 2021), is expressed in sensory neurons of the head of the worm where it is proposed to regulate the levels of steroid hormones. Worms with loss-of-function mutation of sul-2 or treated with the steroid sulfatase (STS) inhibitor STX64 have higher levels of sulfate steroid hormones and increased longevity. The authors of the study hypothesize that sulfated steroid hormones produced in the gonads of the worm may act in response to environmental cues, such as nutrient availability, to alter neurotransmission and promote longevity. Furthermore, higher levels of sulfated hormones as a result of reduced SUL-2 activity, or treatment of worms with sulfated steroid hormones, reduced protein aggregation and proteotoxic stress in models of Parkinson and Huntington neurodegenerative disorders. These data indicate that inhibitors of STS activity and sulfated steroid hormones have great potential in the treatment of aging-related diseases (Perez-Jimenez et al., 2021). In the same study, genetic ablation of sul-1 and sul-3 had no effects on lifespan.
The post-translational modification that enhances sulfatase activity is catalyzed by an endoplasmic reticulum (ER)-resident protein, the FGE-generating enzyme (FGE, sulfatase modifying factor 1, SUMF1) (Dierks et al., 1998a; Cosma et al., 2003; Dierks et al., 2003; Appel and Bertozzi, 2015). The FGly modification is essential for sulfatase activity (Dierks et al., 1998b; Recksiek et al., 1998) and is able to greatly stimulate catalytic proficiency, which can reach a rate enhancement (kcat/kuncat) of 1026 for alkylsulfates (most efficient enzymes known to date) (Edwards et al., 2012). In humans, lack of FGly modification in sulfatases due to mutations in FGE that alter its activity causes multiple sulfatase deficiency (Schmidt et al., 1995; Schlotawa et al., 2020). FGE orthologues are found in prokaryotes and eukaryotes. Yet, homology searches indicate that FGE homologs are not present in plants (which also lack sulfatases), nematodes and fungi, although these last two groups of organisms contain cysteine-type sulfatase genes (Landgrebe et al., 2003; Appel and Bertozzi, 2015). This observation is suggestive of a different FGly-generating system in nematodes and fungi with a yet elusive enzyme. Alternatively, as FGly modification has not been studied so far in these groups of organisms, it remains unknown if their sulfatases require this post-translational modification to be active.
Sulfatases in P. pacificus
The sulfatase-encoding gene eud-1 was the first gene identified to regulate mouth-form plasticity in P. pacificus (Ragsdale et al., 2013). In the P. pacificus wild type strain PS312, the majority of animals express the predatory Eu mouth-form. Therefore, genetic screens aimed at identifying eurystomatous form defective (eud) mutants that would only generate St animals. From a screen of less than 4,000 haploid genomes, 17 mutants with a Eud phenotype were isolated. Of these, four were dominant with heterozygous animals having a mutant all-St phenotype and all of them turned to be alleles of the same gene, eud-1. The cloning of eud-1 not only revealed this gene to encode a sulfatase but also that all four mutations reduce or eliminate gene function (Ragsdale et al., 2013). These reduction-of-function mutations and the associated dominant phenotype indicate this gene to be haploinsufficient and to act as a developmental switch. Indeed, eud-1 mutants can be rescued by the overexpression of a wild type copy of eud-1, whereas overexpression of the mutant version of eud-1 will not cause a Eu phenotype in wild type animals (Ragsdale et al., 2013). It should be noted that such dominant reduction-of-function mutants are extremely rare with only one example known in C. elegans after more than 50 years of forward genetic screening, whereas gain-of-function mutants with a dominant phenotype are quite common (Hodgkin, 2005).
Further characterization revealed that EUD-1 might act as a sulfatase. Ppa-EUD-1, like Cel-SUL-2, is most similar to the human arylsulfatases A, GALNS and STS (Table 2). Application of sulfate and phosphate ions in the worm diet, which are known inhibitors of arylsulfatases, mimicked the eud-1 phenotype (Ragsdale et al., 2013). As indicated above, the P. pacificus genome contains more sulfatase genes than the C. elegans genome and eud-1 is indeed one of the genes resulting from lineage-specific gene duplications. While the arylsulfatase Cel-sul-2 is a single copy gene on chromosome IV, there are three sul-2-related genes in P. pacificus (Table 2). The ancestral gene is also located on chromosome IV and is termed Ppa-sul-2.1. The two additional copies, eud-1 and Ppa-sul-2.2.1, are located on the X chromosome with an interesting head to head organization and a separation by 7 kb of potential regulatory sequence (Figure 2A). Ppa-sul-2.2.1 and Ppa-sul-2.1 were soon shown to play no role in mouth-form specification (Ragsdale and Ivers, 2016). However, the full complexity of the eud-1 locus was only revealed through several additional experiments. First, the conserved histone-acetyltransferase Ppa-lsy-12 is required for eud-1 expression suggesting that eud-1 expression and mouth-form regulation are subject to epigenetic control (Serobyan et al., 2016). Second, an antisense-eud-1 message exists at the locus that acts as a positive regulator of eud-1 (Serobyan et al., 2016). Finally, two more enzyme encoding genes are part of the eud-1 locus. These genes encode for N-acetylglucosaminidases (nag) and nag-1 and nag-2 are located adjacent to sul-2.2.1 and eud-1, respectively (Figure 2A). Inactivation of both genes results in the opposite phenotype of eud-1 mutants: all animals have the Eu mouth-form even in liquid culture conditions that induce the St morph in wild type animals (Sieriebriennikov et al., 2018). Interesting, nag-1, nag-2 and eud-1 are expressed in a small set of different sensory neurons suggesting that they play a key role in environmental perception (Figure 2B). Importantly, eud-1 is epistatic over nag-1 and nag-2 as a quadruple knockout of the complete multigene locus has an all-St phenotype similar to eud-1 single mutants (Sieriebriennikov et al., 2018). Thus, the sulfatase EUD-1 plays a crucial role in mouth-form regulation as the central developmental switch. First, it is involved in the sensing of the environment and second, it integrates different environmental inputs to guide final decision making of mouth-form. It is important to note that while these genetic experiments clearly show a key role of a sulfatase in regulating a plastic developmental decision, the exact biochemical function and the potential substrates remain currently unknown. It has been speculated based on the physical proximity of sulfatases and N-acetylglucosaminidases that they might act on the extracellular matrix of neurons. However, no experimental support of this hypothesis is currently available and future studies have to shed light on the actual substrates of EUD-1.
[image: Figure 2]FIGURE 2 | Genes involved in mouth-form dimorphism. (A) The switch gene eud-1 is located on the X chromosome of P. pacificus in an inverted tandem configuration (head-to-head orientation) with its paralog sul-2.2.1. In the same gene cluster, the two sulfatase genes are surrounded by a pair of inverted and duplicated genes encoding the α-N-acetylglucosaminidases NAG-1 and NAG-2. Blue lines indicate the coding sequence (CDS); black lines represent the untranslated regions (UTRs) of the gene. Figure adapted from (Sieriebriennikov et al., 2018). (B) eud-1, nag-1 and nag-2 are expressed in distinct sensory neurons. Depicted are head sections of worms overexpressing fluorescent eud-1, nag-1 or nag-2 transcriptional reporters. Bottom: overlay of a DIC image with the TurboRFP (red fluorescent protein) or Venus fluorescence. Top: the same without the DIC image. Bar = 20 μm. (C) Partial genetic network involved in mouth-form plasticity indicating some of the key players, the α-N-acetylglucosaminidases nag-1 and nag-2, the sulfatase-encoding gene eud-1 and the nuclear hormone receptors nhr-40 and nhr-1. nag-1, nag-2 and eud-1 are expressed in sensory neurons whereas nhr-40 and nhr-1 expression is mainly detected in the pharyngeal muscle cells, which are thought to secrete the structural components of the teeth. St: stenostomatous; Eu: eurystomatous.
Sulfotransferases in P. pacificus
Further genetic studies have identified a complex gene regulatory network (GRN) to control mouth-form plasticity with eud-1 representing the key developmental switch (Figure 2C) (Sieriebriennikov et al., 2020). The identification of this GRN was in large parts based on the strong all-St phenotype of the eud-1 mutant itself, which allowed unbiased genetic screens for suppressors resulting in all-Eu animals.
First, three suppressor alleles with an all-Eu phenotype were shown to result from mutations in the nuclear hormone receptor Ppa-nhr-40 (Kieninger et al., 2016) and were later on shown to result from gain-of-function mutations (Sieriebriennikov et al., 2020). In contrast, the loss-of-function phenotype of Ppa-nhr-40 is all-St and thus, similar to the eud-1 mutant phenotype (Sieriebriennikov et al., 2020). Also, loss-of-function mutations in another nuclear hormone receptor, Ppa-nhr-1, have an all-St phenotype, but with additional morphological defects in teeth formation unknown from other mutants (Sieriebriennikov et al., 2020). These studies would be compatible with the EUD-1 protein regulating the sulfation state of potential ligands of nuclear hormone receptors. Note that while nematodes have undergone a substantial expansion of nuclear hormone receptors with more than 250 genes in P. pacificus and C. elegans, only one ligand has been identified: the steroid hormone dafachronic acid that regulates the nuclear hormone receptor DAF-12 in multiple nematode species (Motola et al., 2006; Ogawa et al., 2009). Thus, the ligands of nematode nuclear hormone receptors remain little understood and similarly, nothing is known about a potential role of sulfation in the regulation of such ligands.
Second, the same genetic screen for eud-1 suppressors resulted in the identification of a sulfotransferase, mutations in which also produced an all-Eu phenotype and thus were named seud-1 (suppressor of eud-1) (Bui et al., 2018). Transgenic overexpression of seud-1 revealed the sulfotransferase to be dosage-dependent, similar to eud-1 (Bui et al., 2018). When mutants of eud-1 and seud-1 were used to produce all types of homozygous and heterozygous combinations, a graduation of phenotypes was observed. For example, animals with one copy of the sulfotransferase seud-1 and two copies of the sulfatase eud-1 were Eu (Bui et al., 2018). Besides the work of Bui and co-workers, an independent study resulted in the identification of the same sulfotransferase. A pharmacological screen found bisphenol A to induce the St mouth phenotype in wild type animals (Namdeo et al., 2018). As already indicated above, in C. elegans the sulfotransferase ssu-1 sulfates bisphenol A (Hattori et al., 2006). Indeed, a systematic screen of the five sulfotransferases of P. pacificus that are most similar in sequence to Cel-ssu-1, identified a single gene, named sult-1, to control mouth-form plasticity (Namdeo et al., 2018). Note that these independent studies have named the same sulfotransferase gene as seud-1 and sult-1. Importantly, the expression of SEUD-1/SULT-1 (pharyngeal muscle cells) is distinct from EUD-1 (sensory neurons) and therefore, it is possible that two independent sulfation processes regulate mouth-form plasticity (Bui et al., 2018; Namdeo et al., 2018).
Sulfolipids of P. pacificus Induce Escape Behavior in C. elegans
Completely independent insight pointing towards the role of sulfated molecules in the biology of P. pacificus nematodes came from studies in analytical chemistry. The predatory behavior of P. pacificus is thought to be of importance in the context of the ecology of this nematode. While P. pacificus is a soil nematode, it is most reliably found in association with adult scarab beetles, i.e. cock chafers, stag beetles and dung beetles. On the living beetle, nematodes are found in the dauer stage, the arrested and stress-resistant, alternative larval stage that can survive long periods of harmful conditions. It is important to note that several, unrelated nematode species can be found on beetles and also other insects, and many of them wait for their vector to die. Indeed, after the beetles’ death back in the soil, bacteria and fungi will grow on the carcass. These food signals will cause the exit of the nematodes from the dauer stage and they rapidly mature to feed and reproduce on this time-limited food source. Indeed, recent studies in P. pacificus have indicated the dynamics and succession of nematodes on beetle carcasses in the context of the microbiome of the insect cadaver (Meyer et al., 2017; Renahan et al., 2021; Renahan and Sommer, 2021). The predatory behavior of Eu animals of P. pacificus is thought to serve a dual role: on the one hand, it allows supplementation of its bacterial diet by preying on nematodes; on the other hand, it will result in the elimination of competitors for the limited bacterial food available. This phenomenon is known as intraguild predation and represents an important concept in ecology (Polis and Holt, 1992; Quach and Chalasani, 2020).
While there is no obvious evidence that P. pacificus and C. elegans share the same ecosystem, a study by Liu and co-workers indicated a defensive response of C. elegans when it is exposed to P. pacificus predators (Liu et al., 2018). Subsequent studies revealed the behavioral details of this predator-prey competition (Quach and Chalasani, 2020). Strikingly, the original defensive response of C. elegans larvae towards P. pacificus is caused by predator-secreted sulfolipids. Specifically, fractionation of the P. pacificus secretome and analytical chemistry identified several (w-1)-branched-chain sulfolipids to induce the escape behavior in C. elegans prey (Liu et al., 2018). These findings are consistent with previous studies that showed an avoidance behavior of C. elegans against sodium dodecyl sulfate (SDS) (Hilliard et al., 2004). Importantly, the production and secretion of branched chain fatty acids is specific to P. pacificus and likely its relatives (Liu et al., 2018). The presence of multiple secreted sulfolipids in P. pacificus might open the door to several independent functions in the organism. For example, it might well be that branched chain fatty acids can serve as ligands for nuclear hormone receptors although no functional studies are yet available to support this hypothesis. In conclusion, genetic and chemical studies provide strong support for the role of sulfation in the development and the behavior of this nematode.
Open Questions and Future Perspectives
The literature described in this review highlights the significance of sulfation and desulfation pathways during development of different nematodes. From neuronal organization, to the regulation of phenotypic traits and behavior, sulfatases and sulfotransferases appear to modify a wide range of substrates also in nematodes. Despite the work done so far, we still possess a limited understanding on the localization, substrates and regulation of the panoply of sulfation-associated enzymes present in worms. Many of the sulfotransferases and sulfatases remain uncharacterized; their substrates are unknown, we have no understanding of their biological significance or subcellular localization, and we lack defined knowledge on their pattern of expression. Moreover, specific sulfated molecules, such as sulfolipids, act as signaling molecules between animals (Quach and Chalasani, 2020). However, we still do not understand the molecular mechanisms that generate, interpret, and execute, or the universality of this communication pathway.
An exciting research area in sulfation relates to the regulation of the enzymatic activity by post-translational modifications, such as FGly and glycosylation. As mentioned above, nematodes lack a recognizable FGE. Future studies that aim at detecting this unique modification in the proteome of nematodes, the corresponding modifying enzyme and its mechanism of action have great potential to elucidate alternative systems that introduce the FGly modification in eukaryotic sulfatases.
The significance of sulfation pathways in parasitic nematodes, like S. ratti, has never been addressed. With the development of specific sulfatase inhibitors, it is therefore of great importance to study their impact on the infection and ability of the parasite to invade the host. A deeper understanding on the sulfation players and their functions in these pathogenic worms may lead to improved therapeutic strategies that aim at eliminating the pathogen from their natural host. We are therefore looking forward to use nematodes in the quest to obtain a comprehensive understanding of the mechanisms and roles that sulfation plays in organismal development.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We thank the members of the Sommer laboratory, in particular Radhika Sharma and Alejandra Schäfer, for inspiring discussions, and Wen-Sui Lo and Alejandra Schäfer for help with bioinformatic analysis of nematode sulfatase and sulfotransferase genes. We are grateful to Bogdan Sieriebriennikov for the fluorescence images depicted in Figure 2B. 
REFERENCES
 Acker, N., Smith, H., Devine, C., Oltjen, S. L., Tsiropoulou, S., Smit-Mcbride, Z., et al. (2021). A Complement Factor H Homolog, Heparan Sulfation, and Syndecan Maintain Inversin Compartment Boundaries in C. elegans Cilia. Proc. Natl. Acad. Sci. U S A. 118. doi:10.1073/pnas.2016698118
 Ackley, B. D., Crew, J. R., Elamaa, H., Pihlajaniemi, T., Kuo, C. J., and Kramer, J. M. (2001). The NC1/endostatin Domain of Caenorhabditis elegans Type XVIII Collagen Affects Cell Migration and Axon Guidance. J. Cel Biol 152, 1219–1232. doi:10.1083/jcb.152.6.1219
 Appel, M. J., and Bertozzi, C. R. (2015). Formylglycine, a post-translationally Generated Residue with Unique Catalytic Capabilities and Biotechnology Applications. ACS Chem. Biol. 10, 72–84. doi:10.1021/cb500897w
 Beeber, C., and Kieras, F. J. (2002). Characterization of the Chondroitin Sulfates in Wild Type Caenorhabditis elegans. Biochem. Biophysical Res. Commun. 293, 1374–1376. doi:10.1016/s0006-291x(02)00399-6
 Beisswanger, R., Corbeil, D., Vannier, C., Thiele, C., Dohrmann, U., Kellner, R., et al. (1998). Existence of Distinct Tyrosylprotein Sulfotransferase Genes: Molecular Characterization of Tyrosylprotein Sulfotransferase-2. Proc. Natl. Acad. Sci. 95, 11134–11139. doi:10.1073/pnas.95.19.11134
 Bento, G., Ogawa, A., and Sommer, R. J. (2010). Co-option of the Hormone-Signalling Module Dafachronic Acid-DAF-12 in Nematode Evolution. Nature 466, 494–497. doi:10.1038/nature09164
 Bojarová, P., and Williams, S. J. (2008). Sulfotransferases, Sulfatases and Formylglycine-Generating Enzymes: a Sulfation Fascination. Curr. Opin. Chem. Biol. 12, 573–581. doi:10.1016/j.cbpa.2008.06.018
 Bowman, K. G., and Bertozzi, C. R. (1999). Carbohydrate Sulfotransferases: Mediators of Extracellular Communication. Chem. Biol. 6, R9–R22. doi:10.1016/s1074-5521(99)80014-3
 Brenner, S. (1974). The Genetics of Caenorhabditis elegans. Genetics 77, 71–94. doi:10.1093/genetics/77.1.71
 Bui, L. T., Ivers, N. A., and Ragsdale, E. J. (2018). A Sulfotransferase Dosage-Dependently Regulates Mouthpart Polyphenism in the Nematode Pristionchus Pacificus. Nat. Commun. 9, 4119. doi:10.1038/s41467-018-05612-8
 Bulow, H. E., Berry, K. L., Topper, L. H., Peles, E., and Hobert, O. (2002). Heparan Sulfate Proteoglycan-dependent Induction of Axon Branching and Axon Misrouting by the Kallmann Syndrome Gene Kal-1. Proc. Natl. Acad. Sci. 99, 6346–6351. doi:10.1073/pnas.092128099
 Bülow, H. E., and Hobert, O. (2004). Differential Sulfations and Epimerization Define Heparan Sulfate Specificity in Nervous System Development. Neuron 41, 723–736. doi:10.1016/s0896-6273(04)00084-4
 Burton, N. O., Dwivedi, V. K., Burkhart, K. B., Kaplan, R. E. W., Baugh, L. R., and Horvitz, H. R. (2018). Neurohormonal Signaling via a Sulfotransferase Antagonizes Insulin-like Signaling to Regulate a Caenorhabditis elegans Stress Response. Nat. Commun. 9, 5152. doi:10.1038/s41467-018-07640-w
 Carroll, B. T., Dubyak, G. R., Sedensky, M. M., and Morgan, P. G. (2006). Sulfated Signal from ASJ Sensory Neurons Modulates Stomatin-dependent Coordination in Caenorhabditis elegans. J. Biol. Chem. 281, 35989–35996. doi:10.1074/jbc.m606086200
 Consortium, C. E. S. (1998). Genome Sequence of the Nematode C. elegans: a Platform for Investigating Biology. Science 282, 2012–2018. doi:10.1126/science.282.5396.2012
 Cosma, M. P., Pepe, S., Annunziata, I., Newbold, R. F., Grompe, M., Parenti, G., et al. (2003). The Multiple Sulfatase Deficiency Gene Encodes an Essential and Limiting Factor for the Activity of Sulfatases. Cell 113, 445–456. doi:10.1016/s0092-8674(03)00348-9
 Coughtrie, M. W. H. (2016). Function and Organization of the Human Cytosolic Sulfotransferase (SULT) Family. Chemico-Biological Interactions 259, 2–7. doi:10.1016/j.cbi.2016.05.005
 Desai, C., Garriga, G., Mclntire, S. L., and Horvitz, H. R. (1988). A Genetic Pathway for the Development of the Caenorhabditis elegans HSN Motor Neurons. Nature 336, 638–646. doi:10.1038/336638a0
 Díaz-Balzac, C. A., Lázaro-Peña, M. I., Tecle, E., Gomez, N., and Bülow, H. E. (2014). Complex Cooperative Functions of Heparan Sulfate Proteoglycans Shape Nervous System Development in Caenorhabditis elegans. G3 (Bethesda) 4, 1859–1870. doi:10.1534/g3.114.012591
 Dickinson, D. J., and Goldstein, B. (2016). CRISPR-based Methods for Caenorhabditis elegans Genome Engineering. Genetics 202, 885–901. doi:10.1534/genetics.115.182162
 Dierker, T., Shao, C., Haitina, T., Zaia, J., Hinas, A., and Kjellén, L. (2016). Nematodes Join the Family of Chondroitin Sulfate-Synthesizing Organisms: Identification of an Active Chondroitin Sulfotransferase in Caenorhabditis elegans. Sci. Rep. 6, 34662. doi:10.1038/srep34662
 Dierks, T., Lecca, M. R., Schlotterhose, P., Schmidt, B., and Von Figura, K. (1999). Sequence Determinants Directing Conversion of Cysteine to Formylglycine in Eukaryotic Sulfatases. EMBO J. 18, 2084–2091. doi:10.1093/emboj/18.8.2084
 Dierks, T., Lecca, M. R., Schmidt, B., and Von Figura, K. (1998a). Conversion of Cysteine to Formylglycine in Eukaryotic Sulfatases Occurs by a Common Mechanism in the Endoplasmic Reticulum. FEBS Lett. 423, 61–65. doi:10.1016/s0014-5793(98)00065-9
 Dierks, T., Miech, C., Hummerjohann, J., Schmidt, B., Kertesz, M. A., and Von Figura, K. (1998b). Posttranslational Formation of Formylglycine in Prokaryotic Sulfatases by Modification of Either Cysteine or Serine. J. Biol. Chem. 273, 25560–25564. doi:10.1074/jbc.273.40.25560
 Dierks, T., Schmidt, B., Borissenko, L. V., Peng, J., Preusser, A., Mariappan, M., et al. (2003). Multiple Sulfatase Deficiency Is Caused by Mutations in the Gene Encoding the Human Cα-Formylglycine Generating Enzyme. Cell 113, 435–444. doi:10.1016/s0092-8674(03)00347-7
 Dierks, T., Schmidt, B., and Von Figura, K. (1997). Conversion of Cysteine to Formylglycine: a Protein Modification in the Endoplasmic Reticulum. Proc. Natl. Acad. Sci. 94, 11963–11968. doi:10.1073/pnas.94.22.11963
 Dieterich, C., Clifton, S. W., Schuster, L. N., Chinwalla, A., Delehaunty, K., Dinkelacker, I., et al. (2008). The Pristionchus Pacificus Genome Provides a Unique Perspective on Nematode Lifestyle and Parasitism. Nat. Genet. 40, 1193–1198. doi:10.1038/ng.227
 Edwards, A. O., Ritter, R., Abel, K. J., Manning, A., Panhuysen, C., and Farrer, L. A. (2005). Complement Factor H Polymorphism and Age-Related Macular Degeneration. Science 308, 421–424. doi:10.1126/science.1110189
 Edwards, D. R., Lohman, D. C., and Wolfenden, R. (2012). Catalytic Proficiency: the Extreme Case of S-O Cleaving Sulfatases. J. Am. Chem. Soc. 134, 525–531. doi:10.1021/ja208827q
 Fire, A., Xu, S., Montgomery, M. K., Kostas, S. A., Driver, S. E., and Mello, C. C. (1998). Potent and Specific Genetic Interference by Double-Stranded RNA in Caenorhabditis elegans. Nature 391, 806–811. doi:10.1038/35888
 Franco, B., Guioli, S., Pragliola, A., Incerti, B., Bardoni, B., Tonlorenzi, R., et al. (1991). A Gene Deleted in Kallmann's Syndrome Shares Homology with Neural Cell Adhesion and Axonal Path-Finding Molecules. Nature 353, 529–536. doi:10.1038/353529a0
 Ghosh, D. (2007). Human Sulfatases: a Structural Perspective to Catalysis. Cell. Mol. Life Sci. 64, 2013–2022. doi:10.1007/s00018-007-7175-y
 Gumienny, T. L., Macneil, L. T., Wang, H., De Bono, M., Wrana, J. L., and Padgett, R. W. (2007). Glypican LON-2 Is a Conserved Negative Regulator of BMP-like Signaling in Caenorhabditis elegans. Curr. Biol. 17, 159–164. doi:10.1016/j.cub.2006.11.065
 Günal, S., Hardman, R., Kopriva, S., and Mueller, J. W. (2019). Sulfation Pathways from Red to green. J. Biol. Chem. 294, 12293–12312. doi:10.1074/jbc.rev119.007422
 Habuchi, O. (2000). Diversity and Functions of Glycosaminoglycan Sulfotransferases. Biochim. Biophys. Acta (Bba) - Gen. Subjects 1474, 115–127. doi:10.1016/s0304-4165(00)00016-7
 Hageman, G. S., Anderson, D. H., Johnson, L. V., Hancox, L. S., Taiber, A. J., Hardisty, L. I., et al. (2005). From the Cover: A Common Haplotype in the Complement Regulatory Gene Factor H (HF1/CFH) Predisposes Individuals to Age-Related Macular Degeneration. Proc. Natl. Acad. Sci. 102, 7227–7232. doi:10.1073/pnas.0501536102
 Haines, J. L., Hauser, M. A., Schmidt, S., Scott, W. K., Olson, L. M., Gallins, P., et al. (2005). Complement Factor H Variant Increases the Risk of Age-Related Macular Degeneration. Science 308, 419–421. doi:10.1126/science.1110359
 Han, Z., Lo, W.-S., Lightfoot, J. W., Witte, H., Sun, S., and Sommer, R. J. (2020). Improving Transgenesis Efficiency and CRISPR-Associated Tools through Codon Optimization and Native Intron Addition in Pristionchus Nematodes. Genetics 216, 947–956. doi:10.1534/genetics.120.303785
 Hanson, S. R., Best, M. D., and Wong, C.-H. (2004). Sulfatases: Structure, Mechanism, Biological Activity, Inhibition, and Synthetic Utility. Angew. Chem. Int. Ed. 43, 5736–5763. doi:10.1002/anie.200300632
 Hattori, K., Inoue, M., Inoue, T., Arai, H., and Tamura, H.-o. (2006). A Novel Sulfotransferase Abundantly Expressed in the Dauer Larvae of Caenorhabditis elegans. J. Biochem. 139, 355–362. doi:10.1093/jb/mvj041
 Herman, T., Hartwieg, E., and Horvitz, H. R. (1999). Sqv Mutants of Caenorhabditis elegans Are Defective in Vulval Epithelial Invagination. Proc. Natl. Acad. Sci. 96, 968–973. doi:10.1073/pnas.96.3.968
 Hernandez-Guzman, F. G., Higashiyama, T., Pangborn, W., Osawa, Y., and Ghosh, D. (2003). Structure of Human Estrone Sulfatase Suggests Functional Roles of Membrane Association. J. Biol. Chem. 278, 22989–22997. doi:10.1074/jbc.m211497200
 Hilliard, M. A., Bergamasco, C., Arbucci, S., Plasterk, R. H., and Bazzicalupo, P. (2004). Worms Taste Bitter: ASH Neurons, QUI-1, GPA-3 and ODR-3 Mediate Quinine Avoidance in Caenorhabditis elegans. EMBO J. 23, 1101–1111. doi:10.1038/sj.emboj.7600107
 Hodgkin, J. (2005). Karyotype, Ploidy, and Gene Dosage. WormBook, 1–9. doi:10.1895/wormbook.1.3.1
 Hutter, H., Vogel, B. E., Plenefisch, J. D., Norris, C. R., Proenca, R. B., Spieth, J., et al. (2000). Conservation and novelty in the Evolution of Cell Adhesion and Extracellular Matrix Genes. Science 287, 989–994. doi:10.1126/science.287.5455.989
 Hwang, H.-Y., Olson, S. K., Esko, J. D., and Robert Horvitz, H. (2003). Caenorhabditis elegans Early Embryogenesis and Vulval Morphogenesis Require Chondroitin Biosynthesis. Nature 423, 439–443. doi:10.1038/nature01634
 Kieninger, M. R., Ivers, N. A., Rödelsperger, C., Markov, G. V., Sommer, R. J., and Ragsdale, E. J. (2016). The Nuclear Hormone Receptor NHR-40 Acts Downstream of the Sulfatase EUD-1 as Part of a Developmental Plasticity Switch in Pristionchus. Curr. Biol. 26, 2174–2179. doi:10.1016/j.cub.2016.06.018
 Kim, T. H., Hwang, S. B., Jeong, P.-Y., Lee, J., and Cho, J. W. (2005). Requirement of Tyrosylprotein Sulfotransferase-A for Proper Cuticle Formation in the nematodeC. Elegans. FEBS Lett. 579, 53–58. doi:10.1016/j.febslet.2004.11.044
 Kim, T. H., Kim, D. H., Nam, H. W., Park, S. Y., Shim, J., and Cho, J. W. (2010). Tyrosylprotein Sulfotransferase Regulates Collagen Secretion in Caenorhabditis elegans. Mol. Cell 29, 413–418. doi:10.1007/s10059-010-0049-4
 Kinnunen, T., Huang, Z., Townsend, J., Gatdula, M. M., Brown, J. R., Esko, J. D., et al. (2005). Heparan 2-O-Sulfotransferase, Hst-2, Is Essential for normal Cell Migration in Caenorhabditis elegans. Proc. Natl. Acad. Sci. 102, 1507–1512. doi:10.1073/pnas.0401591102
 Kinnunen, T. K. (2014). Combinatorial Roles of Heparan Sulfate Proteoglycans and Heparan Sulfates in Caenorhabditis elegans Neural Development. PLoS One 9, e102919. doi:10.1371/journal.pone.0102919
 Klein, R. J., Zeiss, C., Chew, E. Y., Tsai, J.-Y., Sackler, R. S., Haynes, C., et al. (2005). Complement Factor H Polymorphism in Age-Related Macular Degeneration. Science 308, 385–389. doi:10.1126/science.1109557
 Knaust, A., Schmidt, B., Dierks, T., von Bülow, R., and Von Figura, K. (1998). Residues Critical for Formylglycine Formation And/or Catalytic Activity of Arylsulfatase A. Biochemistry 37, 13941–13946. doi:10.1021/bi9810205
 Koo, P. K., Bian, X., Sherlekar, A. L., Bunkers, M. R., and Lints, R. (2011). The Robustness of Caenorhabditis elegans Male Mating Behavior Depends on the Distributed Properties of ray Sensory Neurons and Their Output through Core and Male-specific Targets. J. Neurosci. 31, 7497–7510. doi:10.1523/jneurosci.6153-10.2011
 Landgrebe, J., Dierks, T., Schmidt, B., and Von Figura, K. (2003). The Human SUMF1 Gene, Required for Posttranslational Sulfatase Modification, Defines a New Gene Family Which Is Conserved from Pro- to Eukaryotes. Gene 316, 47–56. doi:10.1016/s0378-1119(03)00746-7
 Langford, R., Hurrion, E., and Dawson, P. A. (2017). Genetics and Pathophysiology of Mammalian Sulfate Biology. J. Genet. Genomics 44, 7–20. doi:10.1016/j.jgg.2016.08.001
 Lawrence, R., Olson, S. K., Steele, R. E., Wang, L., Warrior, R., Cummings, R. D., et al. (2008). Evolutionary Differences in Glycosaminoglycan fine Structure Detected by Quantitative Glycan Reductive Isotope Labeling. J. Biol. Chem. 283, 33674–33684. doi:10.1074/jbc.m804288200
 Lázaro-Peña, M. I., Díaz-Balzac, C. A., Bülow, H. E., and Emmons, S. W. (2018). Synaptogenesis Is Modulated by Heparan Sulfate in Caenorhabditis elegans. Genetics 209, 195–208. doi:10.1534/genetics.118.300837
 Lee, D. W., Choo, H. Y., Kaya, H. K., Lee, S. M., Smitley, D. R., Shin, H. K., et al. (2002). Laboratory and Field Evaluation of Korean Entomopathogenic Nematode Isolates against the oriental Beetle Exomala Orientalis (Coleoptera: Scarabaeidae). J. Econ. Entomol. 95, 918–926. doi:10.1093/jee/95.5.918
 Legouis, R., Hardelin, J.-P., Levilliers, J., Claverie, J.-M., Compain, S., Wunderle, V., et al. (1991). The Candidate Gene for the X-Linked Kallmann Syndrome Encodes a Protein Related to Adhesion Molecules. Cell 67, 423–435. doi:10.1016/0092-8674(91)90193-3
 Leung, A. W. Y., Backstrom, I., and Bally, M. B. (2016). Sulfonation, an Underexploited Area: from Skeletal Development to Infectious Diseases and Cancer. Oncotarget 7, 55811–55827. doi:10.18632/oncotarget.10046
 Lightfoot, J. W., Wilecki, M., Rödelsperger, C., Moreno, E., Susoy, V., Witte, H., et al. (2019). Small Peptide-Mediated Self-Recognition Prevents Cannibalism in Predatory Nematodes. Science 364, 86–89. doi:10.1126/science.aav9856
 Lindahl, U., and Li, J. p. (2009). Chapter 3 Interactions between Heparan Sulfate and Proteins-Design and Functional Implications. Int. Rev. Cel Mol Biol 276, 105–159. doi:10.1016/s1937-6448(09)76003-4
 Liu, K. S., and Sternberg, P. W. (1995). Sensory Regulation of Male Mating Behavior in Caenorhabditis elegans. Neuron 14, 79–89. doi:10.1016/0896-6273(95)90242-2
 Liu, Z., Kariya, M. J., Chute, C. D., Pribadi, A. K., Leinwand, S. G., Tong, A., et al. (2018). Predator-secreted Sulfolipids Induce Defensive Responses in C. elegans. Nat. Commun. 9, 1128. doi:10.1038/s41467-018-03333-6
 Meyer, J. M., Baskaran, P., Quast, C., Susoy, V., Rödelsperger, C., Glöckner, F. O., et al. (2017). Succession and Dynamics ofPristionchusnematodes and Their Microbiome during Decomposition ofOryctes Borbonicuson La Réunion Island. Environ. Microbiol. 19, 1476–1489. doi:10.1111/1462-2920.13697
 Minniti, A. N., Labarca, M., Hurtado, C., and Brandan, E. (2004). Caenorhabditis elegans Syndecan (SDN-1) Is Required for normal Egg Laying and Associates with the Nervous System and the Vulva. J. Cel Sci 117, 5179–5190. doi:10.1242/jcs.01394
 Mizuguchi, S., Dejima, K., and Nomura, K. (2009). Sulfation and Related Genes in Caenorhabditis elegans. Tigg 21, 179–191. doi:10.4052/tigg.21.179
 Mizuguchi, S., Uyama, T., Kitagawa, H., Nomura, K. H., Dejima, K., Gengyo-Ando, K., et al. (2003). Chondroitin Proteoglycans Are Involved in Cell Division of Caenorhabditis elegans. Nature 423, 443–448. doi:10.1038/nature01635
 Monigatti, F., Hekking, B., and Steen, H. (2006). Protein Sulfation Analysis-A Primer. Biochim. Biophys. Acta (Bba) - Proteins Proteomics 1764, 1904–1913. doi:10.1016/j.bbapap.2006.07.002
 Motola, D. L., Cummins, C. L., Rottiers, V., Sharma, K. K., Li, T., Li, Y., et al. (2006). Identification of Ligands for DAF-12 that Govern Dauer Formation and Reproduction in C. elegans. Cell 124, 1209–1223. doi:10.1016/j.cell.2006.01.037
 Mueller, J. W., Gilligan, L. C., Idkowiak, J., Arlt, W., and Foster, P. A. (2015). The Regulation of Steroid Action by Sulfation and Desulfation. Endocr. Rev. 36, 526–563. doi:10.1210/er.2015-1036
 Namdeo, S., Moreno, E., Rodelsperger, C., Baskaran, P., Witte, H., and Sommer, R. J. (2018). Two Independent Sulfation Processes Regulate Mouth-form Plasticity in the Nematode Pristionchus Pacificus. Development 145. doi:10.1242/dev.166272
 Ogawa, A., Streit, A., Antebi, A., and Sommer, R. J. (2009). A Conserved Endocrine Mechanism Controls the Formation of Dauer and Infective Larvae in Nematodes. Curr. Biol. 19, 67–71. doi:10.1016/j.cub.2008.11.063
 Olson, S. K., Bishop, J. R., Yates, J. R., Oegema, K., and Esko, J. D. (2006). Identification of Novel Chondroitin Proteoglycans in Caenorhabditis elegans: Embryonic Cell Division Depends on CPG-1 and CPG-2. J. Cel Biol 173, 985–994. doi:10.1083/jcb.200603003
 Ouyang, Y.-B., and Moore, K. L. (1998). Molecular Cloning and Expression of Human and Mouse Tyrosylprotein Sulfotransferase-2 and a Tyrosylprotein Sulfotransferase Homologue in Caenorhabditis elegans. J. Biol. Chem. 273, 24770–24774. doi:10.1074/jbc.273.38.24770
 Pérez-Jiménez, M. M., Monje-Moreno, J. M., Brokate-Llanos, A. M., Venegas-Calerón, M., Sánchez-García, A., Sansigre, P., et al. (2021). Steroid Hormones Sulfatase Inactivation Extends Lifespan and Ameliorates Age-Related Diseases. Nat. Commun. 12, 49. doi:10.1038/s41467-020-20269-y
 Polis, G. A., and Holt, R. D. (1992). Intraguild Predation: The Dynamics of Complex Trophic Interactions. Trends Ecol. Evol. 7, 151–154. doi:10.1016/0169-5347(92)90208-s
 Quach, K. T., and Chalasani, S. H. (2020). Intraguild Predation between Pristionchus Pacificus and Caenorhabditis elegans: a Complex Interaction with the Potential for Aggressive Behaviour. J. Neurogenet. 34, 404–419. doi:10.1080/01677063.2020.1833004
 Ragsdale, E. J., and Ivers, N. A. (2016). Specialization of a Polyphenism Switch Gene Following Serial Duplications in Pristionchus Nematodes. Evolution 70, 2155–2166. doi:10.1111/evo.13011
 Ragsdale, E. J., Müller, M. R., Rödelsperger, C., and Sommer, R. J. (2013). A Developmental Switch Coupled to the Evolution of Plasticity Acts through a Sulfatase. Cell 155, 922–933. doi:10.1016/j.cell.2013.09.054
 Recksiek, M., Selmer, T., Dierks, T., Schmidt, B., and Von Figura, K. (1998). Sulfatases, Trapping of the Sulfated Enzyme Intermediate by Substituting the Active Site Formylglycine. J. Biol. Chem. 273, 6096–6103. doi:10.1074/jbc.273.11.6096
 Reiter, J. F., and Leroux, M. R. (2017). Genes and Molecular Pathways Underpinning Ciliopathies. Nat. Rev. Mol. Cel Biol 18, 533–547. doi:10.1038/nrm.2017.60
 Renahan, T., Lo, W. S., Werner, M. S., Rochat, J., Herrmann, M., and Sommer, R. J. (2021). Nematode Biphasic 'boom and Bust' Dynamics Are Dependent on Host Bacterial Load while Linking Dauer and Mouth‐form Polyphenisms. Environ. Microbiol. 23, 5102–5113. doi:10.1111/1462-2920.15438
 Renahan, T., and Sommer, R. J. (2021). Nematode Interactions on Beetle Hosts Indicate a Role of Mouth-form Plasticity in Resource Competition. Front. Ecol. Evol . doi:10.3389/fevo.2021.752695
 Rogalski, T. M., Williams, B. D., Mullen, G. P., and Moerman, D. G. (1993). Products of the Unc-52 Gene in Caenorhabditis elegans Are Homologous to the Core Protein of the Mammalian Basement Membrane Heparan Sulfate Proteoglycan. Genes Dev. 7, 1471–1484. doi:10.1101/gad.7.8.1471
 Schimpf, J., Sames, K., and Zwilling, R. (1999). Proteoglycan Distribution Pattern during Aging in the Nematode Caenorhabditis elegans: an Ultrastructural Histochemical Study. Histochem. J. 31, 285–292. doi:10.1023/a:1003761817109
 Schlotawa, L., Adang, L. A., Radhakrishnan, K., and Ahrens-Nicklas, R. C. (2020). Multiple Sulfatase Deficiency: A Disease Comprising Mucopolysaccharidosis, Sphingolipidosis, and More Caused by a Defect in Posttranslational Modification. Int. J. Mol. Sci. 21. doi:10.3390/ijms21103448
 Schmidt, B., Selmer, T., Ingendoh, A., and Figurat, K. v. (1995). A Novel Amino Acid Modification in Sulfatases that Is Defective in Multiple Sulfatase Deficiency. Cell 82, 271–278. doi:10.1016/0092-8674(95)90314-3
 Serobyan, V., Xiao, H., Namdeo, S., Rödelsperger, C., Sieriebriennikov, B., Witte, H., et al. (2016). Chromatin Remodelling and Antisense-Mediated Up-Regulation of the Developmental Switch Gene Eud-1 Control Predatory Feeding Plasticity. Nat. Commun. 7, 12337. doi:10.1038/ncomms12337
 Sieriebriennikov, B., Prabh, N., Dardiry, M., Witte, H., Röseler, W., Kieninger, M. R., et al. (2018). A Developmental Switch Generating Phenotypic Plasticity Is Part of a Conserved Multi-Gene Locus. Cel Rep. 23, 2835–2843. doi:10.1016/j.celrep.2018.05.008
 Sieriebriennikov, B., Sun, S., Lightfoot, J. W., Witte, H., Moreno, E., Rödelsperger, C., et al. (2020). Conserved Nuclear Hormone Receptors Controlling a Novel Plastic Trait Target Fast-Evolving Genes Expressed in a Single Cell. Plos Genet. 16, e1008687. doi:10.1371/journal.pgen.1008687
 Sommer, R. J., and Mayer, M. G. (2015). Toward a Synthesis of Developmental Biology with Evolutionary Theory and Ecology. Annu. Rev. Cel Dev. Biol. 31, 453–471. doi:10.1146/annurev-cellbio-102314-112451
 Sommer, R. J. (2020). Phenotypic Plasticity: From Theory and Genetics to Current and Future Challenges. Genetics 215, 1–13. doi:10.1534/genetics.120.303163
 Sommer, R. J., and Sternberg, P. W. (1996). Apoptosis and Change of Competence Limit the Size of the Vulva Equivalence Group in Pristionchus Pacificus: a Genetic Analysis. Curr. Biol. 6, 52–59. doi:10.1016/s0960-9822(02)00421-9
 Stone, M. J., Chuang, S., Hou, X., Shoham, M., and Zhu, J. Z. (2009). Tyrosine Sulfation: an Increasingly Recognised post-translational Modification of Secreted Proteins. New Biotechnol. 25, 299–317. doi:10.1016/j.nbt.2009.03.011
 Streit, A. (2008). Reproduction inStrongyloides(Nematoda): a Life between Sex and Parthenogenesis. Parasitology 135, 285–294. doi:10.1017/s003118200700399x
 Strott, C. A. (2002). Sulfonation and Molecular Action. Endocr. Rev. 23, 703–732. doi:10.1210/er.2001-0040
 Sugahara, K., Mikami, T., Uyama, T., Mizuguchi, S., Nomura, K., and Kitagawa, H. (2003). Recent Advances in the Structural Biology of Chondroitin Sulfate and Dermatan Sulfate. Curr. Opin. Struct. Biol. 13, 612–620. doi:10.1016/j.sbi.2003.09.011
 Tecle, E., Diaz-Balzac, C. A., and Bülow, H. E. (2013). Distinct 3-O-Sulfated Heparan Sulfate Modification Patterns Are Required for kal-1−Dependent Neurite Branching in a Context-dependent Manner in Caenorhabditis elegans. G3 (Bethesda) 3, 541–552. doi:10.1534/g3.112.005199
 Toyoda, H., Kinoshita-Toyoda, A., and Selleck, S. B. (2000). Structural Analysis of Glycosaminoglycans inDrosophila and Caenorhabditis elegans and Demonstration that Tout-Velu, a Drosophila Gene Related to EXT Tumor Suppressors, Affects Heparan Sulfate In Vivo. J. Biol. Chem. 275, 2269–2275. doi:10.1074/jbc.275.4.2269
 Turnbull, J., Drummond, K., Huang, Z., Kinnunen, T., Ford-Perriss, M., Murphy, M., et al. (2003). Heparan Sulphate Sulphotransferase Expression in Mice and Caenorhabditis elegans. Biochem. Soc. Trans. 31, 343–348. doi:10.1042/bst0310343
 Turnbull, J., Powell, A., and Guimond, S. (2001). Heparan Sulfate: Decoding a Dynamic Multifunctional Cell Regulator. Trends Cel Biol. 11, 75–82. doi:10.1016/s0962-8924(00)01897-3
 Van Den Hoogen, J., Geisen, S., Routh, D., Ferris, H., Traunspurger, W., Wardle, D. A., et al. (2019). Soil Nematode Abundance and Functional Group Composition at a Global Scale. Nature 572, 194–198. doi:10.1038/s41586-019-1418-6
 Waldow, A., Schmidt, B., Dierks, T., von Bülow, R., and Von Figura, K. (1999). Amino Acid Residues Forming the Active Site of Arylsulfatase A. J. Biol. Chem. 274, 12284–12288. doi:10.1074/jbc.274.18.12284
 Wei, Z., Swiedler, S. J., Ishihara, M., Orellana, A., and Hirschberg, C. B. (1993). A Single Protein Catalyzes Both N-Deacetylation and N-Sulfation during the Biosynthesis of Heparan Sulfate. Proc. Natl. Acad. Sci. 90, 3885–3888. doi:10.1073/pnas.90.9.3885
 Willemsen, R., Kroos, M., Hoogeveen, A. T., Van Dongen, J. M., Parenti, G., Van Der Loos, C. M., et al. (1988). Ultrastructural Localization of Steroid Sulphatase in Cultured Human Fibroblasts by Immunocytochemistry: a Comparative Study with Lysosomal Enzymes and the Mannose 6-phosphate Receptor. Histochem. J. 20, 41–51. doi:10.1007/bf01745968
 Wood, W. B., and Researchers, C. O. C. E. (1988). The Nematode Caenorhabdtis Elegans. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press. 
 Yamada, S., Van Die, I., Van Den Eijnden, D. H., Yokota, A., Kitagawa, H., and Sugahara, K. (1999). Demonstration of Glycosaminoglycans inCaenorhabditis Elegans. FEBS Lett. 459, 327–331. doi:10.1016/s0014-5793(99)01286-7
 Yang, Y.-S., Wang, C.-C., Chen, B.-H., Hou, Y.-H., Hung, K.-S., and Mao, Y.-C. (2015). Tyrosine Sulfation as a Protein post-translational Modification. Molecules 20, 2138–2164. doi:10.3390/molecules20022138
 Zareparsi, S., Branham, K. E. H., Li, M., Shah, S., Klein, R. J., Ott, J., et al. (2005). Strong Association of the Y402H Variant in Complement Factor H at 1q32 with Susceptibility to Age-Related Macular Degeneration. Am. J. Hum. Genet. 77, 149–153. doi:10.1086/431426
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Igreja and Sommer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		REVIEW
published: 23 February 2022
doi: 10.3389/fmolb.2022.839887


[image: image2]
Steroid Sulfation in Neurodegenerative Diseases
Jana Vitku1*, Martin Hill1, Lucie Kolatorova1, Eva Kubala Havrdova2 and Radmila Kancheva1
1Department of Steroids and Proteofactors, Institute of Endocrinology, Prague, Czechia
2Department of Neurology and Center of Clinical Neuroscience, First Faculty of Medicine, Charles University and General University Hospital in Prague, Prague, Czechia
Edited by:
Jon Wolf Mueller, University of Birmingham, United Kingdom
Reviewed by:
William Davies, Cardiff University, United Kingdom
Giovanna Di Nardo, University of Turin, Italy
* Correspondence: Jana Vitku, jvitku@endo.cz 
Specialty section: This article was submitted to Cellular Biochemistry, a section of the journal Frontiers in Molecular Biosciences
Received: 20 December 2021
Accepted: 20 January 2022
Published: 23 February 2022
Citation: Vitku J, Hill M, Kolatorova L, Kubala Havrdova E and Kancheva R (2022) Steroid Sulfation in Neurodegenerative Diseases. Front. Mol. Biosci. 9:839887. doi: 10.3389/fmolb.2022.839887

Steroid sulfation and desulfation participates in the regulation of steroid bioactivity, metabolism and transport. The authors focused on sulfation and desulfation balance in three neurodegenerative diseases: Alzheimer´s disease (AD), Parkinson´s disease (PD), and multiple sclerosis (MS). Circulating steroid conjugates dominate their unconjugated counterparts, but unconjugated steroids outweigh their conjugated counterparts in the brain. Apart from the neurosteroid synthesis in the central nervous system (CNS), most brain steroids cross the blood-brain barrier (BBB) from the periphery and then may be further metabolized. Therefore, steroid levels in the periphery partly reflect the situation in the brain. The CNS steroids subsequently influence the neuronal excitability and have neuroprotective, neuroexcitatory, antidepressant and memory enhancing effects. They also exert anti-inflammatory and immunoprotective actions. Like the unconjugated steroids, the sulfated ones modulate various ligand-gated ion channels. Conjugation by sulfotransferases increases steroid water solubility and facilitates steroid transport. Steroid sulfates, having greater half-lives than their unconjugated counterparts, also serve as a steroid stock pool. Sulfotransferases are ubiquitous enzymes providing massive steroid sulfation in adrenal zona reticularis and zona fasciculata.. Steroid sulfatase hydrolyzing the steroid conjugates is exceedingly expressed in placenta but is ubiquitous in low amounts including brain capillaries of BBB which can rapidly hydrolyze the steroid sulfates coming across the BBB from the periphery. Lower dehydroepiandrosterone sulfate (DHEAS) plasma levels and reduced sulfotransferase activity are considered as risk factors in AD patients. The shifted balance towards unconjugated steroids can participate in the pathophysiology of PD and anti-inflammatory effects of DHEAS may counteract the MS.
Keywords: steroid sulfotransferases, steroid sulfatase, neuroactive steroids, neurosteroids, brain, Alzheimer’s disease, Parkinson's disease, multiple sclerosis
INTRODUCTION
Steroids are important components of endogenous signaling in the organism. Steroidogenesis takes place prominently in peripheral glands such as adrenals, gonads, placenta. However, some other tissues and organs, including the brain are also able to metabolize cholesterol to steroid molecules and exert effects in autocrine and paracrine manner (Labrie, 1991; Pluchino et al., 2019; Giatti et al., 2020a). The group of steroids that can influence actions in nervous system are called neuroactive steroids (NAS), with the subgroup of steroids–neurosteroids—that act in the nervous system and are also synthesized there (Corpéchot et al., 1981).
Under physiological conditions, NAS influence a broad spectrum of functions, such as brain development, sexual behavior, stress response, emotions, memory, and cognition (Vallée et al., 1997; Serra et al., 2000; Frye, 2001; Darnaudéry et al., 2002; Johansson et al., 2002; Hampl et al., 2015). In various pathophysiological states of the central nervous system (CNS), such as epilepsy, depression, anxiety and neurodegenerative diseases neuroactive steroid levels are altered (Hillen et al., 2000; Kancheva et al., 2010; Hill et al., 2011; MacKenzie and Maguire, 2013; Kanceva et al., 2015).
The most discussed NAS in humans include metabolites of progesterone, i.e., pregnanolone isomers, 5α/β-reduced metabolites of cortisol, sulfates of pregnanolone isomers, dehydroepiandrosterone sulfate (DHEAS) and pregnenolone sulfate (PregS). Furthermore, classical steroid hormones such as 17β-estradiol (E2) (Xu et al., 2008; Jiang et al., 2009) testosterone (Park-Chung et al., 1999), and progesterone (Wu et al., 1990) can act as NAS in the brain (reviewed in (Giatti et al., 2019)).
Biosynthesis of NAS, especially pregnane steroids, shows marked differences depending on the gender, age, menstrual cycle and pregnancy status (Kancheva et al., 2007). In premenopausal women, the largest proportion of pregnanolone isomers arise from progesterone synthesized in corpus luteum with the dominant metabolite allopregnanolone (3α-hydroxy-5α-pregnan-20-one) (Hill et al., 2005; Ottander et al., 2005; Hill and Očenášková, 2007). Gonadal pregnane may easily surpass the blood-brain barrier (BBB) as the brain concentrations reflect the ovarian production (Bixo et al., 1997).
Outside of pregnancy and the luteal phase of the menstrual cycle, the adrenal cortex produces most NAS and their precursors. Human zona fasciculata produces PregS (Hill and Očenášková, 2007) in relatively high concentrations. In addition, zona fasciculata synthesizes mainly cortisol whose 5α/β-reduced metabolites can act as NAS (Strömberg et al., 2005); zona reticularis primarily produces massive amounts of DHEAS (Mueller et al., 2015).
Additionally, the CNS can synthesize neurosteroids directly in the CNS or from peripheral precursors (Corpéchot et al., 1981; Corpéchot et al., 1983; Luchetti et al., 2011). Maintaining a pool of the bioavailable steroids in the site of action is a dynamic process where different steroidogenic enzymes are involved. One of the systems regulating the activity of steroids are sulfotransferases (SULTs) and steroid sulfatase (STS), which add or detach sulfate moiety, respectively. This balance could be of importance in neurodegenerative processes as well as for the transport of soluble steroid conjugates to the respective active sites.
The role of unconjugated NAS in various neurodegenerative diseases were intensively reviewed recently (Melcangi et al., 2016; Yilmaz et al., 2019; Giatti et al., 2020b; Kudova, 2021) as well as in the past (Luchetti et al., 2011; Melcangi et al., 2008; Wang et al., 2001; Melcangi and Panzica, 2009; Melcangi et al., 2011; di Michele et al., 2003). In this review, we focused mainly on sulfated steroids and sulfation and desulfation pathways in three neurodegenerative diseases: Alzheimer´s disease (AD), Parkinson’s disease (PD), multiple sclerosis (MS), while the dysregulation of sulfation processes can change the bioavailability and activity of NAS and may influence the pathogenesis and progression of some diseases.
UNCONJUGATED STEROIDS
Unconjugated (free) steroids are predominantly lipophilic compounds, which can enter the cells and pass the BBB by simple nonsaturable diffusion. A major fraction of numerous steroids in circulation is bound to albumin. However, steroids can easily dissociate from the albumin complex and pass the BBB as well (Pardridge and Mietus, 1979; Pardridge and Mietus, 1980). Steroids that are bound to selective transport proteins (CBD-transcortin, SHBG-sex hormone binding globulin), are not transported through the BBB (Compagnone and Mellon, 2000). Part of steroids can be also synthesized de novo in CNS (Corpéchot et al., 1983). However, a substantial part of steroids can be synthesized from steroid precursors from periphery or can be transported from the periphery thus partly reflecting the circulating levels (Bixo et al., 1995; Kancheva et al., 2010; Kancheva et al., 2011). Therefore, the contribution of peripheral steroids to the steroid pool in CNS is important and changes in the steroid milieu in the CNS can subsequently have an impact on neuronal activity in brain (Vaňková et al., 2016). The steroid levels in cerebrospinal fluid (CSF) are generally lower than in circulation, while some CNS steroids (especially DHEA and some of its metabolites; allopregnanolone and cortisol) correlate with their peripheral levels (Kancheva et al., 2010).
Main unconjugated NAS include metabolites of progesterone (allopregnanolone, isopregnanolone, pregnanolone, epipregnanolone and pregnanediols), DHEA, E2, testosterone and their metabolites (androsterone, epiandrosterone, etiocholanolone, 3α-hydroxy-5α/β,17β-diols), 5α/β-reduced metabolites of glucocorticoids (3α-hydroxy, 5α/β-tetrahydro-cortisols, 3α-hydroxy-5α/β-tetrahydro-cortisones). Basic scheme of steroidogenesis is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Scheme of steroidogenesis. Steroidogenic pathway for sulfated steroids is similar as the biosynthesis of unconjugated steroids. Cholesterol can be sulfated by sulfotransferase (SULT2B1b) to cholesterol sulfate (Fuda et al., 2002). Cholesterol sulfate can be converted to pregnenolone sulfate by cholesterol desmolase while cholesterol sulfate serves as a better substrate than unconjugated cholesterol (Tuckey, 1990). Pregnenolone sulfate can be subsequently converted to 17α-hydroxypregnenolone sulfate by CYP17A1 in the same way as pregnenolone (Neunzig et al., 2014). The lyase reaction of CYP17A1 has not been confirmed to take place by recent studies (Neunzig et al., 2014; Sánchez-Guijo et al., 2016; Neunzig and Bernhardt, 2018), although earlier studies indicated this conversion (Lamont et al., 1970; Jaffe et al., 1972). DHEAS can be converted to androst-5-ene-3β,17β-diol sulfate by 17β-hydroxysteroid dehydrogenases (Sánchez-Guijo et al., 2016; Qaiser et al., 2017). Regarding the unconjugated steroids, the reactions between DHEA and androst-5-ene-3β,17β-diol, androstenedione and testosterone and estrone and estradiol are preferentially conducted in the reductase direction (Purohit and Foster, 2012; Mostaghel, 2013).
DHEA is mainly of adrenal origin, but it can also be synthesized in gonads (10–20%) (Nieschlag et al., 1973) and most probably also in the CNS (Stárka et al., 2015). DHEA is a substrate for testosterone production and subsequently for estrogen synthesis. These processes occur also in the human brain (Steckelbroeck et al., 2002) and may subsequently influence the nervous system by genomic as well as by non-genomic pathways. Furthermore, DHEA itself serves as neuroactive steroid (Stárka et al., 2015). DHEA has neuroprotective, anti-glucocorticoid, anti-apoptotic, anti-inflammatory and anti-oxidative properties, increases neurite growth and has impact on neurogenesis and catecholamine synthesis and secretion. However, it can also be neurotoxic (reviewed in (Maninger et al., 2009; Stárka et al., 2015)).
Pregnanolone isomers are progesterone metabolites originated through the action of ubiquitous 5α-reductase (SRD5As) and liver 5β-reductase (AKR1D1) forming 5α- and 5β-dihydroprogesterone, respectively (Havlíková et al., 2006). The subsequent metabolism to individual pregnanolone isomers is provided by a system of subfamily 1C aldoketoreductases (AKR1Cs) and 17β-hydroxysteroid dehydrogenases (HSD17Bs) (Miller and Auchus, 2011; Rižner and Penning, 2014; He et al., 2019) previously known as 3α- and 3β-hydroxysteroid oxidoreductases. Reduced metabolites of progesterone exert anxiolytic, sedative, hypnotic and anticonvulsive effects (Frye, 1995; Klein and Herzog, 1998; Hill et al., 2010).
Sex hormones are also active in the CNS. Particularly E2 exert pleiotropic effects there, facilitating learning and memory (Frick, 2015; Sun et al., 2019; Luine and Frankfurt, 2012; Tozzi et al., 2020; Dieni et al., 2020), as well as influencing emotional (Altemus, 2019) and sexual behavior (Diotel et al., 2018). They generally act as neuroprotective substances (Fargo et al., 2009; Spence and Voskuhl, 2012; Duong et al., 2020; Yang et al., 2020) and promote neurogenesis and neuro-regeneration (Pillerová et al., 2021; Azcoitia et al., 2019). These processes in the brain take place through classical nuclear steroid receptors (estrogen receptor α and β-ERα and ERβ, androgen receptor-AR, progesterone receptor-PR), non-classical membrane-associated steroid receptors (AR, ERα, ERβ) and transmembrane receptors (zinc transporter protein 9, G protein coupled estrogen receptor 1) (Pillerová et al., 2021). Finally, E2 can exert its action through neurotransmitter receptors such as serotonin receptor (Wetzel et al., 1998), L-type voltage gated channel (Sribnick et al., 2009; Vega-Vela et al., 2017; Sánchez et al., 2014) or N-methyl-D-aspartate (NMDA) receptor (Weaver et al., 1997; Foy et al., 1999). The action of E2 on L-type voltage channel as well as NMDA receptor appears to be concentration dependent (Table 1). Progesterone has also therapeutic benefits such as reduction of inflammation and edema, preventing myelin degradation and reducing excitotoxic neuronal death (Luoma et al., 2012).
TABLE 1 | Positive and negative modulators of selected membrane receptors.
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Conjugated steroids predominantly include steroid sulfates and glucuronides. Namely the sulfates have an important role in the regulation of steroid metabolism and transport. Steroid sulfates are hydrophilic compounds. Therefore, their passive diffusion through BBB is limited when compared with their unconjugated counterparts. Organic anion transporters (OATs) belonging to the solute carrier (SLC) transporters superfamily are the primary transporters for cellular influx of steroid sulfates. On the other hand, multidrug resistance proteins (MRP) from the ATP-binding cassette (ABC) transporter superfamily provides efflux of steroid sulfates (Sodani et al., 2012; Mueller et al., 2015). Steroid sulfates are transported from the cell mainly through MRP1 and MRP4. The same types of transporters (ABC and SLC transporters) are present on the BBB (Grube et al., 2018). It is assumed that there is a predominant influx of steroid sulfates from the circulation across the BBB to the brain due to huge concentration gradient (Wang et al., 1997; Qaiser et al., 2017; Grube et al., 2018).
The most important conjugated NAS include DHEAS, PregS and conjugated 5α/β reduced pregnane and androstane isomers. The steroid conjugates in the blood dominate over their free counterparts from one to four orders of magnitude. On the other hand, the levels of unconjugated DHEA, Preg, and reduced 5α-pregnane steroids were found in substantially higher amounts in all brain regions compared to their conjugated counterparts (Weill-Engerer et al., 2002). Looking more closely to individual brain regions, the highest levels of DHEAS were found in striatum, hypothalamus and cerebellum and those of PregS in striatum and hypothalamus (Weill-Engerer et al., 2002).
DHEAS exert neuroprotective, neuroexcitatory, antidepressant and memory enhancing effects. Together with DHEA, DHEAS has anti-inflammatory and immunomodulating effects, positive effects on neurite growth, neurogenesis and neuronal survival as described earlier (reviewed in (Maninger et al., 2009; Stárka et al., 2015)).
PregS, similarly as DHEAS, is an excitatory NAS. It has enhancing effects on the adult hippocampal neurogenesis, neurite growth and the survival of newborn neurons (Xu et al., 2012). It plays a role in the modulation of memory and learning (Smith et al., 2014; Wong et al., 2015).
MECHANISM OF ACTION OF NEUROACTIVE STEROIDS
Genomic Action
Steroids can surpass the BBB from periphery to the brain either by passive diffusion (unconjugated steroids) or in cooperation with transporter proteins mentioned above (steroid conjugates). Unconjugated or deconjugated steroids can bind to intracellular receptors in the brain and act as transcriptional factors regulating gene expression (Rupprecht et al., 1996). This action may be preceded by intracellular metabolization of the steroids (Rupprecht, 2003). This genomic effect is generally delayed in the onset, because it is limited by the rate of protein synthesis, but it has longer lasting effects.
Non-Genomic Action
In addition to this classical genomic effect, NAS (unconjugated as well as conjugated) are able to bind to various membrane receptors where they can act as their allosteric modulators and induce fast nongenomic effects in values from milliseconds to seconds (McEwen, 1991; Joëls, 1997). Both fast and delayed actions can potentially/subsequently alter membrane excitability (Joëls, 1997).
The mechanism of action of NAS lies mainly in affecting the excitability of the nervous cells. They are able to modulate permeability of ion channels. In the CNS, the best-known receptors modulated by NAS are type A γ-aminobutyric acid (GABAA) receptors and glutamate receptors including NMDA receptors, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and kainate receptors (Joëls, 1997; Wu and Chen, 1997; Wu et al., 1998; Yaghoubi et al., 1998; Beyenburg et al., 2001; Rupprecht, 2003; Shirakawa et al., 2005). Furthermore, interactions of NAS with glycine, transient receptor potential (TRP), nicotinic acetylcholine, muscarinic acetylcholine, sigma (σ)-receptors and several types of voltage-gated calcium channel were reported (Klangkalya and Chan, 1988; Valera et al., 1992; Monnet et al., 1995; Hu et al., 2007; Xu et al., 2008; Majeed et al., 2012; Bukanova et al., 2020).
Stereoselectivity is an important property when binding to GABAA and NMDA receptors. The presence of a 3α-hydroxy group on the A ring is necessary for the positive modulation of GABAA receptor. The GABAA receptor positive modulators include 3α-pregnane steroids (Majewska et al., 1986), including the tetrahydrodeoxycorticosterone (THDOC) isomers, as well as 3α-androstane metabolites (Turner et al., 1989; Kaminski et al., 2005). These substances act via increasing the frequency and opening time of the GABAA receptor (for chloride ions). The influx of chlorides into nerve cells reduce the neuronal excitability. Thus, these substances are neuroinhibitory and exhibit sedative, hypnotic, anesthetic, anxiolytic and anticonvulsant properties. The 3β-pregnane steroids (Wang et al., 2000), and particularly their conjugates (Park-Chung et al., 1999) as well as the Δ5 steroid sulfates (PregS, DHEAS) act as negative GABAA receptor modulators and activate the neuronal activity in this way. Nanomolar concentrations of steroids are necessary for the positive modulation of GABAAR, while the antagonists act only in micromolar amounts (Park-Chung et al., 1999). Steroid modulators of selected membrane receptors are shown in Table 1.
Positive and negative steroid modulators are also known for the NMDA receptor. Positive modulators, upon binding to the receptor, increase the influx of calcium ions into the cell and thus cause activation of the neuron. These include Δ5 steroid sulfates (Wu et al., 1991; Irwin et al., 1992) and polar conjugates of 5α-pregnane steroids (predominantly sulfates) (Weaver et al., 2000). Polar conjugates of 5β-pregnane steroids have the opposite effect (Park-Chung et al., 1994; Yaghoubi et al., 1998; Weaver et al., 2000). These substances are summarized in Table 1 together with positive and negative modulators of further receptors.
CONJUGATION AND DECONJUGATION
Steroids can be conjugated either by sulfotransferases (SULTs) to form sulfates or by uridine 5′-diphospo (UDP)-glucuronosyltransferases to form glucuronides (Figure 2). These processes increase their polarity and water solubility and facilitate the excretion in urine and bile (Schiffer et al., 2019). Furthermore, sulfates having greater half-lives than their unconjugated counterparts, also function as a steroid pool in the circulation (mainly DHEAS and estrone sulfate). Finally, sulfated steroids (e.g., PregS and DHEAS) may modulate some ligand-gated ion channels in the CNS as was described above.
[image: Figure 2]FIGURE 2 | Conjugation and deconjugation reactions. (A) Example of sulfation and desulfation reactions of dehydroepiandrosterone (DHEA) by sulfotransferase and steroid sulfatase, respectively. (B) Example of glucuronidation and deglucuronidation of testosterone by uridine 5′-diphospho (UDP)-glucuronosyltransferase and β-glucuronidase, respectively.
The form of conjugation (sulfation/glucuronidation) depends on the structure of the steroid. Sulfation occurs mainly in ∆5 steroids such as DHEA, pregnenolone and estrogens (estrone). Alternatively, glucuronidation takes place mainly in the phase 2 metabolism of ∆4 steroids (Mueller et al., 2015; Schiffer et al., 2019).
Sulfotransferases
Sulfation takes place by two-step enzymatic reactions; 1) activation of the sulfate group in the form of 3′phosphoadenosine-5′-phosphosulfate (PAPS) by PAPS synthase and 2) transfer of activated sulfate on hydroxyl group of the steroid by SULT (Schiffer et al., 2019). Five cytoplasmic SULTs are known to be involved in steroid metabolism–SULT1A1, SULT1E1, SULT2A1 and 2 isoforms of SULT2B1 (SULT2B1a a SULT2B1b) (Hempel et al., 2000; Fuda et al., 2002; Chang et al., 2004; Gamage et al., 2005). They possess broad substrate specificity; instead of steroid sulfation they can also metabolize phenolic drugs and catecholamines (SULT1A), thyroid hormones (SULT1B) and sterols (SULT2B) (Strott, 2002). Regarding steroids, they can have preferred substrate e.g. SULT1E1 preferentially sulfates estrogens and SULT2A1 most androgens and pregnenolone (reviewed in (Mueller et al., 2015)) and SULT2B1 isoforms stereo-specifically sulfate 3β-hydroxysteroids (e.g., pregnenolone, cholesterol) (Meloche and Falany, 2001; Fuda et al., 2002). SULTs are ubiquitous enzymes with the highest concentrations found in the liver and intestine compared to the kidney and lung (Riches et al., 2009). SULT2A1 is strongly expressed in adrenal zona reticularis, zona fasciculata and the liver. SULT2A1 probably has a dual function: in adrenals it is responsible for massive sulfation of DHEA and pregnenolone and it detoxifies xenobiotics in the liver (Falany and Rohn-Glowacki, 2013).
Regarding the detailed expression of SULTs in brain, SULT1A1 expression was detected in several brain regions (Salman et al., 2009). SULT2A1 was detected exclusively in the thalamus and hypothalamus (Shimizu and Tamura, 2002), it was not detected in other brain regions. These findings are in agreement with the those of Salman et al. who analyzed specimens of prefrontal cortex, hippocampus, and cerebellum (Salman et al., 2011). The results on SULT2B1b expression are ambiguous. No mRNA expression of SULT2B1b in the brain was reported by some authors (Her et al., 1998; Meloche and Falany, 2001), conversely, SULT2B1b mRNA expression was reported in a large number of sections of the human brain by other research groups (Shimizu and Tamura, 2002; Salman et al., 2011). Although SULT2B1a mRNA was detected by Salman et al. (but not by (Shimizu and Tamura, 2002)), no SULT2B1a immunoreactive protein was observed. SULT1E1 expression was not found in human brain in one study (Salman et al., 2011). Taken together, some types of SULTs are apparently available in the brain and therefore may play a crucial role in neurosteroid sulfation and control.
Steroid Sulfatase
Sulfation is reversible; steroid sulfate can be desulfated by steroid sulfatase (EC 3.1.6.2, STS, aryl sulfatase C) to unconjugated steroids in the target tissue. STS belongs to the sulfatase family containing 17 members, while only STS uses steroids as substrates (Diez-Roux and Ballabio, 2005). It is expressed as a membrane associated enzyme. Immunohistochemical techniques showed localization mainly in the rough endoplasmic reticulum. Furthermore, it is localized in Golgi cisternal, trans-Golgi reticulum, plasma membranes, endosomes and lysosomes (Willemsen et al., 1988; Stein et al., 1989). The main substrates for STS are estrone sulfate, DHEAS, PregS and cholesterol sulfate (Mueller et al., 2015). It is most abundantly expressed in placenta, however, it is believed to be ubiquitous in low amounts (Reed et al., 2005) in other tissues including the brain (Iwamori et al., 1976; Steckelbroeck et al., 2004). Within the brain the high activity of STS was observed in the thalamus, hypothalamus, hippocampus and temporal lobe (Perumal and Robins, 1973; Steckelbroeck et al., 2004). Furthermore, reports from rat studies indicate that STS is present in brain capillaries of BBB and can rapidly desulfate DHEAS that comes across the BBB from the circulation (Nicolas and Fry, 2007; Qaiser et al., 2017).
Mutations in the gene for STS result in X-linked ichthyosis, which is a rare skin disorder. Several extracutaneous manifestations have been associated with this disease including corneal opacities, cryptorchidism and chondrodysplasia punctata (Fernandes et al., 2010). While STS is expressed in various brain structures, it can be hypothesized that alterations in brain function might be present. Neurological (mental retardation, epilepsy), neurodevelopmental (attention deficit hyperactivity disorder, autism) and mood disorders are more frequent in individuals with X-linked ichthyosis compared to the general population (Fernandes et al., 2010; Chatterjee et al., 2016). From neuroanatomical point of view, structural changes in basal ganglia (reduced right putamen and pallidum volume, and left accumbens volume) in female carriers were reported (Brcic et al., 2020). The described structural changes seem to be also involved in the degeneration in PD. The recent results of Hickman et al. (2022) showed that neurodevelopmental and neurodegenerative diseases may overlap. The genetic alterations which can lead to AD and PD were also described in detail by the authors (Hickman et al., 2022).
Uridine 5′-Diphospho-Glucuronosyl Transferases and β-glucuronidase
For completeness, except for sulfation, steroids may be conjugated to steroid glucuronides by UDP-glucuronosyl transferases (UGT), with the UGT1 a 2. However, this process is irreversible in the humans except for the activity of certain gut bacteria that possess β-glucuronidase activity (Schiffer et al., 2019). The process of glucuronidation is used for excretion through bile and urine and steroid glucuronides are not neuroactive.
Balances Between Conjugated and Unconjugated Neuroactive Steroids
Balances between conjugated and unconjugated NAS, except for adrenal sulfated Δ5 steroids, are ensured mainly by hepatic STS, SULTs, and possibly UDP-glucuronosyltransferases. Sulfation pathways prevail in healthy brain, colon, adrenal, and kidney while desulfation dominates in breast, ovary, prostate, testis, placenta and uterus (Mueller et al., 2015). These balances may be of great importance as unconjugated and sulfated steroids act in many cases in opposite ways on the same receptors.
For example, 5α/β-reduced metabolites with a hydroxy group in the 3α-position are positive modulators of GABAA receptors. However their sulfation reverses their action from the positive to negative modulation (Park-Chung et al., 1999). Additionally, the sulfation in the 3α-position enables steroid modulation at NMDA receptor. These data suggest that sulfation and desulfation might be the critical point in steroid regulation of GABAergic and glutamatergic neurotransmission (Park-Chung et al., 1994; Park-Chung et al., 1999). Sulfation also increases the polarity of substances and contributes to their better solubility in the circulation, while rather inhibiting their passage through the BBB.
SULFATION IN NEURODEGENERATIVE DISEASES
Neurodegenerative diseases including multiple sclerosis (MS), Alzheimer’s disease (AD) and Parkinson’s disease (PD) are generally characterized by progressive alterations in the brain and the spinal cord (Bianchi et al., 2020). These diseases are usually accompanied by neuroinflammation, which may contribute to neurodegeneration (Yilmaz et al., 2019). In addition, neurosteroid synthesis can be affected by neuroinflammation and vice versa, neuroactive steroids can influence neuroinflammation. Alterations in neurosteroids (mainly unconjugated) in the aforementioned neurogenerative diseases were thoroughly reviewed in 2011 by Luchetti et al. (2011). The current review presents the results of some of the later published studies.
Alzheimer’s Disease
The pathophysiology of Alzheimer’s disease (AD) is characterized by a formation of extracellular amyloid plaques in the cortex and limbic system, aggregation of hyperphosphorylated τ-protein causing intracellular neurofibrillary tangles and is often accompanied by reactive microgliosis and loss of synapses, cholinergic, serotonergic, and noradrenergic function together with glutamatergic dysfunction (López and DeKosky, 2008; Reitz and Mayeux, 2014; Vaňková et al., 2016). The clinical picture is formed by memory loss and cognitive impairment that are often accompanied by various neurological and psychiatric symptoms (López and DeKosky, 2008).
The study of Vaňková et al. (2016) examined 16 AD female patients and 22 sex- and age-matched heathy controls. The measurement of 30 unconjugated steroids and 17 conjugates in the circulation of the AD patients showed altered various steps of the steroidogenesis. The authors found a shift from conjugated to free (unconjugated) steroids in the AD patients probably due to the reduced SULT2A1 activity in the liver and the adrenal zona reticularis. Despite this finding, the relative overproduction of C21 steroids was sufficient to maintain higher levels of sulfates such as PregS, allopregnanolone sulfate, conjugated pregnanolone and conjugated 5β-pregnane-3α,20α-diol in AD patients (Vaňková et al., 2016). The same findings of attenuated sulfotransferase activity measured as the ratio between conjugated and corresponding unconjugated steroids were confirmed in the cohort of 18 male and 16 female AD patients compared to corresponding age- and gender-controls (Vaňková et al., 2015).
Generally, lower plasma levels of DHEAS in AD patients are reported when compared with control subjects (Näsman et al., 1991; Genedani et al., 2004; Aldred and Mecocci, 2010; Pan et al., 2019). Besides the lower plasma levels of DHEAS, Yanase et al. also found lower values of DHEAS/DHEA ratio in patients with AD and cerebrovascular dementia. This indicates decreased peripheral sulfotransferase activity in dementias in general (Yanase et al., 1996). A recent meta-analysis showed lower DHEAS plasma levels in AD patients (Pan et al., 2019), in accordance with reduced sulfotransferase activity in AD patients. Furthermore, AD patients with higher DHEAS plasma levels were more successful in some memory tasks than patients with lower DHEAS levels (Carlson et al., 1999). Moreover, the results from a prospective study supported the role of lower DHEAS as a risk factor for AD (Hillen et al., 2000) and indicates attenuated sulfotransferase activity even before the development of the disease.
The conclusions drawn from the examinations of the circulating steroids are in line with the observations in CSF, where the steroid levels may also reflect the steroid production and metabolism in the brain. Higher DHEA but lower DHEAS levels in CSF were reported in patients with AD and vascular dementia (Kim et al., 2003). This indicates the attenuated sulfation in the brain of patients with dementia and suggests that DHEA itself does not protect from neurodegeneration. However, it may be a compensatory mechanism against the neurodegenerative process. Lower DHEAS and PregS levels were found in certain brain regions of AD patients examined postmortem together with negative correlation of these sulfates with key proteins involved in plaque formation (Weill-Engerer et al., 2002). These results allow to speculate about the neuroprotective role of sulfated steroids and/or the sulfation in AD.
Data from genome wide association study (GWAS) showed downregulation of STS gene in patients with AD (Wu et al., 2019). Further GWAS revealed eight independent single nucleotide polymorphisms (SNPs) associated with serum DHEAS concentration. The results elucidated a certain role for SULT2A1 gene which provides information about key mechanisms of degeneration and aging (Zhai et al., 2011).
STS inhibitors influence the ratio between sulfated and non-sulfated steroids which subsequently modulate brain function. Administration of the STS inhibitor DU-14 to rats increased plasma DHEAS, decreased plasma DHEA and enhanced hippocampal acetylcholine release and memory (Rhodes et al., 1997). Additionally, significantly higher levels of serotonin in the striatum and hippocampus were reported in mice lacking STS gene (Trent et al., 2012). Therefore, steroid sulfation may influence processes in the hippocampus (one of the earliest sites affected in AD (Braak et al., 1993; Mu and Gage, 2011)) by multiple mechanisms, including an alteration of the cholinergic and serotoninergic signaling (Trent et al., 2012).
A recent study of Pérez-Jiménez et al. showed that the treatment with STS inhibitor STX64 (Irosustat) resulted in higher pool of sulfated steroids and subsequently increased longevity, improved cognitive symptoms and plaque formation in a chronic AD murine model (Pérez-Jiménez et al., 2021). Furthermore, the use of another STS inhibitor DU-14 in chronic AD murine model decreased the cognitive deficits in spatial learning and memory and protected hippocampal synaptic plasticity (Yue et al., 2016). These data may be of importance for treatment of age-related diseases such as AD in humans. Interestingly, the concept of inhibition of STS has been longer studied in the context of hormone dependent cancers (reviewed in (Foster, 2021)). The use of STS inhibitor STX64 in phase II clinical trial was efficient for the treatment of breast cancer with an acceptable safety profile (Palmieri et al., 2017).
Parkinson’s Disease
Parkinson’s disease (PD) is a neurodegenerative disorder that predominantly presents in later life with bradykinesia and at least one other symptom of resting tremor or rigidity. People with PD can develop cognitive impairment, including memory loss and dementia. Parkinson’s dementia is the second most common dementia after AD and is characterized by neurodegeneration in areas related to motor control, coordination and cognitive function (Mendell and MacLusky, 2018). These features are caused by a massive loss of dopaminergic neurons in the substantia nigra pars compacta and consequent striatal dopamine deficiency (di Michele et al., 2013). The pathological hallmark is α-synuclein aggregation into intraneuronal inclusions named Lewy bodies (Mahul-Mellier et al., 2020). Prevalence of PD is twice higher in men than in women, however, women have higher mortality rate and faster progression of the disease (Cerri et al., 2019).
The mechanism how steroid sulfation may be involved in the pathophysiology of PD might lie in the modulation of dopaminergic neurons in substantia nigra that are also under control of the excitatory glutamatergic and inhibitory GABAergic systems (Cobb and Abercrombie, 2002).
The few studies which examined alterations in neurosteroid levels in PD were mostly focusing on unconjugated NAS such as allopregnanolone (di Michele et al., 2003). While DHEAS was found to be lower in AD and vascular dementia (Yanase et al., 1996), no changes were observed in DHEAS levels in PD patients when compared with healthy controls in circulation (Genedani et al., 2004). However, the expression of SULT2B1 was downregulated in substantia nigra of PD patients with no changes in sulfatase expression (Luchetti et al., 2010). These results indicate that there can be brain region-specific changes in the bioavailability of neuroactive sulfate steroids, which may consequently affect the balance between GABAergic and glutamatergic systems and finally worsen the degeneration of dopaminergic cells (di Michele et al., 2013). The question is whether the decreased levels of neuroprotective NAS contribute to the neurodegeneration or they may be the primary cause of it (Luchetti et al., 2011).
STS inhibitors as well as mutations in STS gene were tested in Caenorhabditis elegans PD model. Mutation in STS gene or administration of STX64 improved mobility and decreased the number of α-synuclein aggregates (Pérez-Jiménez et al., 2021) indicating that the use of STS inhibitors in PD could be also a promising treatment option.
Multiple Sclerosis
Multiple sclerosis (MS) is an autoimmune inflammatory and demyelinating disease of the central nervous system with symptoms occurring most often between age of 20–40. Clinical representation is variable with either cognitive and/or motor impairment depending on the localization of the lesion(s). Compared to PD, the prevalence of MS is, on the contrary, at least twice higher in women than in men (Luchetti et al., 2014).
Several studies examined changes in unconjugated NAS in the brain of MS patients. DHEA and allopregnanolone levels in the white matter of MS patients were reported to be decreased (Noorbakhsh et al., 2011; Boghozian et al., 2017). Gender-dependent changes in progesterone and estradiol synthesis and signaling in MS lesions have been described where estrogen pathways were predominantly activated in MS lesions of male patients whereas progesterone pathways were predominantly activated in MS lesions of female patients (Luchetti et al., 2014). In CSF of MS patients, increased levels of pregnenolone and DHEA compared to control groups were reported (Orefice et al., 2016). Additionally, an increase in pregnenolone and isopregnanolone levels together with a decrease in dihydroprogesterone and allopregnanolone levels in CSF of male MS patients were observed in the study of Caruso el al. (Caruso et al., 2014). Dysregulation in biosynthesis of allopregnanolone of MS patients and its potentially therapeutic role was recently reviewed (Melcangi and Panzica, 2014; Noorbakhsh et al., 2014; Balan et al., 2019). To the best of the authors’ knowledge, no information about sulfated steroids and sulfation pathways in MS patients in brain tissue or CSF is available.
At the peripheral level, low plasma testosterone was found in men as well as in women with MS (Foster et al., 2003; Tomassini et al., 2005; Foroughipour et al., 2012). A recent study of Cheng et al. found changes in isopregnanolone and allopregnanolone plasma levels when comparing patients with relapsing-remitting MS and patients with a clinically isolated syndrome (Cheng et al., 2021).
In a study of Kancheva et al., 51 steroids and steroid polar conjugates were analyzed in 12 women with MS and 6 sex-and age-matched controls in follicular phase of menstrual cycle. Intriguingly, the results showed higher levels of C21 steroids including pregnenolone and 3α/β pregnane isomers and also higher levels of conjugated steroids such as PregS, 20α-dihydropregnenolone sulfate, conjugates of 3α/β pregnane isomers and certain bioactive C19 steroids (androsterone, 5-androsten-3β,7α,17β-triol) in MS patients (Kanceva et al., 2015) similarly as in AD patients (Vaňková et al., 2016). The altered levels of these steroids may influence neural activity by interacting with various neurotransmitter receptors on a neuronal membrane and affect the balance between neuroprotection and excitotoxicity.
The results regarding DHEAS levels in MS are ambiguous. Levels of DHEAS did not differ between MS and control patients in the above mentioned study of Kanceva et al. (2015). On the other hand, two studies found lower levels of DHEAS in MS in comparison with healthy subjects (Ramsaransing et al., 2005; Foroughipour et al., 2012) and one study found higher DHEAS in MS patients (Ysrraelit et al., 2008). Further, lower serum levels of DHEAS and DHEA were found in patients with fatigue in comparison with those without fatigue within the progressive form of MS (Téllez et al., 2006).
The research also reveals the role of glutamate in the pathophysiology of MS. Higher glutamate concentrations were found in acute lesions and normal-appearing white matter (Srinivasan et al., 2005) and appear to contribute to the progression of the disease (Azevedo et al., 2014). GWAS which used in vivo glutamate concentration as a quantitative trait discovered that several SNPs are associated with glutamate concentrations. One of these SNPs is rs794185 (p < 6.44 × 10-7), which is within the sulfatase modifiying factor 1 (SUMF1) gene (Baranzini et al., 2010). SUMF1 is an essential factor for sulfatase activities, including the one of STS. The dysregulation of SUMF1 can lead to its diminished activity (Fraldi et al., 2007). Subsequently, an imbalance between conjugated and unconjugated steroids that can modulate glutamatergic receptors occurs.
The available data concerning the NAS and particularly sulfation pathways in association to MS in humans are limited. Therefore, the data from animal models may be helpful. In the mouse model of MS–experimental autoimmune encephalomyelitis (EAE)—a protective effect of unconjugated DHEA on the development and severity of the EAE was repeatedly reported (Du et al., 2001; Aggelakopoulou et al., 2016). Similarly, DHEAS administration to mice ameliorated EAE severity and improved neurological outcomes in EAE, possibly through anti-inflammatory effects (Boghozian et al., 2017).
CONCLUSION
The expression of SULTs and STS is brain region specific, the explanation of these differences across brain region remains to be elucidated. The balance between steroid sulfation and desulfation is critical to maintaining the balance between unconjugated and conjugated steroids, especially when their CNS action is reversed. In neurodegenerative diseases such as Parkinson’s disease and Alzheimer’s disease the reduced SULT expression and lower levels of steroid sulfates were reported in the brain. In multiple sclerosis, no information about steroid sulfation and steroid sulfate levels is available yet. However, as with other neurodegenerative diseases, changes in steroid sulfation could be expected. Changes in sulfation in neurodegenerative diseases occur also at the peripheral level as mainly documented by changed ratios of conjugated steroids to their unconjugated counterparts. These alterations may subsequently affect the neuronal activity in the CNS, as the circulating unconjugated steroids and to a lesser extent also the steroid conjugates from periphery surpass the BBB and enter the brain. Therefore, further research of the steroid sulfation in periphery and in brain deserves attention.
Future studies aiming to decipher the relative contributions of the effects of steroid sulfation on neurodegeneration by neurochemical/inflammatory/developmental/general health process may choose different approaches to answer these scientific questions. Animal experiments may be one of the options. However, the limitations of the animal studies are due to the different steroidogenesis in humans and commonly used laboratory animals. In fact, compared to primates, laboratory rodents have negligible steroid sulfate production and generally very different adrenal steroidogenesis (Schuler, 2021). Another route may be GWAS or transcriptomic studies, which are promising approaches suitable for studying the genome or transcriptome and the pathophysiology of human diseases. However, their disadvantage might be the need for a larger sample size (Hong and Park, 2012). Finally, steroidomic studies may also be designed to explore the mutual association between the metabolites studied.
STS inhibitors are gaining increased attention in the context of aging and age-related diseases. Use of STS inhibitors in animal studies shows promising results in increasing longevity and reducing protein aggregation in protein aggregation diseases such as AD and PD (Pérez-Jiménez et al., 2021). Based on the promising animal results clinical studies in humans are justifiable and warranted.
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The study of urinary phase II sulfate metabolites is central to understanding the role and fate of endogenous and exogenous compounds in biological systems. This study describes a new workflow for the untargeted metabolic profiling of sulfated metabolites in a urine matrix. Analysis was performed using ultra-high-performance liquid chromatography-high resolution tandem mass spectrometry (UHPLC-HRMS/MS) with data dependent acquisition (DDA) coupled to an automated script-based data processing pipeline and differential metabolite level analysis. Sulfates were identified through k-means clustering analysis of sulfate ester derived MS/MS fragmentation intensities. The utility of the method was highlighted in two applications. Firstly, the urinary metabolome of a thoroughbred horse was examined before and after administration of the anabolic androgenic steroid (AAS) testosterone propionate. The analysis detected elevated levels of ten sulfated steroid metabolites, three of which were identified and confirmed by comparison with synthesised reference materials. This included 5α-androstane-3β,17α-diol 3-sulfate, a previously unreported equine metabolite of testosterone propionate. Secondly, the hydrolytic activity of four sulfatase enzymes on pooled human urine was examined. This revealed that Pseudomonas aeruginosa arylsulfatases (PaS) enzymes possessed higher selectivity for the hydrolysis of sulfated metabolites than the commercially available Helix pomatia arylsulfatase (HpS). This novel method provides a rapid tool for the systematic, untargeted metabolic profiling of sulfated metabolites in a urinary matrix.
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INTRODUCTION
The study of phase II metabolism is essential to understand the biochemical role and fate of endogenous and exogenous compounds and is dominated by the two major classes of conjugates: sulfates and glucuronides (Schänzer, 1996). A compelling example of the importance of phase II conjugation is provided by the field of steroid metabolism, with the conjugates accounting for up to 97% of excreted urinary metabolites (Pranata et al., 2019). Glucuronylation, performed by uridine 5′-diphospho-glucuronosyltransferases (UGTs) has traditionally been the main focus of these investigations, as the major excretory phase II pathway, and due to the ready availability of β-glucuronidase enzymes for selective deconjugation. More recently, the study of sulfate conjugates has gained prominence due to the intriguing interplay between sulfotransferase (SULT) mediated synthesis, sulfatase promoted hydrolysis and a range of transport phenomena (Foster and Mueller, 2018; Uduwela et al., 2018; Günal et al., 2019). The systematic study of the sulfated metabolome in a variety of contexts will be pivotal in revealing the roles of sulfation pathways in biology.
The field of metabolomics initially emerged as a complementary approach to genomics and proteomics (Fiehn et al., 2000; Lafaye et al., 2004). However, metabolic profiling has grown into its own field and serves as a powerful way to identify biomarkers in an unbiased fashion, including with relative quantification (Fiehn et al., 2000; Tolstikov and Fiehn, 2002). Metabolomic methods can be applied to the study of disease states or perturbations to homeostasis, giving unprecedented insight into biological processes (Antignac et al., 2005; Pozo et al., 2018). The study of sulfate conjugated metabolites has been of particular interest in metabolomics and found useful applications in applied sciences such as anti-doping and medical research (Pranata et al., 2019; Mueller et al., 2021). A range of tools are available, including the use of nuclear magnetic resonance (NMR), and various hyphenated chromatographic-tandem mass spectrometry (MS/MS) techniques (Lafaye et al., 2004). Early approaches to examine the sulfate metabolome employed gas chromatography-mass spectrometry (GC-MS) techniques, however, these suffered from various limitations due to the polar character of the conjugates, challenges with reliable enzymatic or chemical cleavage of sulfate esters, and loss of information about conjugation sites and levels (Gomes et al., 2009). This directed research towards liquid chromatography-mass spectrometry (LC-MS) techniques, which permit the direct detection of the intact sulfate conjugates, allowing the sulfate fraction to be specifically targeted during analysis. This type of analysis heavily relies on MS/MS techniques driven by the capacity of sulfate conjugates to readily undergo ionisation during electrospray ionisation (ESI), and display distinctive fragmentation behavior (Thevis et al., 2011; Gómez et al., 2012; Balcells et al., 2017a). Approaches based on tandem mass spectrometry include, multiple reaction monitoring (MRM), precursor ion scanning, or constant ion loss (CIL) scanning, which have all been used to selectively and directly detect sulfate conjugated metabolites (Bowers and Sanaullah, 1996; Bean and Henion, 1997; Hintikka et al., 2008; Gómez et al., 2013; Balcells et al., 2017a; McLeod et al., 2017; Schänzer and Thevis, 2017).
An early example of LC-MS based profiling of sulfate conjugates was in human and rat urine. Here sulfated molecules were identified by monitoring the neutral loss of 80 Da (SO3), precursors of m/z 80 (•SO3−) and of m/z 97 (HSO4−), using ESI triple-quadrupole MS/MS (Lafaye et al., 2004). These methods were used to identify tens of sulfate metabolites, some of which were then confirmed through synthesis of the corresponding reference materials (Lafaye et al., 2004). A similar study used ultra-high-performance liquid chromatography (UHPLC)/negative ion matrix-assisted laser desorption ionization tandem time-of-flight high resolution mass spectrometry (MALDI-TOF/TOF-MS) to identify 1,129 potential sulfate candidates from the urine of pregnant women with detection based on the neutral loss of 80 Da and/or the formation of the m/z 97 product ion. Database matches were investigated for these candidates but none were confirmed against reference materials (Yao et al., 2016). More recently a method for the detection of sulfated metabolites in gut-microbiota using UHPLC-MS in an untargeted fashion was reported (Ballet et al., 2018). In this study sulfated metabolites were identified by comparing features that underwent change after treatment with a purified preparation of the commercially available sulfatase enzyme Helix pomatia arylsulfatase (HpS). Structural validation was then achieved through MS/MS fragment identification, by comparison with reference materials or through data base matching. The method was able to confirm the structures of 36 from 206 putative sulfated metabolites identified (Ballet et al., 2018). Although collectively these approaches provide useful tools to study sulfate metabolites, they also have some limitations. In general, these approaches monitor only a selection of the known sulfate ester fragmentation modes and as a result may miss important classes of conjugate or not report information that could aid in characterizing different classes of conjugate. Furthermore, methods such as enzyme hydrolysis, that assess conversions of sulfate esters to their non-sulfated counterparts, only report on species that change and do not necessarily report on those that do not change. Moreover, they may also miss those product species with low ionisation efficiencies. Herein, we report the development of an untargeted metabolomics approach to comprehensively profile the sulfate metabolome in a urinary matrix. It employs ultra-high performance liquid chromatography-tandem high resolution mass spectrometry (UHPLC-HRMS/MS) with data dependent acquisition (DDA) and a novel data analysis pipeline to systematically identify sulfated metabolites by studying fragmentation behavior. The suitability of the method was evaluated in two applications: firstly, as a screening tool to identify potential steroid markers in equine urine post doping with testosterone propionate; and secondly, to monitor the performance of sulfatase enzymes for the hydrolysis of sulfate esters in pooled human urine. This method increases the utility of untargeted metabolomics for sulfate biomarker discovery in a urinary matrix.
MATERIALS AND METHODS
Animal Administration
Animal administration was approved by both Charles Sturt University (Wagga Wagga, NSW, Australia) and Racing NSW Animal Care and Ethics Committees. Testoprop® (testosterone propionate, 250 mg) was administered by intramuscular injection in the neck, opposite to the sampling jugular catheter to a thoroughbred gelding (635 kg, 14-year-old). Urine samples were collected at −72, −48, −24, 0, 2, 4, 6, 8, 12, 24, 36, 48, 72 h and then daily to 28 days after administration. Samples were stored at −20°C at the Racing NSW or the Australian National University (ANU) in sterile Falcon tubes (polypropylene, centrifuge tubes, 50 ml).
Equine Urine Sample Preparation
The method has been reported previously and adapted according to our work (Waller et al., 2016). To an aliquot of urine (1.1 ml), phosphate buffer (0.55 ml, 100 mM, pH 7.4) was added and the samples were centrifuged (1,100 x g, 5 min) to pellet solids. Each supernatant was fortified with a mixture of analytical internal standards nandrolone sulfate (S1), cholanediol bis(sulfate) (S2), epiandrosterone (18O3)-sulfate (S3) and 5α-androstane-3β,17β-diol 3,(18O3)17-bis(sulfate) (S4) (0.150 ml, final concentration equivalent to 300 ng/ml original urine volume (1.1 ml) per standard). At this stage, the supernatants were split equally into biological samples and pooled quality control (QC) samples (0.818 ml, equivalent to 0.5 ml of original urine volume). The latter were pooled and then redistributed as pooled QC aliquots (0.818 ml). Both supernatant and pooled QC samples (0.818 ml) were then loaded onto a Waters Oasis™ WAX SPE cartridge (3 cc), that was pre-conditioned with methanol (2 ml) and water (2 ml). Samples were washed with NaOH (2 ml, 0.1 M), phosphate buffer (2 ml, 100 mM, pH 7.4), and Milli-Q water (2 ml) before elution with a mixture of ethyl acetate: methanol: diethyl amine (25:25:1 v/v/v, 3 ml) into clean 10 ml glass tubes. Samples were then evaporated to dryness under a reduced pressure at 40°C and stored at -20°C. The dried samples were re-dissolved with acetonitrile: water (20% v/v, 50 µL), filtered using 0.2 µm spin filters and stored at 5°C for analysis.
Enzyme Hydrolysis in Human Urine Sample Preparation
The human urine samples used in this study were collected with approval by the ANU Human Research Ethics Committee, in accordance with the 2007 National Statement on Ethical Conduct in Human Research (approval number 2013/654). Volunteers gave written informed consent prior to participation; they were all healthy and reported not using steroids within 1 month of supplying a sample. Urine was taken from six subjects (three females and three males ranging between 20–50 years old) and pooled, into phthalate free plastic containers (Nalgene ® bottles, style 2110) and stored at −20°C. The following procedure was based on an established method (Stevenson et al., 2015). Aliquots of pooled human urine (2.1 ml) were pipetted into 15 ml falcon tubes. The samples were either adjusted to a pH of 7.5 ± 0.2 (PaS enzymes and control) or to 4.0 ± 0.2 (HpS enzyme) with the addition of Tris buffer (1.5 ml, 0.2 M) or acetate buffer (1.5 ml, 0.2 M) with mixing, respectively. To their respective tubes, preparations of purified WT-PaS, PVFV-PaS, LEF-PaS, or crude HpS (0.4 ml, PaS preparations 2.0 mg/ml, HpS 5.9 mg/ml) and for the control sample enzyme storage buffer (0.4 ml, 0.1 mM Tris-HCl, pH 7.5 in 50% v/v glycerol) were added. The quantities of enzyme were normalized according to their rates of para-nitrophenyl sulfate hydrolysis (Supplementary Table S7) (Stevenson et al., 2015). Hydrolysis reactions were performed in triplicate for a total of 15 samples and controls by overnight incubation at 37°C. Samples were centrifuged (1,100 x g, 5 min) and the supernatants were split equally (1.9048 ml each, equivalent to 1 ml of original urine volume) into biological and pooled QC samples. All pooled QC samples were pooled and redistributed into 1.9048 ml pooled QC aliquots. Each supernatant and pooled QC were fortified with a mixture of analytical internal standards nandrolone sulfate (S1), cholanediol bis(sulfate) (S2), epiandrosterone (18O3)-sulfate (S3) and 5α-androstane-3β,17β-diol 3,(18O3)17-bis(sulfate) (S4) (0.300 ml, final concentration equivalent to 300 ng/ml urine volume (1 ml) per standard). The treatments, control and pooled QC samples were then subjected to SPE as above, with tris-HCl buffer (2 ml, 0.2 M) being used in place of phosphate buffer in the wash phase. Samples were then evaporated to dryness under reduced pressure at 40°C, and the dried samples were stored at −20°C until analysis. For analysis samples were reconstituted in MeOH: water (20% v/v, 100 µL).
UHPLC-HRMS/MS Analysis
The study was carried out using a Q-Exactive Plus Orbitrap mass spectrometer equipped with a heated electrospray ionisation source (HESI-II) interfaced to an Ulti-Mate 3000 system for chromatographic separation (all from Thermo Fisher, Scoresby, Australia). For equine urine samples: the column used was an Acquity UPLC CSH phenyl-hexyl column (2.1 × 100 mm, i.d., 1.7 µm) fixed to an Acquity UPLC CSH phenyl-hexyl VanGuard Pre-Column (2.1 × 5 mm i.d., 1.7 µm). The UHPLC separation was performed at flow rate 0.4 ml/min, using gradient mixing of two mobile phase components. Solution A: 20 mM ammonium formate in water; and solution B: 20 mM ammonium formate in acetonitrile: water (90% v/v). The gradient was 0–0.5 min (20% B), 0.5–15 min (20–58% B), 15–20.5 min (58–100% B), 20.5–21.5 min (100–20% B), 21.5–30.0 min (20% B). The injection volume was 5 µL and the column oven temperature was 40°C. For human urine samples: the column used was a polar end capped Thermo Accucore aQ C18 column (2.1 × 100 mm, 2.6 µm). The UHPLC separation was performed at a flow rate 0.4 ml/min, using gradient mixing of two mobile phase components; solution A: 5 mM ammonium formate in water; and solution B: 5 mM ammonium formate in methanol: water (99% v/v). The gradient was 0–20 min (1–100% B), 20–25 min (100% B), 25–26 min (100–1% B) and 26–35 min (1% B). The injection volume was 5 µL and the column oven temperature was 40°C. For HRMS analysis: the spray voltage was 2.50 kV, capillary temperature 250°C, S-lens RF level 50, and auxiliary heater temperature 350°C. Mass calibration was performed in negative mode: using propionic acid (m/z 73.0295), isobutyric acid (m/z 87.0452), heptanoic acid (m/z 129.0921), in addition to Pierce ESI negative ion calibration solution. Scan spectrum acquisition with a resolution of 70,000 (Full Width at Half Maximum; FWHM) and scan range of m/z 200 to 2000 was used in negative mode. The automatic gain control (AGC) was set to 3 × 106. Data dependent acquisition (DDA) MS/MS spectra (m/z 50–500) were collected, between 1 and 20 min, with a resolution of 17,500 (FWHM) on the top 10 precursors in each scan window. The intensity threshold (minimum intensity to initiate a DDA scan) was 8.0 × 104. The apex trigger was set to 2–6 s, and dynamic exclusion was used to exclude already selected ions for the following 3 s. A static exclusion list was also used to exclude precursor ions from DDA that did not emanate from the urine samples but were instead derived from solvents and other method components that were observed in extraction blank samples. This list consisted of the 1,000 most abundant ions detected from two incubated water extraction blank samples, which were taken through the whole sample treatment. For experiments with pooled QC samples, the injection sequence started by running two blanks followed by running at least 10 system suitability samples and two pooled QC samples, followed by the main sequence. For both applications: biological samples were performed in triplicate and analysed in a random order, with pooled QC samples dispersed evenly throughout. In targeted parallel reaction monitoring (PRM) MS/MS experiments for metabolite confirmation, a list of single m/z was selected and fragmented over multiple NCE’s, for both reference material and biological samples.
Data Workflow Pipeline and Processing
Data alignment, LOWESS normalization of total ion chromatograms (TIC), and Principal Component Analysis (PCA) analysis was performed in MS-DIAL by applying tolerances to both retention time (RT) (±3 s) and mass accuracy (Δm/z ± 5 ppm), alongside the recommended settings for DDA-HRMS systems (Tsugawa et al., 2015). Further data analysis was performed either in python or R (Supplementary Section S3). A Python script was used to extract and append MS/MS data for each aligned feature that contained a sulfate-derived fragment. The k-means clustering function in R was used to sort metabolic features (Hartigan and Wong, 1979; Team, 2017). Two clusters were chosen as they represented the data appropriately (Supplementary Figures S3, S4) (Kaufman and Rousseeu, 2009). Clustering was performed based on the normalized data of eight unique parameters all derived from the MS/MS spectra. These included the six characteristic sulfate-derived fragments (Table 1). (Attygalle et al., 2001; Yi et al., 2006; Farrell et al., 2011; Balcells et al., 2017b; McLeod et al., 2017; Esquivel et al., 2018) The remaining two parameters were Intensity Ratio (IR): the total sum of sulfate-derived fragments divided by the sum of all fragments, and Maximum Abundance (MA): the normalized relative abundance (%) of the largest sulfate-derived fragment. Data were clustered into non-sulfate and sulfate groupings. High throughput differential metabolite level analysis and data visualization was performed in R, using the limma and ggplot2 packages, respectively (Ginestet, 2011; Ritchie et al., 2015; Team, 2017). The output gives a final curated list of metabolic features that were sorted into sulfate and non-sulfate metabolites, with associated statistics [e.g., adjusted p-value, log2 Fold Change (FC)], UHPLC-HRMS/MS data (RT and m/z), and product ion data for any sulfate-derived fragments detected by MS/MS (see Supplementary Table S14 for an example).
TABLE 1 | Masses used to identify sulfate-derived fragments and neutral lossess (Attygalle et al., 2001; Yi et al., 2006; Farrell et al., 2011; Balcells et al., 2017b; McLeod et al., 2017; Esquivel et al., 2018).
[image: Table 1]Synthesis of Anabolic Androgenic Steroid Sulfate Metabolite Reference Materials
Briefly, the synthesis of sulfated reference materials was performed as follows and was adapted from previous work (Waller and McLeod, 2014): SO3•py (30 mg, 188 mmol) was added to a solution of free steroid (5 mg) in dimethylformamide (0.5 ml) the resulting reaction mixture was capped and stirred at room temperature for 3 h. The reaction was then quenched with water (10 ml) and loaded onto a pre-conditioned Waters Oasis C18 SPE cartridge (3 cc). The reaction mixture was washed with aqueous ammonia solution (2 ml, 5% v/v) followed by water (2 ml). Steroid sulfates were then eluted in aqueous ammonia methanol solution (3 ml, 5% v/v). The methanolic ammonia fraction was then concentrated in vacuo to yield the desired steroid sulfate as an ammonium salt.
RESULTS AND DISCUSSION
Application 1: The effects of Testosterone Propionate Doping on the Urinary Sulfate Metabolome in the Equine
Anabolic androgenic steroids (AAS) and their metabolites are routinely detected in anti-doping urinary analysis (Schänzer and Thevis, 2017). Intact phase II AAS metabolites such as sulfate esters play an important role in anti-doping analysis as long-term biomarkers for both exogenous and endogenous steroids (Schänzer et al., 2013; Piper et al., 2016; Kiousi et al., 2021). Further, sulfation of metabolites is reported to predominate in horses when compared to humans (Scarth et al., 2011). In this application we use the untargeted profiling workflow to assess change in the sulfate urinary metabolome after the intramuscular administration of the AAS testosterone propionate in a thoroughbred gelding (horse 1). This study included a comparison of pre (−24 h) and post (+12 h) administration urine samples, performed in triplicate. These samples were also compared against samples from a non-drug treated gelding (horse 2) at three time points, to assess natural variability over time. Samples were extracted using weak anion exchange (WAX) solid phase extraction (SPE) to isolate the sulfated fraction from the urine.
Data Acquisition, Batch Analysis and Alignment
Metabolomic data was acquired using UHPLC-HRMS/MS with data dependent acquisition. The normalized collision energy (NCE) for MS/MS analysis was optimized by studying fragmentation patterns of 20 steroid monosulfate and bis(sulfate) reference materials (Supplementary Table S1). An NCE of 60 eV was chosen for the DDA experiments as all sulfate-derived fragments could be observed with high relative abundance (Table 1). Following data acquisition, detected features were aligned using suitable tolerances (RT ± 3 s and Δm/z ± 5 ppm) in MS-DIAL. Normalization was performed by the use of locally weighted scatterplot smoothing (LOWESS) program (Sangster et al., 2006; Godzien et al., 2015; Broadhurst et al., 2018; Considine et al., 2018; Dudzik et al., 2018). This gave an initial list of 6,230 total detected features. Following this, features without MS/MS spectra, an S/N ratio below three and peaks that appeared in less than two samples, were excluded giving a final curated list of 3467 features. Data was assessed through PCA with good quality data indicated by the tight clustering of replicate samples and pooled QC samples (Supplementary Figure S1) (Broadhurst et al., 2018).
To allow identification of sulfated metabolites, MS/MS spectra of LC/MS features from pooled QC samples were exported to Mascot Generic Format files (.MGF) and analyzed with a custom Python script (Supplementary Section S7) designed to search for accurate mass evidence of known sulfate-associated ions and neutral losses from the precursor ion. During this process two new parameters termed intensity ratio (IR) and maximum abundance (MA) were calculated for each detected feature. These parameters were simple ratios generated from the sulfate-derived fragment ions observed in MS/MS spectra. The IR was the ratio of sulfate-derived fragment ions as a percentage of all product ions in the MS/MS spectrum. The MA was the relative abundance of the sulfate reporter ion with the highest relative abundance. As sulfate metabolites typically display MS/MS spectra dominated by characteristic product ions or neutral losses these ratios were used to help identify sulfate metabolites. These data on sulfate-derived fragments were mapped onto the alignment results from MS-DIAL on the basis of retention time and accurate precursor m/z (closest retention time match within tight m/z and RT error tolerance limits) using a second custom Python script. (Supplementary Section S7).
Identification of Sulfated Metabolites
k-means clustering was used to differentiate between sulfated and non-sulfated features in the samples in an unbiased manner. This aims to partition data into groups based on the minimization of the sum of squares to their assigned cluster center. Grouping was based on the six sulfate-derived fragments (Table 1) together with the ratios MA and IR, and were grouped to the nearest center (mean) across the eight parameters, clustered into two groups (Supplementary Figure S3) (Hartigan and Wong, 1979). This separated the 3467 features into 2,505 non-sulfates and 962 sulfates (28%). The clustering of features is visualised with a plot of MA vs. IR (Figure 1A), with a full summary of clustering provided in the supplementary information (Supplementary Table S2). As expected, sulfated features tended to have a larger MA value (i.e., a sulfate-derived fragment is a major peak) and a larger IR value (i.e., sulfate-derived fragments make up a relatively large proportion of total product ions). The distributions of these ratios are visualised as violin plots (Figures 1B,C). They show that the IR of sulfated molecules were spread with a median IR of 42% (Figure 1B, mean = 46%, range = 4–97%) contrasted with the non-sulfated features with a median IR of 3% (mean = 5%, range = 0–40%). The median MA of 99% (Figure 1C, mean = 88%, range = 40–100%) also contrasted to the non-sulfated features with a median MA of 9% (mean = 5%, range = 0–63%). This clustering of sulfated and non-sulfated features was later used to prioritizatise sulfated metabolites for further investigation.
[image: Figure 1]FIGURE 1 | Plots of the detected features (n = 3467) in equine urine after administration of testosterone propionate. (A) Clustering plot contrasting MA against IR of sulfated and non-sulfated features. (B) The spread of IR values for sulfated and non-sulfated features. (C) The spread of MA values for sulfated and non-sulfated features.
Speciation of Sulfates
The putative sulfated metabolites can be differentiated further based on the observed major sulfate-derived transition (Table1). In the equine urine samples (total sulfates, n = 962), the dominant sulfate-derived transition was the •SO3− ion (m/z 80, n = 493, 51%), with the HSO4− ion (m/z 97, n = 194, 20%), and the neutral loss of SO3 (80 Da, n = 209, 22%) also prominent. Other sulfate-derived fragments including the HSO3− (m/z 81, n = 49, 5%), •SO4− (m/z 96, n = 8, 1%) ions, and H2SO4 neutral loss (98 Da, n = 9, 1%) were observed at a lower frequency (Figure 2). The sulfate-derived ions •SO3−, HSO3− and neutral loss SO3 are typically associated with phenolic and other unsaturated sulfate metabolites, while the ion HSO4− is associated with saturated sulfates (McLeod et al., 2017). The majority of sulfate metabolites (78%) showed two or more sulfate derived fragments on applying a relative abundance threshold of 5% (data not shown).
[image: Figure 2]FIGURE 2 | Sulfate speciation for all putative sulfates (n = 962) in equine urine. The sulfates are categorized by their most abundant sulfate-derived fragment as defined in Table 1.
High Throughput Differential Metabolite Level Analysis
To identify features that change significantly following drug administration, a high throughput differential analysis, commonly used to assess gene expression, was applied using the packages Limma and Glimma in R, from Bioconductor (Supplementary Section S7) (Ritchie et al., 2015; Su et al., 2017; Team, 2017). The results of the analysis comparing the pre- (−24 h) and post drug-administration samples (+12 h) are shown as volcano plots for all features (Figure 3A) and sulfated features (Figure 3B), with the results summarized in Supplementary Table S3. Similar patterns were observed for all features and sulfated features in terms of significant change (red and blue, Figure 3) and positive and negative fold change. Of the 962 sulfated features, 215 had significantly changed (adjusted p-value < 0.01) (red and blue, Figure 3B) representing 6% of the total detected features in equine urine after doping. Of these, a larger proportion were upregulated, specifically 136 were upregulated and 79 were downregulated, as indicated by the direction of their fold change. The analysis also showed relatively large inter-horse variation in detected features, which is likely due to individual differences in metabolism between the two horses (Supplementary Figure S8). Comparisons also revealed limited intra-horse variation over time (horse 2, Supplementary Figure S9), but a relatively large intra-horse variation pre- and post-drug administration (Supplementary Figure S8), a pattern of change that could be indicative of increased metabolic activity following administration of the AAS testosterone propionate.
[image: Figure 3]FIGURE 3 | Volcano plots of −log10 of the adjusted (adj.) p-value against log2 fold change (FC) comparing equine urine samples post-administration of testosterone propionate (+12 h) to pre-administration (−24 h). Colour groupings. Grey = not significant (adjusted p-value > 0.01), Blue = significant (p-value < 0.01) with fold change 0–8, Red = significant (adjusted p-value < 0.01) with a fold change >8. (A) “All features”, shows the differential metabolite level analysis over all detected features in the plus 12 h sample [n = 3467, grey n = 2662 (77%), blue n = 235 (7%), red n = 570 (16%)]. (B) “Sulfated Features”, shows differential metabolite level analysis over all sulfated features in the plus 12 h sample [n = 962, grey n = 747 (77%), blue n = 61 (6%), red n = 154 (16%)].
Discovery of a Novel Steroid Sulfate Metabolite in Equine Urine
The 215 LC/MS features found to display significant changes in relative signal intensity following testosterone propionate administration could represent direct metabolites of testosterone propionate or other metabolites modulated indirectly in response to testosterone propionate administration. However, this study specifically sought to identify sulfated metabolites derived from the direct metabolism of testosterone propionate. A list of possible metabolites was generated by applying combinations of up to three phase I metabolic transformations, including hydroxylation, bond oxidation and reduction to testosterone, followed by sulfation (Supplementary Table S4). Steroid sulfates in the 215 molecules matching the accurate mass (m/z ± 5 ppm) against the generated list of predicted metabolites were identified, using R. Where possible these putative metabolites were confirmed against synthetically derived reference materials by comparison of UHPLC retention time and MS/MS behaviour (Aru et al., 2020).
From this search 30 possible steroid sulfates were identified with theoretical accurate mass matching proposed metabolic transformations (Supplementary Table S4). Of these molecules, 10 were found to be elevated in the range of 16–1024-fold after testosterone propionate administration (+24 h) and by comparison to the control (horse 2), Supplementary Table S5. The identities of testosterone sulfate (1) (m/z 367.1583), epiandrosterone sulfate (2) (m/z 369.1739), and 5α-androstane-3β,17α-diol 3-sulfate (3) (m/z 371.1895) were established after comparison to synthesised reference materials (Table 2, for synthesis of reference materials see Supplementary Section S4). Confirmation was performed according to criteria set out by the Association of Official Racing Chemists (AORC) for UHPLC retention times and MS/MS transitions (Supplementary Table S6) (Association of Offical Racing Chemist, 2020). Scan MS data showed the expected isotope signatures. Of the three confirmed structures, the first two are known biomarkers of testosterone metabolism in equine and human systems (Piper et al., 2017; Esquivel et al., 2019). The final metabolite 5α-androstane-3β,17α-diol 3-sulfate (3) has not been described in literature or in online data bases such as ChEBI (Hastings et al., 2016). The upregulated nature of these steroid sulfates also support the general idea of perturbation caused by doping with testosterone propionate (Pozo et al., 2010; Scarth et al., 2011; Vimercati et al., 2017). Future directions for this work could aim at identifying the remaining seven putative steroid sulfate metabolites against reference materials. Longitudinal or population studies would also be required to assess the importance of these markers in doping with testosterone propionate.
TABLE 2 | Structures of steroid sulfate metabolites and associated high throughput differential level analysis data from the untargeted profiling (log2 fold change and adjusted p-value). Identified structures were confirmed against synthesized reference materials according to AORC retention time and MS/MS criteria, see Supplementary Table S6.
[image: Table 2]Application 2: Profiling in Sulfatase Treated Human Urine
Hydrolysis is frequently used prior to the analysis of conjugated steroids. In GC-MS analysis, sulfate conjugates are typically hydrolysed to the free steroid and derivatised in analytical workflows, to improve thermal stability and volatility. Hydrolysis is also commonly used in both GC-MS and LC-MS approaches to aid confirmation of metabolites against the more readily available unconjugated steroid reference materials. For sulfated conjugates, hydrolysis is often performed using the commercially available Helix pomatia aryl sulfatase (HpS). However, without extensive purification (Ballet et al., 2018), these crude enzyme preparations are known to contain additional enzyme activities such as glucuronidase, oxidase, and reductase, making it unsuitable for many applications (Gomes et al., 2009). Alternatively, chemical solvolysis can be used as a means of deconjugation, however, this can lead to analyte degradation and increased matrix interference (Gomes et al., 2009). Recently, a new recombinantly expressed and purified arylsulfatase from Pseudomonas aeruginosa has been investigated for the selective hydrolysis of sulfatase esters (Stevenson et al., 2015). Directed evolution was employed to improve the catalytic efficiency of testosterone sulfate hydrolysis, with improvements in substrate scope and thermostability relative to the wild-type (WT-PaS) enzyme also observed (Uduwela et al., 2018). This application sought to compare the performance of a commercially available HpS preparation to three PaS preparations for hydrolysis of urinary sulfates. Two improved mutants PVFV-PaS and LEF-PaS along with WT-PaS were selected for this evaluation, representing different points along the evolutionary pathway (Uduwela et al., 2018).
Profiling the Hydrolytic Activity of Sulfatases in Pooled Human Urine
The workflow described above was used to assess the change in the sulfate metabolome in pooled human urine after incubation with each enzyme preparation. For the hydrolysis study, aliquots of pooled human urine from six healthy people (three females and three males ranging between 20–50 years old) were treated with each enzyme preparation or a control in triplicate and incubated overnight. Enzyme activity was normalized for the hydrolysis of the common p-nitrophenyl sulfate prior to the experiment using recommended pH ranges (Supplementary Table S7) (Stevenson et al., 2015). Following this, samples were extracted and then subjected to the described workflow.
Implementing the analytical workflow resulted in 5,774 features with associated MS/MS data from an initial 15,608 detected features in the pooled human urine. The PCA analysis showed tight grouping of all PaS enzyme mutants, distinct from the control, HpS and pooled QC samples (Supplementary Figure S2) (Broadhurst et al., 2018). k-means clustering resulted in a total of 1,430 putative sulfates (25%) being identified from the 5,774 features (Supplementary Figure S5). In this, sulfate-derived fragment speciation was dominated by the ions m/z 80 (n = 630, 44%) and m/z 97 (n = 550, 38%), with other minor species also observed including neutral loss 80 Da (n = 194, 14%), m/z 81 (n = 52, 4%), neutral loss 98 Da (n = 4, 0.3%) and m/z 96 (n = 8, 1%) (Supplementary Figure S6). In contrast to the equine urine samples this showed (Supplementary Figure S10) a higher proportion of saturated sulfates (m/z 97) than unsaturated sulfates (m/z 80, m/z 81 and 80 Da). The majority of sulfate metabolites (64%) showed two or more sulfate derived fragments on applying a relative abundance threshold of 5% (data not shown).
The differential metabolite level analysis revealed that of the four enzyme treatments, the crude HpS preparation had distinct activity from the three PaS treatments (Figures 4–6). HpS possessed the largest number of significantly changed molecules in both the non-sulfated and sulfated fraction of the urinary metabolome. In the sulfated fraction (Figure 5), HpS had a total of 45% (646/1,430) of total sulfates significantly changed, which contrasts with the three PaS treatments displaying changes ranging from 30 to 34% (WT, 452/1430, PVFV, 433/1430, LEF, 481/1430). In the non-sulfated fraction (Figure 6), HpS resulted in 50.6% (2,202/4344) of molecules undergoing significant change compared to the PaS treatments, 15–20% (WT, 662/4344, PVFV, 710/4344, LEF, 848/4344).
[image: Figure 4]FIGURE 4 | Differential metabolite level analysis for enzyme hydrolysis of pooled human urine. (A) All detected features (n = 5774) in the WT-PaS treated urine relative to a control sample. (B) Sulfate features (n = 1430) in WT-PaS treated sample. (C) All detected features (n = 5774) in the HpS treated urine relative to a control sample. (D) Sulfate features (n = 1430) in HpS treated sample.
[image: Figure 5]FIGURE 5 | Total change in sulfated features for each sulfatase enzyme treatment of pooled human urine. Unchanged sulfated features are represented by “S” where the adjusted p-value > 0.01. Changed sulfated features are represented by “ΔS”, with an adjusted p-value < 0.01. The direction of fold change is indicated by “−” or “+” signs. Values reported as a proportion (%) of total sulfated features (n = 1430).
[image: Figure 6]FIGURE 6 | Total change in non-sulfated features for each sulfatase enzyme treatment of pooled human urine. Unchanged non-sulfated features are represented by NS where the adjusted p-value > 0.01. Changed non-sulfated features are represented by ΔNS, where adjusted p-value < 0.01. The direction of fold change is indicated by “−” or “+” signs. Values reported as a proportion (%) of total non-sulfated features (n > 4344).
In terms of enzyme hydrolysis, both HpS and the PaS enzymes showed a similar proportion (25.5–27.6%, Figure 5) of the sulfated features with a significant negative fold change, consistent with sulfatase enzyme hydrolysis. However, in the case of HpS treatment, this was accompanied by a greater proportion of sulfated features with a positive fold change (Figure 5) as well as a greater proportion of non-sulfated features undergoing both positive and negative fold change (Figure 6), which was inconsistent with simple sulfate ester hydrolysis and suggested significant levels of alternative enzyme activity. For the PaS enzyme treatments 82–87% (WT, 391/452, PVFV, 365/433, LEF, 365/481) of significantly changed sulfated features underwent a negative fold change consistent with enzyme hydrolysis compared to only 63% (394/646) for HpS treated samples (Figure 6 and Supplementary Table S3). Taken together, these observations show similar levels of sulfate hydrolysis for the four enzyme treatments but also clearly show higher selectivity for sulfate hydrolysis by the recombinantly expressed and purified PaS enzymes relative to the HpS crude enzyme preparation.
The substrate scope for each sulfatase treatment was assessed by comparing the sulfate-derived fragment speciation for hydrolysed sulfates. Figure 7 shows the fragment speciation for all hydrolysed sulfates in comparison to the speciation of all detected sulfates (n = 1,430) in pooled human urine. Both enzyme classes displayed a preference for hydrolysis of sulfates, 27–43%, characterised by the neutral loss of SO3 (80 Da), when compared to the total proportion of sulfate species 14%. This may indicate a preference for the hydrolysis of electron deficient unsaturated sulfate esters, such as phenolic sulfates, through a process of bond homolysis (to give •SO3−) followed by electron transfer to give SO3 and the corresponding oxy-anion fragment. There were also distinct differences between the two classes of enzyme treatments. Specifically, the PaS treatments hydrolysed a smaller proportion of saturated sulfates compared to the HpS treatment, as indicated by the proportion of the m/z 97 ion. Within the PaS enzyme classes, there was also a small observed increase in the hydrolysis of saturated sulfates (m/z 97) from the WT-PaS to the LEF-PaS mutant. This trend aligned with the aims of the previous directed evolution study, which sought to improve the catalytic efficiency of the PaS enzyme for the hydrolysis of the saturated alkyl sulfate ester testosterone sulfate (Uduwela et al., 2018).
[image: Figure 7]FIGURE 7 | Speciation (%) of hydrolysed sulfates for each sulfatase enzyme treatment of pooled human urine. Hydrolysed sulfates (significant negative fold-change) for each enzyme treatment (WT, n = 391, PVFV, n = 365, LEF, n = 365, HpS, n = 394) are grouped according to their most abundant sulfate derived transition. This is contrasted with the speciation of all sulfates detected in pooled human urine (n = 1430). Note: neutral loss of 96 Da was not detected in pooled human urine.
Evidence for Glucuronidase Activity in Crude HpS Extract
The results clearly show the HpS enzyme had lower selectivity for the hydrolysis of sulfated metabolites, as a large proportion, 55% (1,214/2,202), of non-sulfated metabolites underwent significant change, Figure 6. A large part of this non-specific activity is attributable to the crude nature of the HpS extract that contains a range of enzyme activities including glucuronidase, oxidase and reductase activities (Stevenson et al., 2015; Ballet et al., 2018; Uduwela et al., 2018).
To investigate the possible glucuronidase activity of the crude HpS extract, a semi-targeted search was adapted in a retrospective fashion on the data acquired for application 2. The search was performed against a list of putative steroid glucuronides either derived from known steroids or from metabolic transformations of testosterone glucuronide, in a similar approach to that adopted in application 1 (Supplementary Table S8). Each of the 1,214 significantly changed non-sulfated features was matched in MS and MS/MS using accurate mass (±5 ppm) and assigned as glucuronides by matching to characteristic MS/MS transitions (Fabregat et al., 2013). These transitions included neutral loss of 194 Da (loss of glucuronic acid) and 176 Da [loss of glucuronic acid–H2O (gluc)], and the fragment ions m/z 175 [(gluc-H)-], m/z 157 [(gluc-H-H2O)-], m/z 113 [(gluc-H-H2O-CO2)-], m/z 85 [(Gluc-H-H2O-CO2-CO)-] and m/z 75 [(HOCH2CO2)-]. Unlike, Fabregat et al. (2013), matching was done at high resolution, allowing for accurate masses to be used in both MS and MS/MS dimensions (Supplementary Table S9).
From this search 96/1,214 molecules were identified as putative steroid glucuronides and had at least two characteristic MS/MS transitions. Of these, 90/96 underwent significant hydrolysis in the HpS treated sample, while none of these 96 molecules underwent hydrolysis in the PaS treatments (Supplementary Tables S8, S10). The hydrolysis of glucuronide metabolites by HpS enzyme was not unexpected, with the product information sheet indicating at least 30 units of β-glucuronidase for every unit of sulfatase activity. Due to this, it has routinely been used in drug metabolism studies in both medical and anti-doping fields due to this broad substrate scope (Houghton and Maynard, 2010; Garg et al., 2018). A four-step purification of the crude HpS extract to generate higher selectivity for sulfate ester hydrolysis has recently been described, and the resulting preparation used to screen for unsaturated sulfate esters in human urine (Ballet et al., 2018). However, this purified HpS preparation is not commercially available. The PaS variants evaluated in this study show high levels of selectivity as expected for recombinantly expressed and purified enzymes and provide a convenient alternative for the study of the sulfated metabolome.
Substrate Selectivity of PaS
To demonstrate the selectivity of the PaS enzymes a targeted GC-MS analysis of free steroids was performed in treated urine (Figure 8, Supplementary Table S11). In this experiment we measured the concentrations of 33 free steroids in pooled human urine after treatment with either the PaS enzymes or with Escherichia coli (E.coli) β-glucuronidase (Supplementary Section S3). This β-glucuronidase was specifically chosen as that mandated for glucuronide deconjugation by the steroid module of the World Anti-Doping Agency athlete biological passport (World Anti-Doping Agency WADA, 2017). The concentration of 14 of these free steroids significantly increased after treatment with the PaS enzymes indicating some level of sulfate conjugation. This included testosterone sulfate that showed expected improvements in hydrolysis in moving from WT-PaS to PVFV-PaS and LEF-PaS mutants. Also, for these 14, the concentration of eight steroids, clustered in blue (Figure 8), showed a greater increase in concentration following PaS hydrolysis than observed for E. coli β-glucuronidase suggesting higher levels of sulfate conjugation. High levels of sulfate conjugation have also recently been reported for a range of circulating vitamin D metabolites (Jenkinson et al., 2021). These results were also compared against those from the metabolic profiling. Using an accurate mass search (m/z ± 5ppm) potential matches were found to each of these eight steroid sulfates in the UHPLC-HRMS/MS data set (Supplementary Table S12). Although the majority of these remain unconfirmed, epiandrosterone sulfate, was matched against an isotope labelled internal standard [epiandrosterone (18O3)-sulfate (S3)] used in the initial metabolic profiling. Epiandrosterone sulfate was found to undergo full hydrolysis for each enzyme treatment (Supplementary Table S13).
[image: Figure 8]FIGURE 8 | Heat map displaying the log2(FC) of the concentration (ng/mL) of 33 free steroids detected in GC-MS when treated with either WT PaS, PVFV PaS, LEF PaS or E. coli β-glucuronidase. The top 6 listed free steroids make up part of the steroid module in the athletes biological passport, all listed steroids are endogenously found in human urine. Adjusted p-values of p < 0.05 is denoted by “*”, and of p < 0.01 is denoted by “**”. Differential metabolite level analysis and the heat map was generated using R.
In this application we have demonstrated the selectivity of the PaS enzymes towards sulfated metabolites when compared to the commercially available crude HpS extract. As recombinantly expressed and purified enzymes, PaS is recommended as a preferred enzyme for studies of the sulfated metabolome. Overall, the results of this study demonstrate the usefulness of untargeted metabolic profiling methods to monitor minute differences in the sulfate metabolome in urine. Its strength lies in the deconvolution of sulfated from non-sulfated metabolites by monitoring sulfate-derived fragment ions.
CONCLUSION
There are several clear pathways forward for this type of untargeted metabolic profiling. Due to its simplicity and relative ease of use it could be employed as a screen to look for new metabolites in applications such as in disease diagnosis or anti-doping. It is also conceivable that similar filters and scripts could be applied to related urinary metabolites such as glucuronides and phosphates, and di-anionic metabolites (McLeod et al., 2017). Limitations of this approach lie with the acquisition speeds of the MS instrumentation and the DDA method. The DDA method suffers from only sampling higher abundance ions per duty cycle, which can lead to missed detection or the misassignment of a molecule.
Overall, we have presented a novel workflow for the untargeted profiling of sulfated metabolites in urine matrices that combines UHPLC-HRMS/MS instrumentation and a new data processing pipeline. This provided a rapid tool for the qualitative assessment of the sulfate metabolome in equine and human urine. In equine urine 215 of 962 putative sulfate metabolites were found to significantly change after testosterone propionate administration in a single horse. Of these, 10 upregulated features were predicted to be steroid sulfate metabolites based on accurate mass searches. The identity of three steroid sulfates were confirmed as testosterone sulfate (1), epiandrosterone sulfate (2), and a new metabolite, 5α-androstane-3β-17α-diol-3-sulfate (3), according to AORC retention time and MS/MS criteria (Association of Offical Racing Chemist, 2020). The profiling method was also used to examine sulfatase activity in pooled human urine. The new workflow identified 1,430 putative sulfated metabolite features in pooled urine from a total of 5,774 features. Qualitatively, it was observed that the three PaS enzymes selectively hydrolysed sulfate esters and may be preferred in applications targeting the sulfate metabolome. Alternative β-glucuronidase activity associated with the HpS enzyme was also demonstrated. The use of our profiling-based approach could be of value in the identification and monitoring of endogenous and exogenous sulfated metabolites in urine.
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For in vitro investigations on human sulfotransferase (SULT) catalyzed phase II metabolism, the costly cofactor 3′-phosphoadenosine-5′-phosphosulfate (PAPS) is generally needed. In the present study, we developed and optimized a new approach that combines SULT-dependent biotransformation using recombinant and permeabilized fission yeast cells (enzyme bags) with PAPS production in situ applying quality by design principles. In the initial application of the procedure, yeast cells expressing human SULT1A3 were used for the production of 4′-hydroxypropranolol-4-O-sulfate from 4-hydroxypropranolol. The optimized protocol was then successfully transferred to other sulfonation reactions catalyzed by SULT2A1, SULT1E1, or SULT1B1. The concomitant degradation of some sulfoconjugates was investigated, and further optimization of the reaction conditions was performed in order to reduce product loss. Also, the production of stable isotope labelled sulfoconjugates was demonstrated utilizing isotopically labelled substrates or 34S-sulfate. Overall, this new approach results in higher space-time yields while at the same time reducing experimental cost.
Keywords: fission yeast, in vitro metabolism, method optimization, PAPS, sulfonation, SULT, quality by design, isotopic labelling
INTRODUCTION
The study of metabolic pathways of drug substances in humans relies both on in vivo and in vitro experiments. After administration drugs are either directly excreted unchanged or metabolized first. The main specimen for excretion of most drugs and metabolites is urine. The parent drugs often show shorter detection windows due to extensive metabolism. Therefore, in toxicological, forensic or doping control analysis metabolites are often used as target analytes in urine samples (Balcells et al., 2017; Esquivel et al., 2019). Even though in vivo techniques are widely applied in anti-doping research, the high expenditure and unpredicted toxicological effect of many prohibited drugs are considerable drawbacks. In the last two decades, modern in vitro techniques became a viable alternative and furthermore a great extension to in vivo studies (Ekins et al., 2000). Moreover, they allow for precise reaction phenotyping. In in vitro studies, tissues or fractions of tissues like liver microsomes or homogenized liver fractions are commonly applied. In recent years, biosynthesis of sulfoconjugates using genetically modified microorganisms has been developed as well (Taskinen et al., 2003; Nishikawa et al., 2018). Metabolism of drug substances occurs in the complementary phases I and II. While enzymes of phase I metabolism transform parent compounds by hydroxylation, oxidation, or reduction, phase II metabolism consists of the attachment of small moieties to the target molecules, thus allowing them to be excreted from the body rapidly and efficiently. The majority of phase II metabolites are glucuronide- or sulfoconjugates. The formation of the latter species is catalyzed by sulfotransferases (SULTs), which for their activity depend on the cofactor 3′-phosphoadenosine-5′-phosphosulfate (PAPS).
For laboratory use PAPS is highly expensive (approx. 286 US$/mg). This fact might contribute to the limited number of sulfonation studies as compared with research on glucuronidation. In biological sulfonation, conversion of inorganic sulfate into the high-energy cofactor PAPS is a prerequisite. In this pathway, adenosine triphosphate (ATP) sulfonation is initially catalyzed by ATP-sulfurylase to generate adenosine-5′-phosphosulfate (APS), which is subsequently phosphorylated by APS kinase to yield PAPS (Burkart et al., 2000). Afterwards, the sulfo-group is transferred from PAPS to the parent drug or its phase I metabolite in a reaction catalyzed by a SULT enzyme. The released 3′‐phosphoadenosine‐5′‐phosphate (PAP) is subsequently dephosphorylated and re‐phosphorylated in several enzymatically catalyzed steps to regenerate ATP (Robbins and Lipmann, 1958). In animal cells, ATP sulfurylase and APS kinase are expressed as a bifunctional enzyme named PAPS synthase (PAPSS), whereas in bacteria, yeasts, fungi, and plants, the two enzymes are generally encoded by separate genes (Besset et al., 2000).
In the budding yeast Saccharomyces cerevisiae ATP sulfurylase and APS kinase are encoded by the genes MET3 and MET14, respectively (Masselot and Surdin-Kerjan, 1977; Cherest et al., 1985; Cherest et al., 1987; Mountain and Korch, 1991). In the fission yeast Schizosaccharomyces pombe there is a MET14 homologue which is predicted to encode a APS kinase (Lock et al., 2019). While this has yet to be demonstrated experimentally, PAPS synthesis in S. pombe as such has already been reported (Song and Roe, 2008). Previously, all 14 human SULTs have been functionally expressed in S. pombe and, moreover, using this microbial host the functionality of SULT4A1 and SULT6B1 was demonstrated for the first time (Sun et al., 2020). In comparison to whole-cell biotransformation, sulfonation of drugs with permeabilized recombinant fission yeast cells (enzyme bags) provided higher sensitivity and shorter reaction times. However, the required PAPS addition makes this approach expensive for extensive substrate screening or for up-scaling of biosynthetic metabolite production. In this study, we investigated the possibility of generating PAPS by endogenous fission yeast enzymes in the presence of (comparatively cheaper) ATP and ammonium sulfate. For this purpose, the experimental conditions were first optimized using SULT1A3 and 4-hydroxypropranolol (4HP) as model compound. Further verification was then performed with several other SULTs and substrates.
MATERIAL AND METHODS
Chemicals and Reagents
Na2HPO4 and CaCl2 • 2 H2O were purchased from Riedel de Haen (Seelze, Germany). KH2PO4, CuSO4 • 5 H2O, H3BO3, potassium hydrogen phthalate, Na2SO4, nicotinic acid, MnSO4 • H2O, and KI were from Merck (Darmstadt, Germany). ZnSO4 • 7 H2O was purchased from Acros (Geel, Belgium). Tris, agar, NH4HCO3, NH4Cl, FeCl3 • 6 H2O, MgCl2 • 6 H2O, glucose, Triton-X100, and biotin were from Roth (Karlsruhe, Germany). Inositol was from Th.Geyer (Berlin, Germany), and MoO4 • 2 H2O was purchased from Alfa Aesar (Kandel, Germany). Dehydroepiandrosterone (DHEA) was obtained from Steraloids (Newport, RI, United States). 4HP, ATP, and citric acid were purchased from Sigma Aldrich (Steinheim, Germany). 7-Hydroxycoumarin (7HC) and formic acid were purchased from TCI (Zwijindrecht, Belgium). 34S labelled (NH4)2SO4 and D9-Salbutamol (D9-SA) were purchased from Sigma-Aldrich (Taufkirchen, Germany), D6-DHEA was obtained from Sigma-Aldrich (Saint Louis, MO, United States). Acetonitrile was from Fischer Scientific (Geel, Belgium), and HCOONH4 was from VWR Chemicals (Damstadt, Germany). Ultrapure water was prepared with a Milli-Q water purification system LaboStar 2-DI/UV from SG Wasseraufbereitung und Regenerierstation GmbH (Barsbüttel, Germany). All other chemicals and reagents used were also of the highest grade available.
Fission Yeast Strains, Media and General Techniques
The recombined fission yeast strains YN3, YN4, YN20, and YN25 used in this project were described before (Sun et al., 2020). The preparation of media and basic manipulation methods of S. pombe were carried out as described (Alfa et al., 1993). Briefly, strains were generally cultivated at 30°C in Edinburgh Minimal Medium (EMM). EMM was prepared with NH4Cl (93.5 mM), glucose (2% w/v), Na2HPO4 (15.5 mM), potassium hydrogen phthalate (14.7 mM) and standard amounts of salt, vitamin and mineral stock solutions. Liquid cultures were kept shaking at 230 rpm.
Biotransformation With Enzyme Bags
This was essentially done as described before (Sun et al., 2020) with slight modifications. Briefly, fission yeast strains were grown in 10 ml liquid culture of EMM at 30°C and 230 rpm for 24 h. Incubation of main cultures in 250 ml Erlenmeyer flasks was performed subsequently. For each assay a certain number of cells were transferred to micro centrifuge tubes or falcons, pelleted and incubated in 0.3% Triton-X100 in Tris-KCl buffer (200 mM KCl, 100 mM Tris-Cl pH 7.8) at 30°C for 60 min at 230 rpm to allow for permeabilization. Cells were then washed thrice with NH4HCO3 buffer (50 mM, pH 7.8) and directly used for SULT-dependent reactions. Enzyme bags were resuspended in 200 µL of aqueous NH4HCO3 buffer (50 mM, pH 7.8) or phosphate buffer (50 mM, pH 7.8) containing PAPS or ATP, ammonium sulfate, magnesium chloride and substrate as indicated. Biotransformations were carried out at 37°C in a shaking incubator (300 rpm). Enzymatic reactions were stopped by short sharp centrifugation at 14,100 rcf for 2 min and 200 µL of sample in 1.5 ml micro centrifuge tubes were directly frozen at –20°C. After defrosting, samples were centrifuged again (14,100 rcf, 2 min). Supernatants were directly analyzed by ultra-high performance liquid chromatography tandem mass spectrometry (UHPLC-MS/MS) or diluted with a mixture of acetonitrile and ultrapure water (50/50, v/v) prior to analysis. Negative control samples were incubated without cofactors (ATP, (NH4)2SO4, and MgCl2) or without cells, respectively.
Multifactorial Optimization
The optimization process was performed applying quality-by-design (QbD) principles. Design of experiments (DoE) was used for multivariate statistical analysis aiming to ensure robust protocol conditions. It started with a broad systematic screening of the influence of several factors on the incubation of 4HP with YN20 (SULT1A3): ATP concentration (1–50 mM, while (NH4)2SO4 concentration was always kept to the half of ATP concentration), incubation time (3–72 h), cell number per incubation, pre-incubation time, and magnesium chloride concentration (1–100 mM) were altered. Results of the pre-screening disclosed some limits and trends of the factors. For further optimization a Box-Behnken design was used to investigate the effect of the five dependent variables in biotransformation and to optimize the experimental conditions to achieve the highest yield. The variables in this design involved ATP concentration (11–20 mM), magnesium chloride concentration (10–100 mM), pre-incubation time (i.e. incubation without substrate for either 0, 3, or 5 h), incubation time (3–24 h), and cell number (either 5 [image: image], 1.25 [image: image], 2.5 [image: image], or 5 [image: image]). Considering the outcome and prediction of pre-screening and first round of optimization two further rounds of fine tuning were performed subsequently. The best conditions of round two and three as well as predicted optimal conditions were then compared as proof of concept and re-evaluated focusing on incubation time in particular. Also, both NH4HCO3 and phosphate buffer systems were evaluated. Product formation was monitored by UHPLC-MS/MS and results of the same analytes were compared via peak area. Statistical data analysis and parts of experimental design were carried out using Minitab (RRID:SCR_014483, Statistical Software, Coventry, United Kingdom) software program.
Biosynthesis of Isotope-Labelled Metabolites and Evaluation of in situ PAPS Generation
D6-DHEA (100 µM) and D9-SA (100 µM) were used as substrates in enzyme bags experiments. Enzyme bags experiments were also carried out with DHEA (100 µM) and SA (100 µM) utilizing (NH4)234SO4 (5.5 mM) and ATP (11 mM) as educts for the cofactor PAPS. Production of labelled sulfoconjugates was monitored by UHPLC-MS/MS.
Degradation Experiments
Degradation of an already sulfonated metabolite in enzyme bags experiment was tested by incubating 7-hydroxycoumarin sulfate (7HCSU) with either YN3 or YN4 for 5 h at 37°C. All experiments were carried out in duplicates.
Optimized Enzyme Bags Biosynthesis
Based on the optimization experiments the final enzyme bag method used 2.5 × 108 precultured and pelleted fission yeast cells that are permeabilized using 200 µL of Triton-X100 [0.3% in Tris-KCl buffer (200 mM KCl, 100 mM Tris-Cl pH 7.8)] at 30°C for 60 min at 230 rpm. After washing with NH4HCO3 buffer (50 mM, pH 7.8, three times) enzyme bags were resuspended in 200 µL of aqueous NH4HCO3 buffer (50 mM, pH 7.8) and supplied with ATP at 11 mM, ammonium sulfate at 22 mM, and magnesium chloride at 20 mM. Following substrate addition (final concentration of 100 µM in incubation solution) mixtures are incubated at 37°C at 300 rpm. Sharp centrifugation at 14,100 rcf for 2 min followed by a freeze-thaw cycle at −20°C and a second centrifugation at 14,100 rcf for 2 min yielded the sulfoconjugates in the supernatant.
UHPLC-MS/MS Instrumentation and Analytical Methods
Separation was conducted on a 1290 Infinity UHPLC System (Agilent Technologies, Waldbronn, Germany) with an Agilent InfinityLab Poroshell 120 Phenyl Hexyl (100 [image: image] 2.1 mm, 2.7 µm) column or an Agilent InfinityLab Poroshell 120 C18-EC (2.1 [image: image] 50 mm, 1.9 µm) column. As mass detector an Agilent 6495 Triple Quadrupole MS/MS was utilized. The details of the chromatographic separation conditions, the MS/MS operating parameters and the transitions for all analytes are listed in the supplemental information (Supplementary Tables S1–S3). Presented peak areas were provided by transitions of highest intensity (quantifier).
Statistical Analysis
All data are presented as mean ± SD. Statistical analysis was done using Origin 2021 (Originlab Corporation, Northampton, MA. United States).
RESULTS
Optimization of Reaction Conditions for Sulfoconjugate Production With Enzyme Bags
Initially, a sulfonation assay of 4HP (for reaction schemes see Supplementary Figure S1) by SULT1A3 (strain YN20) with external PAPS (100 µM) was carried out as described (Sun et al., 2020). For substitution of the cofactor PAPS by ATP and SO42- and optimization of the product yields multifactorial screening supported by Minitab software was started with five factors: ATP concentration, MgCl2 concentration, number of cells, reaction incubation time, and time of preincubation without substrate. Initial results indicated that a reduction of yield was correlated with longer preincubation time (Figure 1). Therefore, later rounds were performed without any preincubation. Two optimization rounds were conducted within a more targeted range of each factor using Box-Behnken design. More specifically, ATP concentrations of 11 mM or 15 mM, cell numbers of 1.25 [image: image], 2.5 [image: image], or 5 [image: image] per assay, MgCl2 concentrations of 10 mM, 20 mM or 30 mM, and incubation times from 5 to 72 h were tested. The optimal conditions obtained were 11 mM ATP, 2.5 [image: image] cells per sample, 20 mM MgCl2, and 5 h incubation time. The experiments under the optimal conditions gave over two times higher peak areas of 4-hydroxypropranolol-4-O-sulfate (4HPSU) in comparison to the initial reaction with external PAPS (Figure 2). Thus, a standard protocol was established which allows substrate sulfonation with human SULTs recombinantly expressed in fission yeast using ATP and (NH4)2SO4 instead of PAPS.
[image: Figure 1]FIGURE 1 | Factorial plots of 4HPSU production with different ATP concentrations (ATP conc), reaction times (Time), MgCl2 concentrations (Mg conc), cells concentrations (Cells conc), and preincubation times (Preincubation time). The peak areas of 4HPSU were obtained in positive ion mode and mean values were calculated by Minitab.
[image: Figure 2]FIGURE 2 | Comparison of the SULT1A3-dependend production of 4HPSU from 4HP under different conditions. A: Peak area of 4HPSU produced with 100 µM PAPS after 3 h incubation; B: Peak area of 4HPSU produced under optimized conditions (11 mM ATP, 20 mM MgCl2, 2.5 × 108 cells per sample, and after 5 h incubation time). Each experiment was done in triplicates. Error bars show the standard deviations.
Evaluation of Optimal Conditions for Additional Substrates and Enzyme Isoforms
As proof of concept the above-mentioned standard protocol developed with the SULT1A3 (YN20) and 4HP was then applied to 7HC, DHEA, salbutamol (SA) and 4HP using various SULTs (Figure 3). Experimental conditions were as follows: 11 mM ATP, 5.5 mM (NH4)2SO4, 100 µM substrate, 20 mM MgCl2, and 2.5 [image: image] cells per sample in NH4HCO3 buffer (pH 7.8). Substrates were incubated with SULTs reported in literature to metabolize the respective substrates (Miyano et al., 2005; Gamage et al., 2006; Ko et al., 2012; Nishikawa et al., 2018). DHEA was transformed to dehydroepiandrosterone sulfate (DHEASU) by SULT1E1 (YN25) and SULT2A1 (YN4). The strain with the latter enzyme provided a higher space-time yield. In case of the substrates SA, 7HC, and 4HP with various enzyme isoforms phenolic sulfonated metabolites were found in all experiments except in incubations of 7HC with SULT2A1 (YN4). The generation of 4HPSU was catalysed by SULT1B1 (YN3), SULT1E1 (YN25), and SULT1A3 (YN20). In same order yields were ascending. SA sulfonation to salbutamol sulfate (SASU) was successfully performed by SULT1A3 (YN20). 7HCSU was generated by SULT1B1 (YN3). Blank incubations served as negative controls. All blank incubations either without cofactors (-CoF) or without cells (-C) did not result in any detection of sulfonated metabolites.
[image: Figure 3]FIGURE 3 | Production of three different sulfoconjugated metabolites by various human SULTs. Experimental conditions are described in the text. Names of fission yeast strain are given in brackets. +: incubation with cells and cofactors—CoF: incubation without cofactors but with cells—C: incubation without cells but with cofactors. (A) Production of DHEASU from DHEA. (B) Production of 7HCSU from 7HC. (C) Production of 4HPSU from 4HP. Each experiment was done in triplicates. (D) Production of SASU from SA.
In the past, recombinant fission yeast strains that express human UDP glucuronosyltransferases were successfully used for the production of stable isotope-labelled glucuronides (Dragan et al., 2010; Buchheit et al., 2011). In order to demonstrate the usefulness of our new protocol for the production of stable isotope-labelled sulfometabolites, biotransformations with D6-DHEA, D9-salbutamol (D9-SA), and (NH4)234SO4 were conducted in the present study (Figure 4 and Figure 5). Non-labelled DHEA or D6-DHEA were subjected to SULT2A1-dependend enzyme bag biotransformations either with (NH4)2SO4 or (NH4)234SO4. Results of UHPLC-MS/MS analysis proved same retention time of DHEASU, D6-DHEASU, and DHEA-34S-SU (Figures 4A,C,E) the respective pattern of mass transitions (Figures 4B,D,F) showed the successful production of non-labelled and isotope-labelled sulfometabolites. The same strategy was performed using non-labelled SA and D9-SA with SULT1A3 (YN20) as well (Figure 5).
[image: Figure 4]FIGURE 4 | UHPLC-MS/MS results of biosynthesis of DHEASU, D6-DHEASU, and DHEA-34S-SU by SULT2A1 (YN4). Product ion spectra generated in ESI− are dominated by the fragment HSO4− (96.9) or H34SO4− (98.9). (A) Chromatogram of DHEASU displaying qualifier transition m/z 367.2 → 96.9; (B) MRM transitions in DHEASU assay (m/z 367.2→366, 367.2→96.9 and 367.2→79.8); (C) Chromatogram of D6-DHEASU displaying qualifier transition m/z 373.2 → 96.9 (D) MRM transitions in D6-DHEASU assay (m/z 373.2→372, 373.2→96.9 and 373.2→79.8); (E) Chromatogram of DHEA-34S-SU displaying qualifier transition m/z 369.2 → 98.9; (F) MRM transitions in DHEA34SU assay (m/z 369.2→368, 369.2→98.9 and 369.2→81.8).
[image: Figure 5]FIGURE 5 | UHPLC-MS/MS results of biosynthesis of SASU, D9-SASU, and SA-34S-SU by SULT1A3 (YN20). Product ion spectra generated in ESI− are dominated by the fragment HSO4− (96.9) or H34SO4− (98.9). (A) Chromatogram of SASU shows ion transition m/z 318.0 → 97; (B) MRM transitions in SASU assay (m/z 318.0→97.0 and 318.0→80.0); (C) Chromatogram of D9-SASU shows m/z 327.0 → 97.0; (D) MRM transitions in D9-SASU assay (m/z 327.0→97.0 and 327.0→79.8); (E) Chromatogram of SA-34S-SU shows m/z 320.0 → 99.0; (F) MRM transitions in SASU assay (m/z 320.0→99.0 and 320.0→82.0).
Further Optimization of Buffer, (NH4)2SO4 and Substrate Concentrations
Unexpectedly, the sulfonation of 7HC by SULT2A1 (YN4) could not be shown using above mentioned conditions, even though the enzyme is known to metabolize this substrate (Nishikawa et al., 2018; Sun et al., 2020). It was suspected that product lability might be a reason. In order to confirm this suspicion, degradation assays were performed. Indeed, the incubation of 7HCSU with enzyme bags generated using YN3 at pH 7.8 led to more than 99% loss of the compound within 5 hours. By contrast, degradation tests in buffer without cells proved good stability of 7HCSU (Supplementary Figure S2). Apparently, there are endogenous fission yeast enzymes which can catalyze a cleavage of this sulfated metabolite.
Further investigations of the degradation of 7HCSU were performed by incubating permeabilized YN3 cells either in NH4HCO3 buffer (at pH 7.8 or 7.4) or in phosphate buffer (at pH 7.8, 7.4, or 6.5). The results showed that in pH 7.8 phosphate buffer 7HCSU displays the smallest amount of degradation (Supplementary Figure S3). With the intention of avoiding total degradation of 7HCSU and increasing sulfonation yield of 7HC by SULT2A1 (YN4), and also with the purpose for exploring the possibility of further optimization of the general protocol, enzyme bag assays were subsequently conducted at higher substrate concentrations (7HC at 100 µM or 1 mM), higher (NH4)2SO4 concentrations (5.5, 22, 33, or 44 mM), and also in phosphate buffer (pH 7.8). The results demonstrated that the peak area of 7HCSU reached the highest levels at 1 mM substrate concentration, while the influence of the (NH4)2SO4 concentration on the yield was minor (Figure 6). The same optimization with higher substrate and ammonium sulfate concentrations was performed for the biotransformation of 4HP with SULT1A3 (YN20) as well. In this case, no particularly obvious differences were found among the different conditions (Supplementary Figure S4).
[image: Figure 6]FIGURE 6 | Influence of (NH4)2SO4 and substrate concentrations on 7HCSU formation from 7HC by SULT2A1. Each experiment was done in triplicates. Error bars show the standard deviations.
Final Protocol
The final protocol (Figure 7) for this sulfonation assay uses 20 mM Mg2+, 11 mM ATP, 5.5 mM SO42-, and 2.5 × 108 cells per incubation in ammonium bicarbonate buffer at pH 7.8 for 5 h at 37°C. In the case of 4HP, the most efficient substrate concentration was 100 µm. Sulfonation of compounds with a low affinity to a SULT can be achieved by enhancing substrate concentration to 1 mM.
[image: Figure 7]FIGURE 7 | Optimized method for sulfotansferase catalyzed metabolite generation including PAPS replacement protocol.
DISCUSSION
In this study, the successful replacement of the SULT cofactor PAPS by ATP and (NH4)2SO4 in a recombinant sulfoconjugate biosynthesis system is reported. While production and regeneration of PAPS were previously described in a chemoenzymatic approach (An et al., 2017), in an enzymatic approach (Burkart et al., 2000), and in liver S9 fraction-based biosynthesis (Weththasinghe et al., 2018), this assay successfully combines both, PAPS (re-)generation and sulfonation of xenobiotics. Multifactorial optimization was performed applying DoE principles using the model substrate 4HP and human SULT1A3, which is expressed by recombinant fission yeast strain YN20 (Figure 1). Compared with the biosynthesis where PAPS was used as cofactor, the optimized method with ATP and (NH4)2SO4 resulted in a more than doubled yield of product (Figure 2). At the same time, the cost per experiment was reduced by a factor of 60. Further optimization was performed using 4HP with SULT1A3 and 7HC with SULT2A1. Permeabilized fission yeast (enzyme bags) assays with PAPS regeneration combine the advantage of high sensitivity and low cost. Small molecules like substrates, cofactors, and products can move in and out of the cells freely. Meanwhile, the enzymes needed for sulfonation remain trapped within the enzyme bags and can therefore be employed to catalyze the reactions of interest.
The concentration of magnesium ions was observed to be one of the most crucial parameters in the optimization process. Magnesium is an essential electrolyte in the human body. As a cofactor, magnesium participates in more than 300 enzyme systems that modulate multiple biochemical reactions in the body (Gröber et al., 2015a). In biological systems that generate PAPS or sulfonated metabolites, magnesium functions as an assistant inorganic ion (Burkart et al., 2000; Weththasinghe et al., 2018). In this study, the concentration of MgCl2 was tested in a range from 1 to 100 mM. Ultimately, 20 mM was found to be the optimal concentration. The results demonstrated that within certain limits, the MgCl2 concentration had an evident impact on the yield of 4HPSU. Although the mechanism of magnesium in biological sulfonation is not yet completely understood, magnesium is reported to be essential for the pathway of PAPS synthesis in S. cerevisiae (Thomas and Surdin-Kerjan, 1997). It is reasonable to assume that magnesium either functions as an enzyme activator or is involved in ATP production within the sulfonation system (Swaminathan, 2003; Gröber et al., 2015b).
By screening several ATP concentrations, it was observed that higher ATP concentrations (≥50 mM) led to a significant decline of yield in sulfonated product formation. As a structural analogue of PAPS, ATP has been reported to competitively inhibit the sulfonation of human M and P phenol sulfotransferase (SULT1A3, SULT1A1) (Rens-Domiano and Roth, 1987; Dooley et al., 1994). This property might be responsible for the effects observed in here as well.
Afterwards, the standard protocol was applied to additional substrates and SULTs (Figure 3). Furthermore, production of stable isotope-labelled sulfometabolites, with D6-DHEA, D9-salbutamol (SA), and (NH4)234SO4 were achieved applying the established protocol as well (Figures 4, 5). The competence of SULT2A1 to sulfonate 7HC was reported by Nishikawa (Nishikawa et al., 2018) and Sun (Sun et al., 2020). However, using our PAPS replacing protocol, the enzymatic activity of SULT2A1 towards 7HC could not be demonstrated under initial standard protocol conditions. A possible reason is a rapid degradation of the product 7HCSU, presumably by cleavage of the sulfate group. Therefore, the degradation of 7HCSU was subsequently investigated in reaction mixtures with and without cells (Supplementary Figure S1). Degradation was only found in assays with cells, which indicated that the degradation of 7HCSU is a result of enzymatical catalysis rather than of chemical instability. Less degradation was observed when phosphate buffer (pH 7.8) was used instead of hydrogen carbonate buffer, which is in line with earlier reports of sulfatase inhibition by phosphate (Lee and Van Etten, 1975; Bostick et al., 1978; Metcalfe et al., 1979). Furthermore, using phosphate buffer higher product yields were obtained with both SULT2A1 and SULT1B1. Therefore, for 7HC sulfonation experiments with enzyme bags, the usage of phosphate buffer (pH 7.8) is superior to that of NH4HCO3 buffer (pH 7.8).
In a previous study by Burkart et al. (2000) the generation of PAPS from ATP and inorganic sulfate was also achieved using genetically modified E. coli. Highest yields were obtained when the sulfate concentration dramatically exceeded that of ATP. Consequently, we increased the (NH4)2SO4 concentration to 44 mM. However, the yield of 4HPSU did not show a significant rise with increasing (NH4)2SO4 concentrations. This might indicate that the concentration of PAPS is not the main limiting factor of 4HPSU yield in this case.
Being a known hydroxysteroid converting SULT, SULT2A1 shows low affinity to phenolic compounds like 7HC (Tibbs et al., 2015), which might explain the lack of sulfoconjugated metabolite in initial experiments. Therefore, the concentration of 7HC was increased to 1 mM to facilitate the enzymatic reaction. A remarkable increase of 7HCSU production (Figure 6) was observed. In this manner, the standard protocol was modified for biotransformation of low affinity substrates in enzyme bags.
The developed assay allows to determine whether a substrate is sulfonated by any one of the 14 human SULTs and also permits a comparison of their sulfonation activity. Due to the fact that the biosynthesized sulfoconjugates are not available as references, a quantitation of the results by UHPLC-MS/MS is not possible. Therefore, metabolite formation rates cannot be given in absolute values in this study.
The successful development of an optimized PAPS replacement protocol (details in Figure 7) provides an economic and efficient way for further research of SULT-depended phase II metabolism pathways of drugs. Bigger scale screening experiments will be performed to demonstrate broad applicability and to further evaluate the possibilities of this great sulfonation technique. The biotechnological generation of sulfonated compounds and metabolites may be achieved on reasonable costs applying this assay.
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Cellular sulfation pathways rely on the activated sulfate 3′-phosphoadenosine-5′-phosphosulfate (PAPS). In humans, PAPS is exclusively provided by the two PAPS synthases PAPSS1 and PAPSS2. Mutations found in the PAPSS2 gene result in severe disease states such as bone dysplasia, androgen excess and polycystic ovary syndrome. The APS kinase domain of PAPSS2 catalyzes the rate-limiting step in PAPS biosynthesis. In this study, we show that clinically described disease mutations located in the naturally fragile APS kinase domain are associated either with its destabilization and aggregation or its deactivation. Our findings provide novel insights into possible molecular mechanisms that could give rise to disease phenotypes associated with sulfation pathway genes.
Keywords: PAPS synthase, sulfation pathways, in-cell spectroscopy, protein folding, stability and aggregation
INTRODUCTION
Sulfation is a highly important biological process where a sulfate moiety from the activated sulfate donor 3′-phosphoadenosine-5′-phosphosulfate (PAPS) is transferred onto acceptor molecules. Adding the negatively charged sulfate group to a hydroxyl-group induces significant changes in the chemical properties of the acceptor molecule with a major impact on their function. It is the sheer variety of sulfated metabolites that makes sulfation impactful on numerous biological systems. Sulfotransferases use activated sulfate to modify proteins, glycans and other biomolecules like steroid hormones (Klassen and Boles, 1997; Strott, 2002; Mueller et al., 2015).
Active PAPS synthase enzymes generate active sulfate in the form of PAPS. In humans, there are two isoforms PAPSS1 and PAPSS2 (van den Boom et al., 2012). Nevertheless, disease-related protein variants have been exclusively reported for PAPSS2.
In a variety of human genetics studies, a total of 65 individuals with various inactivating alleles of the human PAPSS2 gene have been described (Ahmad et al., 1998; Haque et al., 1998; Noordam et al., 2009; Miyake et al., 2012; Iida et al., 2013; Tüysüz et al., 2013; Oostdijk et al., 2015; Handa et al., 2016; Bownass et al., 2019; Eltan et al., 2019; Perez-Garcia et al., 2021). These have been analyzed and summarized recently (Baranowski et al., 2018; Brylski et al., 2019; Paganini et al., 2020). An additional PAPSS2 variant is known for brachymorphic mice (Kurima et al., 1998).
Recently, several studies investigated the essential steps in sulfation pathways, whose malfunction is correlated with disease symptoms (Mueller et al., 2015; Foster and Mueller, 2018). Among these symptoms are bone and cartilage dysplasia (Oostdijk et al., 2015), as well as androgen excess and polycystic ovary syndrome (PCOS) (Noordam et al., 2009; Oostdijk et al., 2015), all caused by point-mutations in the PAPSS2 gene encoding for the PAPS synthase 2 enzyme. These point mutations diminish the enzyme activity and they are mainly located within the kinase domain of PAPSS2 (Kurima et al., 1998; Noordam et al., 2009; Iida et al., 2013).
It is evident that PAPSS2 plays a vital role in skeletal development as well as steroid hormones regulation (Kurima et al., 1998; Noordam et al., 2009; Iida et al., 2013). Kurima and coworkers linked the mutation G78R within the nucleotide kinase domain of the PAPSS2 isoform, with the bone phenotype seen in the brachymorphic mouse (bm) (Kurima et al., 1998). G78R is located in the adenosine-5′-phosphosulfate (APS) kinase domain, close to the ligand-binding site. The mutation causes catalytic inactivation and hence lowered intracellular PAPS availability. As a consequence, bm mice show reduced postnatal growth that was ascribed to under-sulfation of the extracellular matrix; they also show abnormal hepatic detoxification and prolonged bleeding times (Kurima et al., 1998). One of the most prominent roles of sulfation is the modification of glycosaminoglycans (GAGs) by Golgi-residing carbohydrate sulfotransferases (Gesteira et al., 2021). Sulfated GAGs play a vital role in cell signaling to regulate many biochemical processes like cell growth and proliferation, promotion of cell adhesion, anticoagulation and wound repair (Raman et al., 2005; Prydz, 2015). In brachymorphic cartilage, GAGs are found at normal level but significantly under-sulfated, affecting the formation of connective tissue, such as, cartilage (Kurima et al., 1998; Cho et al., 2004).
More recently, Noordam and coworkers reported a case study of a girl with premature pubarche, hyperandrogenic anovulation, very low level of dehydro-epiandrosterone sulfate (DHEAS) and high level of androgen. The steroid sulfation defect of this patient was associated with a T48R mutation found in the APS kinase domain. Due to this mutation, PAPS synthesis is affected, leading to incompetent DHEA inactivation, with the latter resulting in increased levels of androgens causing PCOS-like phenotypes (Noordam et al., 2009). In 2013, Iida and coworkers reported more PAPSS2 mutations (C43Y, L76Q, E183K, V540D) out of which three, C43Y, L76Q and E183K, were found in the APS kinase domain. C43Y and L76Q cause loss of function leading to brachyolmia and abnormal androgen metabolism (Iida et al., 2013).
Eukaryotic cells express another PAPS synthase gene, PAPSS1, that shares 78% identity at the level of amino acid sequence (van den Boom et al., 2012). However, this protein isoform cannot compensate for the loss of the other (Mueller et al., 2018). This lack of compensation raises the question of whether the two isoforms impact differently on subsets of sulfation pathways. Subcellular localization sequences (Schröder et al., 2012) were identified in both PAPS synthases and dimer formation (Sekulic et al., 2007; Grum et al., 2010; Brylski et al., 2019) was observed, both features proposed to be crucial for proper localization and activity of the enzyme. In addition to these physiological aspects, in vitro biophysical studies focused on the stability of PAPS synthases revealed that isoforms of this enzyme are only marginally stable as recombinant proteins (van den Boom et al., 2012). However, PAPS synthase proteins can be stabilized by preferential binding of their substrates to the APS kinase domain, namely PAPS, adenosine diphosphate (ADP) and APS (van den Boom et al., 2012; Mueller and Shafqat, 2013).
Using a recently developed folding sensor of the APS kinase domain of the human PAPS synthase PAPSS2 (Brylski et al., 2021), we investigate how clinically reported single-point-mutations change the in-cell stability of the APS kinase domain and if destabilization could lead to aggregation and thus loss of metabolic activity.
MATERIALS AND METHODS
Construction of PAPSS2 and APSK37 Variants
The pEGFP-C1-PAPSS2 plasmid encoding human full-length PAPSS2b C-terminally fused to an EGFP fluorescent protein (Schröder et al., 2012), was used for DpnI-based site-directed mutagenesis and subsequently for cell counting experiments. To generate the APSK37 sensor, the APS kinase domain of PAPSS2 was PCR-subcloned into a modified pDream2.1 vector with an N-terminal AcGFP1 and a C-terminal mCherry (Ebbinghaus et al., 2010). The APSK enzyme was truncated between the two isoleucine residues I220 and I221, within the flexible linker that connects the kinase and the sulfurylase domains (Harjes et al., 2005). Furthermore, the flexible and disordered N-terminal region, which is known to assist in the dimerization of the protein (Sekulic et al., 2007; Grum et al., 2010), was truncated by 37 amino acids (Δ37). Further, DpnI-based site-directed mutagenesis was used to introduce different disease related point mutations (G78R, L76Q, C43Y and T48R). All constructs were verified by Sanger DNA sequencing.
Cell Culture and Plasmid Transfection
HeLa cells were grown at 5% CO2 at 37°C in DMEM supplemented with 10% FBS, 100 U/ml penicillin and 0.1 mg/ml streptomycin. Cells were passaged at a 1:4 or 1:6 ratios at 80–90% confluence, using trypsin digestion. For transfection, cells were seeded in six-well plates (Sarstedt). Using Lipofectamine 3000 (Thermo Fisher), cells were transfected according to the manufacturers protocol. Concisely, a mixture of 125 µl Opti-MEM (Thermo Fisher) with 2 µg of the respective plasmid DNA and 4 µl P3000 reagents was prepared. After 5 min of incubation, the mixture was transferred to another solution containing 125 µl Opti-MEM supplemented with 4 µl Lipofectamine3000 reagent. Cells were incubated for 6 h after the addition of transfection mixture to the cellular growth medium at 5% CO2, 37°C. The cells were passaged using trypsin digestion and seeded in 35 mm glass bottom dishes (Fluorodish, World Precision Instruments). Cells were grown for 2 days at standard cell culture conditions before imaging.
Sample Preparation
Fast Relaxation Imaging (FReI) was performed with transfected cells grown on 35 mm glass bottom dishes (Fluorodish, World Precision Instruments). Cells were washed with Dulbecco’s Phosphate Buffered Saline (DPBS) (Sigma-Aldrich) after removing the growth medium. 30 µL Leibovitz’s L15 medium supplemented with 30% FBS were sealed between a glass cover slip (Menzel #1.0) with a 120 µm thick imaging spacer (Sigma-Aldrich) and a glass bottom dish with cells.
Fast Relaxation Imaging Measurements
FReI is a combination of wide field fluorescence microscopy with millisecond temperature jumps induced by an IR diode laser (m2k-Laser, 2200 nm). The technique was previously described (Ebbinghaus et al., 2010; Gnutt et al., 2019a). Shortly, fluorescent light was split by a dichroic beam splitter into donor and acceptor signal that was recorded using CCD cameras while the sample is rapidly heated by an IR laser. The temperature sensitive dye Rhodamine B (Sigma Aldrich) was used for the calibration of temperature jumps (Vöpel et al., 2015; Gao et al., 2016; Büning et al., 2017). The heat profile used in this study showed an average temperature increase of 2.2°C per jump at intervals of 50 s, covering a range from 23.0 to 58.2°C in 16 steps. Image acquisition was performed at one frame per second (fps) with LED exposure times typically between 50 and 200 ns. Data was recorded using AxioVision software and the images were processed and analyzed using ImageJ (National Institute of Health, United States) and further evaluated using self-written MatLab (Mathworks) codes and GraphPad Prism 6 (GraphPad).
For data analysis, fluorescence intensities were averaged throughout the cytoplasmic region for each channel individually (Dhar et al., 2011). Further, background subtraction was performed for the individual channels and the ratio of the donor and acceptor channel (D/A) calculated. The changes of D/A ratio upon temperature jump yield information about the associated conformational change. An increase in D/A refers a decrease in FRET that may be attributed to protein unfolding. To analyze the kinetics of protein unfolding, the individual channel intensities were used as D-αA according to (Dhar et al., 2011). To determine the melting point (TM) of the protein, the thermodynamic model introduced as Better thermodynamics from kinetics (Girdhar et al., 2011) was used:
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Where, ∂g1 is pre-factor of the linear Taylor approximation of the two-state populations. ΔT is the amplitude of the temperature jump (set to 2.2°C) and A0 and mA are fitting parameters of the underlying baseline (with mA set to 0).
HEK293 Cell Culture and Wide Field Microscopy
HEK293 cells were cultured in DMEM with high glucose (Gibco, United Kingdom), supplemented with 10% fetal FBS and penicillin/streptomycin at 1%. Cells were passaged at 80–90% confluence, using trypsin digestion. Regular checks ensured that all cells were mycoplasma-free. Cells were seeded 1:8 or 1:10 in culture flasks or maintaining stocks or at 200,000 cells per well into six-well plates with microscopic slides in them. Transfection of these HEK293 cells 24 h after seeding on cover slips was performed using the XtremeGENE HP DNA transfection reagent (Roche, United Kingdom), according to manufacturer’s instructions. Cells were left growing for 24 or 48 h, then washed with ice-cold PBS and incubated with ice-cold methanol, followed by three further washing steps using PBS. Finally, cover slips with cells were mounted on microscopic slides, using fluorescence mounting media, and fixed with nail varnish. The slides were anonymized to enable blind, non-biased analysis. The slides were then viewed under a wide-field fluorescent microscope and scored at least three different sections using a ×20 objective. Cells were imaged with a ×20 objective. The number of speckles per cell was scored in large numbers of cells, in a blinded fashion. As a control, fluorescence intensity was ranked as well (low/medium/high). No correlation was found between fluorescence intensity and number of speckles, suggesting that protein over-expression levels were not linked to the observed patterns of speckles. Significant changes of population of non-speckled cells have been determined using two-way ANOVA with a post-hoc Holm-Sidak’s test correcting for multiple comparisons.
RESULTS
Mutations in APSK37 Reveal Distinct Folding Stabilities
We analyzed the effect of disease-related mutations on the folding stability and aggregation of the APS kinase domain of the bifunctional PAPSS2 protein, using our recently established APSK folding sensor (APSK37) (Brylski et al., 2021). The sensor reports intramolecular FRET between the N-terminal AcGFP1 and the C-terminal mCherry fusion proteins (see Materials and Methods for details).
We analyzed PAPS synthase disease point mutations located in the APS kinase domain to understand whether the phenotypes seen clinically correlate with misfolded, destabilized or inactive protein. Therefore, we created the variants G78R, L76Q, T48R and C43Y within APSK37 (Oostdijk et al., 2015), expressed them in HeLa cells and studied their in-cell protein stability in comparison to the wt protein using Fast Relaxation Imaging (FReI). In FReI, a rapid perturbation of temperature is applied by absorption of infrared light (IR) by the sample (Ebbinghaus et al., 2010; Vöpel et al., 2017; Gnutt et al., 2019b) (Figures 1A,B). Dual-color imaging allows to measure changes in donor-to-acceptor intensity ratio (D/A) (Figure 1C) that display unfolding kinetics and thermodynamics of the protein in the cell (see Materials and Methods for details) (Figure 1D).
[image: Figure 1]FIGURE 1 | In-cell thermal unfolding of APSK37 wt using Fast Relaxation Imaging. (A) Schematic representation of the Fast Relaxation Imaging setup. (B) Induced temperature profile calculated by the calibration procedure published in Büning et al., 2017. (C) Change in fluorescence according to the temperature profile in B of the APSK37 AcGFP1 FRET donor (D) and the mCherry FRET acceptor (A). (D) D/A ratio calculated from the intensity data in (C). The thermal unfolding region is shaded in blue and the calculated TM is displayed by a dash blue line. (E) Crystal structure of the APSK domain of PAPSS2 (PDB:2AX4). Studied mutations are shown as red spheres. ADP/ATP (green) and APS/PAPS (yellow) binding sites are indicated by the substrates surface representation.
A structural analysis of the surface exposure of the disease-related mutants revealed that C43Y, T48R and L76Q are deeply buried in the protein core (solvent accessible surface area (SASA) ≤ 1 Å2) compared to G78R (Kabsch and Sander, 1983; Brylski et al., 2019); all of them located in close proximity in the central beta-sheet of the APSK (Figure 1E).
For APSK37 wt, we observed an increase of the normalized D/A ratio upon IR-laser heating and decrease after returning to the starting temperature (Figure 2A). This behavior is also evident for G78R mutant (Figure 2B), which exhibits an apparent two-state folding behavior as the respective unfolding kinetics can be fitted by a single exponential function. Plotting and fitting the respective amplitudes against temperature (Figures 2C,D) allowed the determination of a TM = 46.1 ± 2.1°C which is similar to wt (48.0 ± 1.7°C) (Figure 2E). Additionally, no significant differences were found with respect to the modified standard state free energies of folding ΔGf0’, suggesting that this mutation does not affect the stability of the protein (Figure 2F).
[image: Figure 2]FIGURE 2 | Thermal unfolding curve APSK37 wt and mutants (G78R). (A) Exemplary temperature induced thermal unfolding curves of wt (data shown from (Brylski et al., 2021)). (B) Exemplary temperature induced thermal unfolding curves of G78R. (C) Exponential unfolding curves of single temperature jumps from panel (B) showing the relaxations kinetics at the respective temperatures. (D) Kinetic amplitudes as a function of temperature to determine the Tm (dashed line). (E) Thermal stability comparison of the mutant G78R with APSK37 wt: Melting points of APSK37 (green) and melting point of G78R (blue) derived from FReI measurrement showing average ± s.d. (F) Folding free energy ∆Gf0’ for both APSK37 wt and G78R mutant with mean ± s.d. There are no statistically significant differences between wt and G78R. Significance were tested via one-way ANOVA with a post-hoc Holm-Sidak test correcting for multiple comparisons (no significant changes observed).
For the mutations C43Y, T48R and L76Q, we did not detect any unfolding transitions, impeding the determination of TM. We rather observed a strong decrease in the D/A ratio (Figures 3A–C) that can be attributed to an increase in FRET by intermolecular energy transfer due to self-association (Ebbinghaus et al., 2010; Büning et al., 2017).
[image: Figure 3]FIGURE 3 | Exemplary temperature-induced thermal unfolding curves of the L76Q, T48RM, and C43Y mutants are visible in Figures 3A–C, respectively.
Self-Association and Aggregation of C43Y, T48R and L76Q
We then investigated if the self-association events observed in FReI result in the formation of microscopically visible aggregates. We monitored their formation by wide-field fluorescence microscopy of EGFP-labeled full-length human PAPS synthase 2 carrying the disease mutants, expressed in HEK293 cells along with PAPSS 2 wt proteins. The cellular distribution pattern of the protein and degree of aggregate formation was scored by classifying individual cells according to the number of speckles that were visible inside each cell (Figure 4A). Figure 4B illustrates the cellular distribution pattern of the protein and the degree of aggregate formation for different mutants compared to PAPSS2 wt. The mutants C43Y, T48R and L76Q caused a higher number of aggregates compared to PAPSS2 wt. The level of aggregate formation of the G78R mutation is not significantly different from wt. Thus, the results show that the self-association of the C43Y, T48R and L76Q APSK37 proteins measured by FReI is in accordance with protein aggregation of the respective mutants in the full-length PAPSS2 protein. On the other hand, the G78R mutant is stable and does not lead to aggregation both in APSK37 and PAPSS2 proteins.
[image: Figure 4]FIGURE 4 | Expression and distribution of recombinant human PAPSS in HEK293 cells. (A) Exemplary fluorescence image of HEK293 cells showing fluorescence spots classified according to three categories. (B) Even distribution; no speckles: grade 1, 1–3 speckles: grade 2, 4–10 speckles: grade 3 and more than 10 speckles or large clumps: grade 4. Data is presented as average ± s.e.m. Cells were counted from four different slides (N = 4) with n > 200 cells in total for each protein variant. Asterisks indicate significant differences of the fraction of cells showing no speckles compared to PAPSS2 wt (*p < 0.05, ***p < 0.001). Additional statistical significance within grade 1 was found between G78R and T48R(***) or G78R and L76Q(*).
DISCUSSION
Generally, proteins with disease-related mutations either show a loss of catalytic function, a gain of toxic function (Winklhofer et al., 2008; De Baets et al., 2015) or a significant loss in stability of the protein leading to misfolding and aggregation (Waters, 2001; Denny et al., 2013; Gandhi et al., 2019). For PAPSS2, many studies have shown that disease-related gene defects cause different forms of bone and cartilage malformation (Kurima et al., 1998; Iida et al., 2013), as a consequence of under-sulfation of extracellular matrix. Dysregulation of steroid metabolism causing an increase in androgen activation is further associated with diseases like PCOS and premature pubarche (Noordam et al., 2009).
The results of this study show that PAPSS2 disease-related mutations cause a destabilization and aggregation of the enzyme in cellular environments for the mutants C43Y, T48R, L76Q. The G78R mutation however shows a folding stability that is comparable to wt, preventing aggregation. Regarding catalysis, Kurima and coworkers have reported that the G78R variant has very little residual APS kinase activity, but the ATP sulfurylase activity was comparable to wt (Kurima et al., 1998). Conformational changes of the APS binding site upon mutation, modifying the interaction between the ATP γ-phosphate group, the magnesium ion and the DGDN-loop can be a potential reason for the catalytic inhibition APS kinase (Kurima et al., 1998). The mutation may not disrupt the native fold, however, a catalytic conversion, for example due to a loss in flexibility within the DGDN-loop, may not be possible anymore.
The mutations C43Y, T48R, and L76Q destabilize APSK37 and lead to aggregation of both APSK37 and full-length PAPS synthase. All three mutations reside in the central β-sheet region of the protein (Figure 1E), suggesting that this is a sensitive region that maintains the native fold and prevents self-association and aggregation. Changes in the protein’s native structure, protein-protein interactions and many other sequential and parallel events can lead to misfolded/unfolded conformations, resulting in aggregation. Protein aggregation is often linked with various pathologies, including neurodegenerative diseases, such as Alzheimer’s, Parkinson’s and Huntington’s. These disease-related aggregates are generally sub-divided into loss-of-function and gain-of- toxic function effects (Ross and Poirier, 2004; Wang, 2005; Soto and Pritzkow, 2018). Indeed, the three above-mentioned PAPSS mutations were previously classified as “missense mutants,” causing its loss of function (Noordam et al., 2009; Iida et al., 2013). Missense mutations in nuclear deubiquitinase BAP1 were previously shown to induce destabilization and aggregation of this enzyme, with the latter being suggested as the main cause of its functional loss (Bhattacharya et al., 2016). In fact, this hypothesis is further supported by our previous studies (Brylski et al., 2021) using an alanine scanning mutagenesis of the substrate binding site of APSK37 in HeLa cells. The results revealed a large range of different in-cell stabilities for the single point mutations (ΔGf0 = −10.7 to +13.8 kJ/mol).
Our results suggest two distinct possible disease mechanisms, one related to misfolding and aggregation, and the other one related to inhibition of catalytic function. However, whether these processes are causal for the different pathologies needs to be elucidated in future studies.
CONCLUSION
So far, many sulfotransferase-related mutations are known to be associated with the sulfation pathway but a lot less is reported for PAPSS. Our results report that PAPSS2 disease-related mutations cause misfolding and aggregation (L76Q, T48R, and C43Y), and inhibition of the catalytic function (G78R). Even though our study showed that the three missense mutants (L76Q, T48R and C43Y) lead to aggregation, the molecular details of this process remains to be explored, particularly putative cytotoxic effects of amyloid formation. Therapeutic approaches against the rare diseases that are associated with these mutations may thus be different, encompassing supplementation of lacking compounds (Klinge et al., 2018) or inhibitors to reduce aggregation (Vöpel et al., 2017).
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Sulfate is an important nutrient that modulates a diverse range of molecular and cellular functions in mammalian physiology. Over the past 2 decades, animal studies have linked numerous sulfate maintenance genes with neurological phenotypes, including seizures, impaired neurodevelopment, and behavioral abnormalities. Despite sulfation pathways being highly conserved between humans and animals, less than one third of all known sulfate maintenance genes are clinically reportable. In this review, we curated the temporal and spatial expression of 91 sulfate maintenance genes in human fetal brain from 4 to 17 weeks post conception using the online Human Developmental Biology Resource Expression. In addition, we performed a systematic search of PubMed and Embase, identifying those sulfate maintenance genes linked to atypical neurological phenotypes in humans and animals. Those findings, together with a search of the Online Mendelian Inheritance in Man database, identified a total of 18 candidate neurological dysfunction genes that are not yet considered in clinical settings. Collectively, this article provides an overview of sulfate biology genes to inform future investigations of perturbed sulfate homeostasis associated with neurological conditions.
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INTRODUCTION
Sulfate is essential for healthy growth and development (Dawson, 2011). Supplied from the diet and catabolism of sulfur-containing amino acids, intracellular sulfate is transformed into 3′-phosphoadenosine 5′-phosphosulfate (PAPS) which is the universal sulfate donor for sulfate conjugation (sulfonation) to a wide range of endogenous and exogenous molecules via sulfotransferases (Mulder and Jakoby, 1990). Sulfonation biotransforms the physiological properties of molecules, including: (i) inactivation of steroids, thyroid hormone and neurotransmitters (Darras et al., 1999; Richard et al., 2001; Dawson, 2012); (ii) detoxification of xenobiotics and certain pharmaceutical drugs (McCarver and Hines, 2002); and (iii) maintenance of tissue structure and function via the sulfate content of glycosaminoglycans (Yamaguchi, 2001). Sulfatases remove sulfate from substrates to maintain the required balance of sulfonated to unconjugated substrates (Hanson et al., 2004). Disturbances in any of these sulfation pathways has the potential for adverse physiological consequences.
In recent years, interest in human sulfate biology has expanded following animal studies that show adverse phenotypes linked to sulfate biology genes (Langford et al., 2017). Neurological dysfunction is one of the most predominant phenotypes linked to disturbances of sulfate biology. This is not surprising when considering that sulfonation biotransforms numerous target molecules in the brain, including inactivation of thyroid hormone, metabolism of neurotransmitters (e.g., serotonin, noradrenaline and dopamine) and modulation of neurosteroid actions on GABAA, N-methyl-D-aspartate (NMDA) glutaminergic and ơ-opioid receptors (Rivett et al., 1982; Kríz et al., 2008). Sulfonation of proteoglycans (e.g., heparan sulfate) and cerebroside sulfate also plays an important role in maintaining the structure and function of brain tissue (Schwartz and Domowicz, 2018). Animal studies have also shown that hyposulfataemia leads to reduced sulfonation capacity and abnormal behavioral phenotypes, including impaired memory, increased anxiety and seizures in mice (Dawson et al., 2003; Dawson et al., 2004; Dawson et al., 2005). More recent studies have shown that reduced transfer of sulfate across the blood-brain barrier of neonatal mice leads to: (i) decreased heparan sulfate levels in the subventricular zone (SVZ) and rostral migratory stream; (ii) impairment in perineuronal net formation (which contains sulfonated proteoglycans) in the hippocampus and somatosensory cortex; (iii) increased neural stem cell proliferation and decreased neuronal maturation in the SVZ; (iv) seizures; and (v) impaired behavioral phenotypes, including impaired long-term spatial memory and defects in social interaction and social memory (Zhang et al., 2020). Despite the diverse roles for sulfate during neurodevelopment, most human sulfate biology genes have not yet been considered in clinical genetics.
To date, 91 genes are known to contribute to maintaining sulfate homeostasis, including those encoding: sulfate transporters; PAPS synthetases and transporters; enzymes in the pathway of sulfate generation; cytosolic and membrane-bound sulfotransferases; and sulfatases (Langford et al., 2017). However, only 24 of these genes are currently considered in clinical genetics, with 16 of those genes linked to neurological dysfunction (Table 1). Animal studies have shown additional sulfate biology genes are linked to adverse neurological phenotypes (Langford et al., 2017), suggesting that the number of clinically reportable genes is currently underestimated. This warrants further investigation into the role of sulfate biology genes in human neurophysiology.
TABLE 1 | Sulfate biology genes that are either clinically reportable or not yet captured in clinical genetics.
[image: Table 1]In this study, we curated the temporal and spatial mRNA expression patterns of all known sulfate biology genes in the developing human fetal brain between 4 and 17 weeks gestation, corresponding to a critical time for nervous system formation in utero. We show moderate to abundant mRNA expression levels of 62 genes, suggesting a critical role of sulfate in early neurodevelopment. Additionally, we collated 18 sulfate biology genes implicated in atypical neurological function from the animal and human research literature which are currently not captured in clinical resources. Overall, these findings provide data for future investigations of sulfate biology genes associated with neurological dysfunction.
SULFATE BIOLOGY GENE EXPRESSION IN HUMAN FETAL BRAIN
We obtained data of gene expression in the human fetal brain from the online Human Developmental Biology Resource (HDBR) Expression (Lindsay et al., 2016) (https://www.hdbr.org/) from 6 November 2021 to 12 January 2022. The HDBR is one of the rare human fetal tissue databases providing gene expression under 8 weeks post-conception compared to other databases (Johnson et al., 2009; Sunkin et al., 2013), which is essential for getting a better understanding of brain development since neurulation starts after 3 weeks post conception (O'Rahilly and Müller, 1994). Taking in account that brain development is dynamic, HDBR reports anatomical regionalisation gene expression results, which is also essential for mapping the differential pattern of gene expression related to selected brain regions compared to using full brain tissues (Ono et al., 2017). Data were available for four brain regions (cerebrum, brainstem, diencephalon and cerebellum) from 4 to 17 weeks post-conception. The gene expression levels for each tissue sample were averaged for each set of technical replicates, and then quantile normalized within each set of biological replicates using limma. Finally, they are averaged for all biological replicates. Specifically, we used transcripts per million (TPM) mapped reads-normalized RNA-Seq data to plot results for each gene. Of the 91 sulfate biology genes, 16 were abundantly expressed (>100 TPM) in at least one brain region at one gestational time point, 46 genes had moderate (>10 to 100 TPM) mRNA expression, and 15 genes had lower (≥0.1 to 10 TPM) mRNA expression levels (Figures 1–4). Fourteen genes (SLC13A1, SLC26A3, SLC26A9, SULT1A4, SULT1C3, SULT2A1, SULT2B1, SULT6B1, CHST4, CHST13, GAL3ST2, HS3ST6, ARSH and ARSJ) had undetectable or negligible (<0.1 TPM) mRNA expression levels (data not shown). The limitations of these data are that mRNA levels may: (i) not be representative of encoded protein level; (ii) not be predictive of functional impact when abnormal, for example altered expression of highly-expressed genes does not necessarily result in a more severe neurodevelopmental phenotype than altered expression of lowly-expressed genes; (iii) be redundant as other family member genes may compensate for altered expression level of a particular gene; (iv) not identify any sex-specific effects as the data are derived from pooled samples, which warrants future investigations to compare sulfate biology gene expression between male and female samples. Furthermore, our focus on genes expressed in the brain doesn’t take into account any of the sulfate biology genes expressed in other tissues that may influence neurodevelopment, such as the thyroid or adrenal gland or testis that could theoretically influence neurodevelopment through endocrine effects. Nonetheless, the temporal and spatial mRNA expression profiles of sulfate biology genes reported in the present study provide information for the next phase of research into understanding the regulation of sulfate homeostasis in the developing brain.
[image: Figure 1]FIGURE 1 | Spatial and temporal mRNA expression of sulfate transporters, PAPS synthetases and transporters, and enzymes in the pathways of sulfate generation in fetal brain regions (A) cerebrum, (B) brainstem, (C) diencephalon, and (D) cerebellum. dpc, days post-conception. TPM, transcripts per million.
Genes Involved in Sulfate and PAPS Supply
Amongst the most abundantly expressed sulfate biology genes at all gestational time points are those involved in: (i) transporting sulfate from circulation to brain across the blood brain barrier (SLC13A4) (Zhang et al., 2020); (ii) the major (CDO1) and minor (CTH) biochemical pathways of sulfate generation (Dawson et al., 2020); and (iii) synthesis (PAPSS1) and transportation (SLC35B2 and SLC35B3) of PAPS (Langford et al., 2017) (Figure 1). SLC13A4 mRNA expression was specifically expressed in the cerebrum, indicating that sulfate transport from circulation likely contributes an important role in sulfate supply in early neurodevelopment. Of great interest are the data showing abundant mRNA expression of those genes involved in pathways of sulfate generation from the sulfur-containing amino acid cysteine. Previous studies suggested that the developing fetus has negligible capacity to generate sulfate, based on low CDO1 and CTH mRNA expression levels in the liver (Gaull et al., 1972; Loriette and Chatagner, 1978). However, a more recent animal study showed the expression of Cdo1 mRNA in the developing mouse fetus from mid-gestation (Rakoczy et al., 2015). The present study shows abundant expression of CDO1, suggesting that the fetal brain most likely generates sulfate, in addition to obtaining sulfate from circulation via SLC13A4. The present study also shows that PAPSS1 is the most abundantly expressed sulfate biology gene in all four selected regions of the fetal brain, suggesting that this gene encodes for the predominant PAPS synthetase in fetal brain tissue, rather than PAPSS2 which is expressed in cartilage and linked to developmental dwarfism disorders (Bownass et al., 2019). In addition, the findings of abundant SLC35B2 and SLC35B3 mRNA expression suggest that PAPS is actively transported in the golgi of fetal brain cells for sulfonation reactions via membrane-bound sulfotransferases. Collectively, these findings of abundant mRNA expression of genes involved in sulfate supply and generation, as well as generation and transport of PAPS, suggest that sulfate has an important physiological role in early fetal neurodevelopment.
Sulfotransferase Genes
There are two classes of sulfotransferases based on their protein sub-cellular localization: (i) cytosolic sulfotransferases which sulfonate neurotransmitters, bile acids, xenobiotics and steroids; and (ii) membrane-bound sulfotransferases that sulfonate proteoglycan and lipid molecules (Gamage et al., 2006). The present study shows abundant mRNA levels of four cytosolic (Figure 2) and 22 membrane-bound (Figure 3) sulfotransferases. SULT4A1 is the most abundantly expressed cytosolic sulfotransferase mRNA in all four fetal brain regions. Whilst the substrate of SULT4A1-mediated sulfonation has not yet been identified, a recent study suggests it plays a role in the regulation of neuronal morphology and synaptic activity (Culotta et al., 2020). Abundant mRNA levels of SULT1E1 and SULT1C4, suggest that these two sulfotransferases, that sulfonate estrogenic compounds (Dawson, 2012), may regulate hormonal signalling pathways during fetal neurodevelopment. Interestingly, SULT1E1 mRNA is mainly expressed in cerebrum, which is a critical region in hormonal regulation due to its development into the thalamic and hypothalamic structures modulating endocrine body system. SULT1A1 mRNA expression was abundant in the cerebrum, with lower levels detected in the other three brain regions. SULT1A1 sulfonates phenolic compounds, and while it has a major role of Phase II metabolism in the liver (Pacifici, 2005), it is also proposed to contribute to the detoxification and clearance of drugs and toxins in the brain (Salman et al., 2009). It is intriguing to see a single burst of abundant SULT1B1, iodothyronine sulfotransferase (Stanley et al., 2005), mRNA expression at 10 weeks post-conception. This time point coincides with the early stage of neuronal migration, a neurodevelopmental process that relies on the action of thyroid hormone which is regulated by SULT1B1-mediated sulfonation (Wang et al., 1998; Morreale de Escobar et al., 2004). In addition to the cytosolic sulfotransferases, the majority of all known membrane-bound sulfotransferases were abundantly expressed (Figure 3), including: carbohydrate sulfotransferases CHST1, CHST2, CHST3, CHST8, CHST10, CHST11, CHST14, and CHST15; galactose 3-O-sulfotransferases GAL3ST3 and GAL3ST4; heparan sulfate 2-O-sulfotransferase HS2ST1; heparan sulfate 3-O-sulfotransferases HS3ST2, HS3ST4, and HS3ST5; heparan sulfate 6-O-sulfotransferases HS6ST1, HS6ST2 and HS6ST3; heparan N-deacetylase/N-sulfotransferases NDST1 and NDST; tyrosylprotein sulfotransferase TPST1; and uronyl 2-sulfotransferase UST. Overall, these findings suggest the sulfonation of numerous substrates in the developing fetal brain.
[image: Figure 2]FIGURE 2 | Spatial and temporal mRNA expression of cytosolic sulfotransferases in fetal brain regions (A) cerebrum, (B) brainstem, (C) diencephalon, and (D) cerebellum. dpc, days post-conception. TPM, transcripts per million.
[image: Figure 3]FIGURE 3 | Spatial and temporal mRNA expression of membrane-bound sulfotransferases in fetal brain regions (A) cerebrum, (B) brainstem, (C) diencephalon, and (D) cerebellum. dpc, days post-conception. TPM, transcripts per million.
Sulfatase Genes
The removal of sulfate from lipids, glycosaminoglycans and steroids is mediated by sulfatases (Hanson et al., 2004), of which nine are abundantly expressed in the fetal brain (Figure 4). This is relevant to sulfatases that target a range of substrates in the central nervous system, including sulfoglycolipids (ARSA), proteoglycans (ARSB, ARSK, GNS, IDS, SULF1 and SULF2) and steroids (STS). With the exception of STS, all of these sulfatase genes were expressed in all four brain regions over the 4–17 weeks gestational period. STS mRNA level is low in cerebrum when compared to brainstem, diencephalon and cerebellum, suggesting that steroid activity is spatially confined to the latter three brain regions during early neurodevelopment. SULF1 and SULF2 mRNA, highly expressed in developing fetal brain, lead to the formation of enzyme removing 6-O-sulfate groups of proteoglycans and modulating morphogen Shh gradient during embryonic development. By modifying the Shh gradient in the embryo, the regulation of motorneuron to oligodendrocyte precursor cell fate change is significantly affected in the developing ventral spinal cord (Jiang et al., 2017). The present study also shows abundant sulfatase modifying factor 2 (SUMF2) mRNA levels in comparison to low SUMF1 mRNA levels, indicating that SUMF2 is the major sulfatase regulating factor in early fetal brain tissue. There were short bursts of increased ARSI, GALNS and SGSH mRNA expression that were spatially enriched, suggesting a localized and temporary requirement for these glycosaminoglycans metabolizing sulfatases. Taken together, the abundant mRNA expression of numerous sulfatases indicates an active process of regulating sulfate content in the developing fetal brain.
[image: Figure 4]FIGURE 4 | Spatial and temporal mRNA expression of sulfatases and sulfatase modifying factors in fetal brain regions (A) cerebrum, (B) brainstem, (C) diencephalon, and (D) cerebellum. dpc, days post-conception. TPM, transcripts per million.
CANDIDATE NEUROLOGICAL DYSFUNCTION SULFATE BIOLOGY GENES
Despite the mRNA expression of 62 sulfate biology genes in the fetal brain (Figures 1–4), only 12 of these genes are considered for neurological dysfunction in routine clinical genetics (Table 1). As an approach to inform clinical geneticists and potentially expand the list of clinically reportable genes, we undertook a systematic online search (10–23 September 2021). We used PubMed and Medline to identify sulfate biology genes reported to be associated with atypical neurological phenotypes in humans using the search terms: (“brain” or “cerebellum” or “cerebral” or “neurodevelop”) and (“gene” or “dna” or “gene expression regulation” or “gene expression” or “gene genetic regulation”) and (“sulphate” or “sulfate” or “SO4”). We included articles that associated any of the sulfate biology genes with neurological conditions. All references used in this study were peer-reviewed research articles published in English between January 2001 and September 2021. In addition, we used OMIM (https://www.ncbi.nlm.nih.gov/omim/?term=) to expand our search prior to 2001 and to include any research articles not captured in our literature search. Overall, our research literature and OMIM searches identified 42 research articles that report the involvement of sulfate biology genes in neurological dysfunction.
From the curated list of research articles, we identified 18 candidate neurological dysfunction genes that are not yet clinically reportable (Table 2). Ten of these genes were reported from animal studies (SLC13A1, SLC13A4, SLC35B2, CDO1, CHST12, CHST15, NDST2, NDST3, SULF2 and UST), 2 from human and animal studies (ARSG and SULF1) and 6 from human research studies (SQOR, TST, SULT4A1, CHST10, HS6ST2 and ARSK). Thirteen of these genes are abundantly expressed in the human brain between 4 and 17 weeks gestation, whereas SQOR, CHST12, NDST2 and ARSG are expressed at low level (Figures 1–4) and SLC13A1 mRNA level is negligible (data not shown). The SLC13A1 gene is primarily expressed in the proximal tubule of the kidney where it mediates sulfate reabsorption (Ullrich and Murer, 1982; Lee et al., 2005). Disruption of human SLC13A1 and mouse Slc13a1 causes renal sulfate wasting and hyposulfataemia, which is proposed to reduce sulfate supply to the brain (Dawson et al., 2003; Bowling et al., 2012). Sulfide:quinone oxidoreductase (SQOR) is an enzyme in the minor pathway of sulfate generation (Dawson, 2013) and its loss leads to excess hydrogen sulfide levels that cause encephalopathy and Leigh disease (Friederich et al., 2020). Individuals with SQOR mutations first present with coma in early childhood (Friederich et al., 2020), suggesting a physiological role for SQOR in the brain beyond the 17-week gestational end point used to assess gene expression in the present study. Increasing CHST12, NDST2 and ARSG mRNA levels in brain at developmental ages beyond 17 weeks gestation (Humphries et al., 1998; Hiraoka et al., 2000; Khateb et al., 2018), also explains their low mRNA levels presented in this study. Nonetheless, the 18 genes listed in Table 2, warrant further research to determine whether these candidate neurological dysfunction genes are to be considered in clinical genetics.
TABLE 2 | Neurological phenotypes reported for sulfate biology genes that are not yet captured in clinical genetics.
[image: Table 2]SUMMARY
In this study, we show the moderate to abundant mRNA expression of 62 sulfate biology genes in the human fetal brain between 4 and 17 weeks post-conception, a critical period in nervous system formation. This relatively large number of genes highlights the physiological relevance of sulfate in neurodevelopment and is a testament to the genetic complexity of maintaining sulfate homeostasis. However, sulfate biology is underappreciated in clinical settings, with only 12 genes routinely considered for certain neurological conditions. Our finding of an additional 18 genes reported in the research literature with neurological dysfunction, warrants future studies to validate the pathogenetics of these genes in human brain. Expanding the list of clinically reportable sulfate biology genes has the potential for improved genetic counselling, and potentially for developing therapeutic approaches towards clinical treatments. Overall, this study curated a list of sulfate biology genes involved in early brain development that provide information for future research of the physiological roles and regulation of sulfate homeostasis in human brain.
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In addition to the endocrine and paracrine systems, peripheral tissues such as gonads, skin, and adipose tissue are involved in the intracrine mechanisms responsible for the formation of sex steroids via the transformation of dehydroepiandrosterone and dehydroepiandrosterone sulfate (DHEA/DHEAS) into potent androgenic and estrogenic hormones. Numerous studies have examined the relationship between overweight, central obesity, and plasma levels of DHEA and DHEAS. The sodium-dependent organic anion transporter Soat (Slc10a6) is a plasma membrane uptake transporter for sulfated steroids. Significantly increased expression of Slc10a6 mRNA has been previously described in organs and tissues of lipopolysaccharide (LPS)-treated mice, including white adipose tissue. These findings suggest that Soat plays a role in the supply of steroids in peripheral target tissues. The present study aimed to investigate the expression of Soat in adipocytes and its role in adipogenesis. Soat expression was analyzed in mouse white intra-abdominal (WAT), subcutaneous (SAT), and brown (BAT) adipose tissue samples and in murine 3T3-L1 adipocytes. In addition, adipose tissue mass and size of the adipocytes were analyzed in wild-type and Slc10a6−/− knockout mice. Soat expression was detected in mouse WAT, SAT, and BAT using immunofluorescence. The expression of Slc10a6 mRNA was significantly higher in 3T3-L1 adipocytes than that of preadipocytes and was significantly upregulated by exposure to lipopolysaccharide (LPS). Slc10a6 mRNA levels were also upregulated in the adipose tissue of LPS-treated mice. In Slc10a6−/− knockout mice, adipocytes increased in size in the WAT and SAT of female mice and in the BAT of male mice, suggesting adipocyte hypertrophy. The serum levels of adiponectin, resistin, and leptin were comparable in wild-type and Slc10a6−/− knockout mice. The treatment of 3T3-L1 adipocytes with DHEA significantly reduced lipid accumulation, while DHEAS did not have a significant effect. However, following LPS-induced Soat upregulation, DHEAS also significantly inhibited lipid accumulation in adipocytes. In conclusion, Soat-mediated import of DHEAS and other sulfated steroids could contribute to the complex pathways of sex steroid intracrinology in adipose tissues. Although in cell cultures the Soat-mediated uptake of DHEAS appears to reduce lipid accumulation, in Slc10a6−/− knockout mice, the Soat deletion induced adipocyte hyperplasia through hitherto unknown mechanisms.
Keywords: SOAT, Slc10a6, DHEAS, transport, knockout mouse, 3T3-L1, adipocytes, adipogenesis
INTRODUCTION
Steroid hormones play a vital role in the regulation of many physiological processes, including mineral and glucose homeostasis and sexual differentiation. In addition to gonadal steroid secretion, humans and other species have evolved intracrine mechanisms of androgenic and estrogenic steroid formation in peripheral tissues such as skin and adipose tissue (Labrie et al., 1991, Labrie et al., 2005; Dhatariya and Nair, 2003; Nawata et al., 2004). The sulfated form of dehydroepiandrosterone (DHEA), namely, DHEAS is the most abundant circulating steroid hormone in humans and is secreted exclusively by adrenal glands. The precursor hormone DHEAS acts as a large reservoir for the synthesis of potent androgens and estrogens in peripheral tissues (Labrie et al., 1991, Labrie et al., 2005), which naturally possess the enzymatic machinery to transform DHEAS into active sex steroids (Killinger et al., 1995; Labrie et al., 2001). The plasma levels of DHEA and DHEAS decrease with aging in both men and women (Labrie et al., 2003). Furthermore, a reduction in DHEA and/or DHEAS levels has been linked to age-related conditions such as cardiovascular disease (Wu et al., 2017), prostate and breast tumors (Zumoff et al., 1981; Schwartz et al., 1986; Stahl et al., 1992), immune deficiency (Casson et al., 1993), poor mental health (Haren et al., 2007; Wong et al., 2011), and insulin resistance. Low serum levels of DHEAS have also been associated with rheumatoid arthritis (Deighton et al., 1992) and with certain features of obesity, such as high body mass index (Tchernof et al., 1995), central fat accumulation (De Pergola et al., 1991, De Pergola et al., 1996), and the increase in visceral fat in men and waist-to-hip ratio in women (Hernández-Morante et al., 2008; Sayın et al., 2020). These correlations remained significant after adjustment for age. Interestingly, in vitro studies on adipocytes have revealed the stimulatory effect of DHEAS on lipolysis, suggesting that elevated levels of DHEAS negatively influence lipid accumulation (Hernández-Morante et al., 2008).
Clinical trials have also demonstrated that the administration of DHEA has beneficial effects on several obesity-associated pathologies, including improving insulin resistance and glucose metabolism in type 2 diabetic patients, decreasing body fat mass, and even decreasing abdominal visceral and subcutaneous fat in elderly men and women (Nestler et al., 1988; Yen et al., 1995; Morales et al., 1998; Yamaguchi et al., 1998; Villareal and Holloszy, 2004; Weiss et al., 2011). Moreover, in rat and mouse studies, DHEA or DHEAS treatment reduced body weight gain, lipid accumulation, number of fat pads, body fat percentage, and adipocyte levels (Tagliaferro et al., 1986; Muller and Cleary, 1985; Lea-Currie et al., 1997a, Lea-Currie et al., 1997b). In addition, DHEAS was found to reduce adipocyte hyperplasia in rats on a high-fat diet (Lea-Currie et al., 1997b). Furthermore, in vitro DHEA decreased the proliferation of preadipocytes and reduced their differentiation into mature adipocytes (Gordon et al., 1986; Shantz et al., 1989; Lea-Currie et al., 1998).
DHEAS is negatively charged at physiological concentrations and, therefore, cannot enter cells by diffusion, which is a key point that has not been sufficiently considered in these studies. Specific uptake transporters are required to transport DHEAS from the extracellular to intracellular compartment. The steroid sulfate uptake transporters belonging to the solute carrier families of organic anion transporting polypeptides (OATPs) and organic anion transporters (OATs) all represent multispecific carriers (Roth et al., 2012). However, the sodium-dependent organic anion transporter SOAT (gene symbol SLC10A6 in humans and Slc10a6 in animals) that belongs to the solute carrier family SLC10 is a specific uptake transporter for sulfated steroid hormones. DHEAS, 16α-hydroxy-DHEAS, pregnenolone sulfate, 17α-hydroxypregnenolone sulfate, androstenediol-3-sulfate, epiandrosterone-3β-sulfate, androsterone-3α-sulfate, testosterone-17β-sulfate, epitestosterone-17α-sulfate, 5α-dihydrotestosterone sulfate, estrone-3-sulfate, and 17β-estradiol-17-sulfate, representing the physiologically most relevant sulfated steroids, all have been identified as SOAT substrates (Geyer et al., 2004, Geyer et al., 2006, Geyer et al., 2007; Fietz et al., 2013; Schweigmann et al., 2014; Grosser et al., 2018). After their cellular uptake through SOAT/Soat transporters and intracellular desulfation by steroid sulfatase (STS), these sulfated steroids contribute to the steroid regulation of peripheral tissues such as adipose tissue or skin in an intracrine manner (Reed et al., 2005; Labrie et al., 1991, Labrie et al., 1998, Labrie et al., 2005). SLC10A6 mRNA is highly expressed in the testes, pancreas, placenta, breast, lung, heart, skin, vagina, and kidney in humans (Geyer et al., 2007; Fietz et al., 2013). According to data from the Human Protein Atlas (2022), SOAT protein is present in the breast, bronchus, cervix, esophagus, nasopharynx, oral mucosa, prostate, skin, stomach, tonsil, and vagina, all at medium score expression levels. In addition, SOAT protein is highly expressed in various breast pathologies, including ductal hyperplasia, intraductal papilloma, and intraductal carcinoma (Karakus et al., 2018). In mice, the expression of Slc10a6 mRNA has been detected in the lungs, testes, heart, bladder, pancreas, gall bladder, and skin. Furthermore, by immunohistochemistry, Soat protein was localized in bronchial epithelial cells of the lung, in primary and secondary spermatocytes, in the round spermatids within the seminiferous tubules of the testis, in the epidermis of the skin, and in the urinary epithelium of the bladder (Grosser et al., 2013). In a recent study, Slc10a6 mRNA was among the most strongly induced transcripts in mice exposed to lipopolysaccharide (LPS), suggesting that Slc10a6 represents an inflammation-responsive gene (Kosters et al., 2016).
Based on these previous findings, the present study aimed to extend our knowledge of the role of Soat in adipogenesis by investigating the mRNA and protein expression pattern of Slc10a6/Soat in adipocytes. The experiments were performed in vivo in Slc10a6−/− knockout and wild-type mice and in LPS-treated mice and in vitro using the 3T3-L1 adipocyte cell line.
MATERIALS AND METHODS
Materials
All chemicals, unless otherwise stated, were obtained from Sigma-Aldrich (Taufkirchen, Germany).
Cell Culture
Murine 3T3-L1 preadipocytes were cultured at 37 °C and 5% CO2 in DMEM (Dulbecco’s modified Eagle medium, Biochrom AG, Berlin, Germany) supplemented with 10% newborn calf serum (NCS; Sigma-Aldrich) and 1% penicillin/streptomycin (PAN-Biotech, Aidenbach, Germany). At confluence, the cells were differentiated into mature adipocytes by culturing in DMEM/F12/glutamate medium (Lonza, Basel, Switzerland) supplemented with 20 μM 3-Isobutylmethylxanthine (Serva, Heidelberg, Germany), 1 μM corticosterone, 100 nM insulin, 200 μM ascorbate, 2 μg/ml apo-transferrin, 5% fetal calf serum (FCS, PAN-Biotech), 1 μM biotin, 17 μM pantothenate, 1% penicillin/streptomycin, and 300 μg/ml Pedersen fetuin (MP Biomedicals, Illkirch, France) (Zaitsu and Serrero, 1990; Bachmeier and Löffler, 1994) for 9 days using a slightly modified protocol as reported previously (Hochberg et al., 2021). The cell cultures were supplemented with adipogenesis-inducing medium (AIM) from day 0 to day 8 of differentiation, when the cell culture medium was switched to serum-free conditions (with increased insulin supplementation to a concentration of 1 μM). On day 9, the mature adipocytes were switched to serum-free DMEM/F12/glutamate-medium lacking insulin for 3–5 h. With the start of the simulation experiments, the cells were supplied with a fresh serum-free medium. The cell phenotypes were established by light microscopy as having the appearance of extensive accumulation of lipid droplets. The mature adipocytes on day 9 of differentiation were used for stimulation experiments after overnight incubation under serum-free culture conditions.
Real-Time PCR Analysis
The cells were stimulated with 10 ng/ml LPS (Sigma-Aldrich) for different periods of time. The cells were harvested and total mRNA was extracted using the Maxwell RSC simplyRNA Tissue Kit (Promega). Complementary DNA (cDNA) was synthesized from 1 μg total RNA using 8 μL of RT-mix SuperScript III Reverse Transcriptase (18080044, Invitrogen, Darmstadt, Germany). For quantitative analysis of the expression of the Slc10a6, Slco1a1, Slco1a4, and Slco1b2 mRNA transcripts, gene-specific TaqMan Gene Expression Assays Mm00512730_m1, Mm01267415_m1, Mm00453136_m1, and Mm00451510_m1 (Thermo Fisher Scientific, Waltham, Massachusetts, United States) were used, respectively. The Mm99999915-g1 assay (Thermo Fisher Scientific) was used for the control amplification of glyceraldehyde-3-phosphate dehydrogenase (Gapdh). In the case of Slco2b1 mRNA, real-time PCR was performed using the fluorescent dye SYBR Green PCR Master Mix (PowerUp SYBR Master Mix A25742, Thermo Fisher Scientific) and the following primers: Slco2b1 forward 5′-AGT TTG AGC AGG GCT TCT ACC-3′ and Slco2b1 reverse 5′-CTG TGA CAT AGG ACA AAG AAC TTG A-3’. The results were normalized to the mRNA expression of Gapdh (forward primer 5′-ACG GGA AGC TCA CTG GCA TG-3′ and reverse primer 5′-CCA CCA CCC TGT TGC TGT AG-3′). A standard curve analysis with these primer pairs revealed r2 of 0.999 and PCR efficiency of 106.6% for Slco2b1 and r2 of 0.999 and PCR efficiency of 99.6% for Gapdh. The TaqMan expression assay efficiencies were as follows: r2 of 0.998 and PCR efficiency of 97.2% for Slc10a6, r2 of 0.994 and PCR efficiency of 96.5% for Slco1a1, r2 of 0.996 and PCR efficiency of 103.6% for Slco1a4, r2 of 0.991 and PCR efficiency of 98.7% for Slco1b2, and r2 of 0.997 and PCR efficiency of 98.5% for Gapdh. Real-time amplification was performed on an Applied Biosystems 7300 Real-Time PCR System in 96-well optical plates using 5 µL cDNA, 1.25 µL TaqMan Gene Expression Assay, 12.5 µL TaqMan Universal PCR Master Mix, and 6.25 µL water in each 25 µL reaction. The plates were heated for 10 min at 95 °C, and then 40 cycles of 15 s at 95 °C and 60 s at 60 °C were applied. All data were expressed as fold changes using the 2−ΔΔCt method with the calibrator indicated in the Figure legends. In the case of carrier expression profiling, ΔCt values are presented.
Immunofluorescence
The cells were grown on poly-l-lysine–coated 8-well μ-slides (80826, IBIDI, Gräfelfing, Germany). After 48 h, the cells were incubated with or without 10 ng/ml LPS for 24 h and, afterward, were fixed with 2% paraformaldehyde (PFA) and blocked with blocking buffer containing 1% bovine serum albumin and 4% goat serum in phosphate-buffered saline (PBS, containing 137 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4 (Roth), 7.3 mM Na2HPO4 (Roth), pH 7.4) for 30 min at room temperature. Then, 3T3-L1 cells were incubated at 4°C overnight with an antibody against murine Soat329-344 (1:500 dilution, Eurogentec, Seraing, Belgium), followed by labeling with the secondary antibody Alexa Fluor 488 goat anti-rabbit (1:800 dilution, A-11008, Invitrogen) and the nuclear marker Hoechst 33342 (1:5000, H1399, Invitrogen). Cell imaging was performed at room temperature on an inverted Leica DM5500 fluorescence microscope (Leica Microsystems, Wetzlar, Germany).
Oil Red O Staining and the Triglyceride Assay
During adipocyte differentiation (days 0–9), the cells were treated with 1 µM DHEA, 100 nM testosterone, 10 µM DHEAS, 10 µM STX64, or 1 µM flutamide in the presence or absence of LPS (10 ng/ml) in 6-well plates. The cells were then washed with cold PBS and fixed with 4% formalin (v/v) for 30 min. After Oil Red O staining, the cells were photographed using a phase-contrast microscope (DMi1, Leica Microsystems) at ×10 magnification. For quantitative measurement of lipid accumulation, the stained cells were dried, Oil Red O was extracted in isopropanol, and absorbance was determined at 520 nm using a microplate reader.
Sample Preparation From Mouse Tissues
Male C57BL/6 wild-type mice (age 8–12 weeks, bred on standard chow) received an intraperitoneal injection of 1 μg LPS per animal after overnight fasting. The control animals received intraperitoneal injections of the corresponding volume of H2O instead of LPS. The mice were euthanized for organ and tissue resection 2 h after injections. Epididymal (intra-abdominal) and subcutaneous adipose tissue specimens were resected and shock-frozen in liquid nitrogen for subsequent analysis of mRNA expression. Animal experiments were performed at the University of Regensburg, Germany, and all the animal studies were approved by the local government agency (approval no. 54-2532, 1.14/10). Furthermore, the organ samples were obtained from wild-type (WT) and Slc10a6−/− knockout mice after anesthesia with ketamine (120 mg/kg) and xylazine (16 mg/kg) and exsanguination by heart puncture. These experiments, including euthanasia and tissue preparations, were approved by the local regulatory authority (Regierungspräsidium Giessen) with the reference number V54-19 c 20 15 h 02 GI 20/23 Nr. A8/2013.
Immunofluorescence Analysis on Tissue Sections
For histological analyses, the tissue samples from WT and Slc10a6−/− knockout mice were fixed for 10 min in 4% PFA and embedded in Tissue-Tek O.C.T. (Sakura Finetek Germany GmbH, Staufen, Germany). The fixed sections were permeabilized, blocked with 5% goat serum in PBS-TritonX-100 (0.1%), and incubated with the primary Soat antibody (mSoat329-344, 1:400 dilution, Eurogentec) overnight at 4°C. Subsequently, the tissue sections were incubated with the secondary antibody Alexa Fluor 488 goat anti-rabbit (1:800 dilution, A-11008, Invitrogen). The slides were counterstained with Hoechst 33342 and analyzed on a Leica DM5500 B microscope. The captured images were analyzed with Leica Fluorescence Workstation LAS AF 6000 software (Leica Microsystems).
Measurement of Adipocyte Size
The adipose tissues from WT and Slc10a6−/− knockout mice were fixed in 10% formalin and processed for paraffin embedding. Paraffin tissue sections were cut into 3.5-µm slices and processed for hematoxylin and eosin (H&E) staining. For quantification of the size of the adipocytes, six tissue sections of each group were selected and photographed using the DMi1 microscope (Leica Microsystems) at ×10 magnification. Finally, the adipocyte size was quantified using Fiji which is ImageJ software with the add-on Adiposoft plugin (NIH, Bethesda, MD, United States).
Quantification of Adiponectin, Resistin, and Leptin Concentrations in Mice
Concentrations of the adipokines adiponectin, resistin, and leptin were measured in the serum of WT and Slc10a6−/− knockout mice in duplicate by ELISA (DuoSet ELISA development systems, R&D Systems, Wiesbaden, Germany). The measurements were repeated for samples exceeding an intra-duplicate variation of 20%.
Statistical Analysis
All graphs and calculations were prepared using GraphPad Prism software 6.07 (GraphPad Software, La Jolla, CA, United States). Student’s unpaired t-test and one-way ANOVA with Tukey’s multiple comparison tests were performed to determine statistical significance. All data were expressed as mean ± standard deviation (SD). P < 0.05 was considered statistically significant.
RESULTS
Soat Expression in Adipose Tissue
To explore the role of Soat in intracrine steroid production in peripheral tissues, a Slc10a6−/− knockout mouse model was established in a previous study by our group (Bakhaus et al., 2018). In the present study, the expression of Soat protein was investigated in adipose tissues, namely, in white intra-abdominal adipose tissue (WAT), subcutaneous adipose tissue (SAT), and brown adipose tissue (BAT) from WT and Slc10a6−/− knockout mice. As shown in Figure 1, Soat is abundantly expressed in WAT (Figure 1A), SAT (Figure 1B), and BAT (Figure 1C) in WT mice. As expected, no Soat immunoreactivity was observed in the Slc10a6−/− knockout mice, which clearly indicated the specificity of the anti-Soat antibody.
[image: Figure 1]FIGURE 1 | Soat expression in mouse adipose tissues. Immunostaining of the Soat protein in WAT (A), SAT (B), and BAT (C) of wild-type and Slc10a6−/− knockout mice with the anti-Soat antibody (green). Scale bar: 100 µm. Blue: nuclear counterstaining with Hoechst 33342. WT, wild type; WAT, white adipose tissue; SAT, subcutaneous adipose tissue; BAT, brown adipose tissue.
Adipose Tissue Morphology and Serum Adipokine Levels in Slc10a6−/− Knockout Mice
A closer analysis of body weight, adipose tissue weight, and adipocyte size was then carried out in groups of 10 WT (four female and six male) mice and 10 Slc10a6−/− knockout (four female and six male) mice. All were derived from het × het breeding and were genotyped as previously reported (Bakhaus et al., 2018). All mice were fed ad libitum. As indicated in Figure 2A, all mice showed comparable body weight. WAT, SAT, and BAT specimens were dissected from all mice, and the weights of the adipose tissue were normalized for the total body weight. Although there was a trend for higher WAT, SAT, and BAT ratios in the male Slc10a6−/− knockout mice, these differences did not reach the level of significance. In female mice, the WAT, SAT, and BAT ratios were nearly identical between the WT and the Slc10a6−/− knockout mice. In addition, serum levels of classical adipokines, namely, adiponectin, leptin, and resistin were analyzed in WT and Slc10a6−/− knockout mice by ELISA. As indicated in Figure 2B, there was no significant difference in serum concentrations of adiponectin, leptin, and resistin in female or male mice. In the next step, histological sections after H&E staining (shown in Figure 2C) were used to quantify the mean areas of WAT, SAT, and BAT adipocytes (Figure 2D, data in µm2). Interestingly, WAT and SAT in female mice and BAT in male mice showed significantly larger adipocyte size in the Slc10a6−/− knockout mice than that in the WT mice.
[image: Figure 2]FIGURE 2 | Effects of Soat knockout on body weight, fat tissue weight, and adipocyte size. Adipose tissues of female (left panel) and male (right panel) WT and Slc10a6−/− knockout mice were analyzed. (A) Weight of adipose tissues (WAT, SAT, and BAT) was normalized for total body weight. Results are shown as means ± SD. (B) Serum levels of adiponectin, leptin, and resistin. Data are presented as means ± SD of n = 4 female and n = 6 male mice per genotype. (C) Histological presentation and (D) quantitative examination of WAT, SAT, and BAT cell morphology. Histological slides after H&E staining were used for quantitative analysis of the mean adipocyte size expressed in µm2. Scale bars: 100 μm. Data are presented as mean ± SD. *Significant differences between WT and Slc10a6−/− knockout mice indicated by p < 0.05 according to Student’s t-test. WT, wild type; WAT, white adipose tissue; SAT, subcutaneous adipose tissue; BAT, brown adipose tissue.
LPS Upregulated Soat Expression in 3T3-L1 Adipocytes
Soat expression and lipid accumulation were then analyzed in an adipocyte cell culture model. 3T3-L1 preadipocytes were used and differentiated to adipocytes as described in the Materials and Methods section. To examine whether Soat is expressed in 3T3-L1 cells, we first measured Slc10a6 mRNA levels using qPCR. Slc10a6 mRNA was detected in 3T3-L1 preadipocytes and showed a significant 46.4-fold upregulation during differentiation into 3T3-L1 adipocytes (Figure 3A). This was confirmed at the protein level by significantly higher immunofluorescence signals with the anti-Soat antibody in mature adipocytes than those in 3T3-L1 preadipocytes (Figure 3B). For comparison, mRNA expression of other steroid sulfate uptake carrier candidates from the Oatp family, namely, Oatp2b1, Oatp1a1, Oatp1a4, and Oatp1b2 was analyzed in 3T3-L1 adipocytes using qPCR. As shown in Figure 3C, only the expression of the Slco2b1 and Slco1a4 mRNAs was detected, while the Slco1a1 and Slco1b2 mRNAs were not expressed in the 3T3-L1 adipocytes. Unlike Slc10a6, Slco2b1 (Figure 3D) and Slco1a4 (Figure 3E) mRNAs were not detected in 3T3-L1 preadipocytes.
[image: Figure 3]FIGURE 3 | Expression of Soat and other steroid sulfate transporters in 3T3-L1 preadipocytes and adipocytes. (A) Slc10a6 mRNA levels were quantified by qPCR in 3T3-L1 preadipocytes and adipocytes using a Slc10a6-specific TaqMan probe. Gapdh expression was used to normalize Slc10a6 expression (ΔCt), and the ΔCT value in preadipocytes was set as the calibrator for 2−ΔΔCt calculation of the fold expression change during adipocyte differentiation. (B) Anti-Soat immunofluorescence analysis and quantification of fluorescence intensity in 3T3-L1 preadipocytes and adipocytes. Data in (B) represent means ± SD of three independent areas of view (each with 60–74 cells) of three independent replicates. Representative immunofluorescence images of preadipocytes and adipocytes are shown. The cells were fixed and stained with the anti-Soat antibody and the secondary Alexa Fluor 488 goat anti-rabbit antibody (green fluorescence). Hoechst 33342 was used for nuclei staining (blue fluorescence). (C) Expression profile of 3T3-L1 adipocytes for different steroid sulfate uptake carriers. (D) Slco2b1 and (E) Slco1a4 mRNA expression in preadipocytes and differentiated adipocytes. Expression data in (C–E) are presented as ΔCt values from qPCR analysis and represent carrier expression normalized to Gapdh expression. Data are expressed as means ± SD. *Significant differences between preadipocytes and adipocytes indicated by p < 0.05 according to Student’s t-test.
A previous study showed that Slc10a6 mRNA levels were significantly induced by LPS in the mouse liver and WAT (Kosters et al., 2016). To further investigate the response of peripheral intracrine tissues to inflammation, gene expression analysis of steroid sulfate carriers was performed in LPS-induced 3T3-L1 adipocytes and mouse adipose tissues. As shown in Figure 4, LPS treatment of 3T3-L1 adipocytes significantly increased Slc10a6 mRNA (Figure 4A) and Soat protein expressions (Figure 4E). In contrast, LPS treatment of the 3T3-L1 adipocytes significantly induced downregulation of the Slco2b1 (Figure 4C) and Slco1a4 (Figure 4D) mRNA expression at least at 16 h, indicating that LPS-induced upregulation was specific for Soat. In addition, Slc10a6 mRNA expression was analyzed in WAT, SAT, and PAT specimens of LPS-treated WT mice and in untreated control mice. LPS was injected intraperitoneally at 1 µg LPS per animal. As shown in Figure 4B, Slc10a6 mRNA expression was significantly induced by LPS treatment in all types of adipose tissue, namely, WAT, SAT, and PAT.
[image: Figure 4]FIGURE 4 | Expression analysis of steroid sulfate uptake carriers in adipocytes and adipose tissue in response to LPS. The mRNA expression levels of Slc10a6 (A), Slco2b1 (C), and Slco1a4 (D) were quantified using qPCR in LPS-induced 3T3-L1 adipocytes. 3T3-L1 adipocytes were treated with 10 ng/ml LPS for the indicated time periods. Data represent means ± SD of triplicate determination of representative experiments (B) Slc10a6 mRNA expression in LPS-treated mice for WAT, SAT, and PAT (n = 6). Data represent means ± SD. All carrier mRNA expression levels were normalized to Gapdh expression. Soat protein expression in (E) represents means ± SD of three independent areas of view (each with 60–74 cells) of three independent replicates. The mature adipocytes were treated with 10 ng/ml LPS for 24 h. Representative immunofluorescence images are shown. Cells were fixed and stained with the anti-Soat antibody and the secondary Alexa Fluor 488 goat anti-rabbit antibody (green fluorescence). Hoechst 33342 was used for nuclei staining (blue fluorescence). *Significant differences indicated by p < 0.05 using one-way ANOVA (A, C and D) or Student’s t-test (B and E). LPS, lipopolysaccharide; WAT, white intra-abdominal adipose tissue; SAT, subcutaneous adipose tissue; PAT, perirenal adipose tissue.
DHEAS-Induced Lipolysis in LPS-Treated 3T3-L1 Adipocytes
To investigate the role of Soat in modulating DHEAS-mediated effects on adipogenesis, 3T3-L1 cells were treated with LPS through the entire differentiation process of 9 days. Furthermore, DHEA, DHEAS, testosterone, STX64, and flutamide were incubated as indicated in the experimental procedure scheme (Figure 5). Lipid accumulation was measured by extraction and quantification of Oil Red O dye after completion of 3T3-L1 differentiation on day 9. Representative images of Oil Red O dye staining are presented in Figure 5A,B. Treatment with DHEA and testosterone significantly reduced the accumulation of intracellular lipid droplets. Treatment with DHEAS alone also reduced the lipid accumulation but without reaching statistical significance. However, DHEAS also significantly reduced lipid accumulation after co-incubation with LPS, and this effect was significantly stronger than that with LPS treatment alone. These results suggest that DHEAS negatively regulates lipid accumulation in differentiated adipocytes through LPS-induced Soat expression. The DHEAS-mediated inhibition of lipid accumulation observed in the LPS-exposed 3T3-L1 cells was reversed in the presence of STX64, a specific inhibitor of STS (Figure 5B), suggesting that conversion of DHEAS to DHEA by STS is essential for this process. In addition, the androgen receptor (AR) antagonist flutamide reversed this effect (Figure 5B), suggesting that an AR-dependent pathway is involved.
[image: Figure 5]FIGURE 5 | Effect of DHEAS on lipid accumulation in LPS-induced 3T3-L1 adipocytes. Scheme of the experimental procedure for 3T3-L1 differentiation from preadipocytes to mature adipocytes over 9 days and cell treatment. Cell differentiation was induced by hormonal supplementation (AIM) as described in the Materials and Methods section. 3T3-L1 preadipocytes were incubated with DHEA (1 µM), testosterone (100 nM), DHEAS (10 µM), STX64 (10 µM), or flutamide (1 µM) in the presence or absence of LPS for the entire 9-day differentiation period, and every 2 days the medium was changed with fresh AIM containing the respective compounds. On day 9, the cells were stained with Oil Red O. Representative photomicrographs of Oil Red O staining in mature 3T3-L1 adipocytes are shown (scale bar: 150 μm). Lipid accumulation was measured by Oil Red O extraction and quantification using a microplate reader. Data are expressed as mean ± SD of three replicates from (A) three independent experiments and from (B) one representative experiment. Significant differences are indicated by p < 0.05 using one-way ANOVA with Tukey’s multiple comparisons test: *significantly different compared to control; §significantly different compared to LPS + DHEAS; #significantly different compared to DHEA and testosterone. AIM, adipogenesis-inducing media.
DISCUSSION
In the present study, we characterized for the first time the potential role of the SOAT/Soat steroid sulfate uptake carrier in adipose tissue and adipocytes. Transporters such as Soat are responsible for the cellular uptake of negatively charged sulfated steroids and, therefore, can be regarded as gatekeepers in the plasma membrane for the intracellular functions of these precursor molecules. In principle, there are several candidates for steroid sulfate uptake carriers from the OATP/Oatp and OAT/Oat carrier families that show widespread tissue expression (Roth et al., 2012). Furthermore, the hepatic bile acid carrier Na+/taurocholate co-transporting polypeptide (NTCP/Ntcp) is involved in the uptake of sulfated steroids by hepatocytes (Geyer et al., 2006). The Soat carrier is unique among these carriers for several reasons: (I) In contrast to OATPs/Oatps and OATs/Oats, SOAT/Soat mediates a sodium-coupled active transport of its substrates into cells; (II) this carrier is very substrate-specific and exclusively transports sulfated steroid hormones, whereas the other carriers also have bile acids and drugs among their substrates and, thus, are multispecific; (III) SOAT/Soat is highly expressed in many peripheral tissues known to be steroid responsive, and in some of these tissues SOAT/Soat is even coexpressed with STS (e.g. in the placenta) (Geyer et al., 2007; Fietz et al., 2013; Grosser et al., 2013; Schweigmann et al., 2014; Bakhaus et al., 2018). All these points make SOAT/Soat an interesting candidate for intracrine steroid regulation in peripheral tissues and organs, such as adipose tissue.
SOAT/Soat transports all 3′ and 17′ monosulfated steroids that are physiologically relevant and of these, in humans, DHEAS is quantitatively the most relevant and dominant precursor (Orentreich et al., 1984) that is used to synthesize androgens and estrogens, such as testosterone, dihydrotestosterone, estrone, and 17β-estradiol, via STS and other steroidogenic enzymes (Khalil et al., 1993; Labrie et al., 1995; Reed et al., 2005). STS is expressed in preadipocytes and mature adipocytes (Marwah et al., 2006; McNelis et al., 2013) and, thus, could exert intracrine effects on adipogenesis in combination with Soat, which is highly expressed in WAT, SAT, and BAT adipose tissue, at least in mice (Figure 1).
Considering our current knowledge about SOAT/Soat, we assume a functional role in the local supply of adipose tissue with sulfated steroids, which could then be involved in the regulation of various physiopathological processes such as obesity (Figure 6). There are numerous studies showing that serum DHEAS levels are negatively correlated with obesity (Al-Harithy, 2003; Hernández-Morante et al., 2008; Gómez-Santos et al., 2012; Jaff et al., 2015; Sayın et al., 2020). However, the role of SOAT in this process is difficult to demonstrate in human patients. Thus, effects of DHEA/DHEAS on adipocytes are often analyzed in the mouse 3T3-L1 cell line to investigate adipogenesis, lipogenesis, and lipolysis (Green and Meuth, 1974; Green and Kehinde, 1975), considering that rodents have much lower circulating concentrations of these hormones (Guillemette et al., 1996). In addition, much of our knowledge concerning preadipocyte biology and adipocyte differentiation has been obtained using 3T3-L1 cells. In the present study, we also used WT and Slc10a6−/− knockout mice to investigate the role of Soat on body weight, fat tissue weight, adipocyte size, and serum adipokine levels in vivo in male and female mice. Our results demonstrate that the knockout of Soat expression did not influence total body weight and the weight of adipose tissues in mice fed ad libitum. These results are consistent with our previous findings in Slc10a6−/− knockout mice (Bakhaus et al., 2018). We also did not find any significant differences in the gain or loss of fat-free mass with weight changes and the serum levels of the adipokines leptin, adiponectin, and resistin (Figure 2). These adipokines originate primarily from fat deposits and exert essential regulatory functions in adipose tissue, especially under different metabolic conditions such as obesity, fasting, and diabetes (Galic et al., 2010; Coelho et al., 2013; Leal and Mafra, 2013). Adiponectin is the most abundant circulating adipokine (Yamauchi et al., 2001). In some studies, the serum levels of adiponectin are inversely correlated with those of adipose tissue. Arita et al. (1999) reported that plasma adiponectin concentrations decrease with obesity in humans. Similarly, male patients with morbid obesity present higher serum levels of DHEAS than obese women, while women exhibit higher plasma adiponectin values than male patients (Hernández-Morante et al., 2006). This study by Hernández-Morante et al. (2006) also demonstrated the significant effect of DHEAS on the upregulation of adiponectin in visceral adipose tissue. Furthermore, DHEAS replacement therapy in postmenopausal women resulted in decreased plasma levels of adiponectin (Gómez-Santos et al., 2012). Conversely, reduction in leptin and an upregulation of resistin gene expression have been described in adipose tissue after DHEA administration (Kochan and Karbowska, 2004). One study reported that rats treated with DHEA express elevated serum concentrations of resistin and DHEAS but decreased serum levels of leptin and adiponectin (Pérez-de-Heredia et al., 2008). It is noteworthy that the lack of Soat per se had no effect on serum adiponectin, leptin, and resistin in our study. However, it must be considered that these mice were fed a standard diet ad libitum. Future experiments including high-fat diet feeding of Slc10a6−/− knockout mice and additional DHEAS treatment could be helpful in fully elucidating the role of Soat in adipogenesis.
[image: Figure 6]FIGURE 6 | Proposed role of Soat in lipid droplet formation and steroid-triggered lipolysis. (A) Soat expression in the plasma membrane of 3T3-L1 adipocytes and uptake of DHEAS under physiological conditions. (B) Upregulation of Soat expression by LPS treatment through JNK and NF-κB–dependent pathways increases DHEAS uptake and stimulation of lipolysis via an AR-dependent pathway. The lipolytic effect of DHEAS could be blocked by STX64 and flutamide. (C) As DHEAS levels are low in mice, Soat may mediate uptake of other relevant sulfated steroids here. (D) Absence of steroid sulfate uptake through Soat in Slc10a6−/− knockout mice could lead to the hypertrophy of lipid droplets in adipocytes via hitherto unknown signaling pathways. DHEAS, dehydroepiandrosterone sulfate; DHEA, dehydroepiandrosterone; STS, steroid sulfatase; STX64, STS inhibitor; LPS, lipopolysaccharide; NF-κB, nuclear factor “kappa-light-chain-enhancer” of activated B-cells; FXR, farnesoid X receptor; RXR, retinoid X receptor; AR, androgen receptor; flutamide, androgen receptor antagonist. The figure was created with biorender.com.
It is noteworthy that Slc10a6−/− knockout mice were characterized by a significant increase in adipocyte size in WAT and SAT of female and in BAT of male mice compared to WT control animals (Figure 2D). The large interindividual variability observed in adipocyte size suggests that the propensity for fat cell hypertrophy in each fat compartment may differ between the groups studied. Interestingly, male Slc10a6−/− knockout mice showed significantly higher serum cholesterol sulfate levels than their wild type controls, with no significant difference found for female mice (Bakhaus et al., 2018). Approximately, 25% of total cholesterol is stored in adipose deposits in normal weight humans, while this rate can rise to 50% in obese individuals (Prattes et al., 2000). Lipid droplet expansion requires substantial amounts of cholesterol, triggering the transfer of caveolin proteins from the plasma membrane to lipid droplets to facilitate their enlargement (Chui et al., 2005; Robenek et al., 2011). Furthermore, Dalla Valle et al. (2006) demonstrated STS expression at the levels of mRNA, protein, and catalytic activity in human adipose tissue, whereas sulfotransferase expression was not found. Thus, higher serum cholesterol sulfate levels in males may have masked differences in adipocyte size. In this context, further studies are needed including analytical steroid profiling of serum and adipose tissue from WT and Slc10a6−/− knockout mice.
The expression of Slc10a6 mRNA and Soat protein was upregulated in 3T3-L1 cells after differentiation from preadipocytes into mature adipocytes (Figure 3). In addition, the mRNA expression of other potential steroid sulfate uptake carriers in adipocytes was analyzed, and Slco2b1 and Slco1a4 were also found to be expressed at low levels, while Slco1a1 and Slco1b2 mRNAs are not detectable in mature adipocytes. Dalla Valle et al. (2006) and McNelis et al. (2013) reported that mRNA expression of the human OATP carriers OATP-B (SLCO2B1), OATP-D (SLCO3A1), OATP-E (SLCO4A1), and of STS, could be detected in human adipose tissue and in cultured preadipocytes and adipocytes, whereas OATP-A (SLCO1A2), OATP-C (SLCO1B1), OATP-8 (SLCO1C3), OAT3 (SLC22A8), and OAT4 (SLC22A11) were not detected. In addition, Dalla Valle et al. (2006) analyzed the expression of steroidogenic enzymes and related proteins such as cytochromes P450scc, P450c17, P450arom, steroidogenic factor 1 (SF-1), and steroidogenic acute regulatory protein (StAR), which are involved in the de novo biosynthesis of steroid hormones from cholesterol. They showed that none of these enzymes could be detected at the mRNA level, while STS mRNA was expressed in samples from cultured preadipocytes, adipocytes, and adipose tissues. The absence of these essential enzymes required for cholesterol-mediated estrogen and androgen biosynthesis suggests that uptake carriers for sulfated steroid precursors, indeed, might be essential for the regulation of the adipose tissue by steroids.
A global gene expression analysis in mice demonstrated that Soat is among the most strongly induced genes by LPS in the liver and macrophages (Kosters et al., 2016). In addition, Slc10a6 mRNA expression was upregulated in the liver of mice treated with the cytokine IL-1β. The inflammation-mediated upregulation of Soat expression was likely modulated by the nuclear receptor farnesoid X receptor (FXR), the retinoid X receptor (RXR), and glucocorticoid receptor (GR), which were expressed by all tissues, including white and brown adipose tissues. Since the testes have higher Soat expression than other tissues, the testes were used in this study as the control tissue. However, Soat shows higher expression in the BAT and is less expressed in WAT of untreated mice when compared to that in the testes. In contrast, Slc10a6 mRNA levels are upregulated in WAT and downregulated in BAT specimens of LPS-induced mice (Kosters et al., 2016). We found that LPS-elicited inflammation induced a significant increase in Slc10a6 mRNA expression in WAT, SAT, and PAT specimens of mice in vivo and in mature 3T3-L1 adipocytes in vitro (Figure 4). In contrast, the mRNA transcripts for Slco2b1 and Slco1a4 were downregulated in LPS-treated mature 3T3-L1 adipocytes.
DHEA treatment suppresses both proliferation and adipocyte differentiation of 3T3-L1 cells and inhibits AIM-induced lipid accumulation in 3T3-L1 adipocytes (Lea-Currie et al., 1998; Fujioka et al., 2012; Yokokawa et al., 2020). This finding was confirmed in the present study. Marwah et al. (2006) showed that DHEA is metabolized into adiol and testosterone in 3T3-L1 adipocytes. Furthermore, Singh et al. (2006) demonstrated that testosterone and dihydrotestosterone, in a dose-dependent manner, caused inhibition of lipid accumulation in 3T3-L1 differentiated for 12 days. Moreover, this inhibitory effect was significantly blocked by the AR antagonist flutamide (Singh et al., 2006). These studies suggest that testosterone and dihydrotestosterone both play a role in adipogenic differentiation of 3T3-L1 cells via the AR. Lea-Currie et al. (1998) showed that DHEAS, in contrast to DHEA, had no impact on preadipocyte proliferation and differentiation. These studies corroborate our findings in adipocytes, demonstrating that DHEA, but not DHEAS, suppresses both proliferation and lipid accumulation. The lack of effects of DHEAS on murine 3T3-L1 preadipocytes and adipocytes may be due to the low expression levels of steroid sulfate uptake transporters. In this context, another interesting observation of our study was the LPS-induced upregulation of Soat in adipocytes and the decrease in adipocyte differentiation and AIM-induced lipid accumulation by DHEAS, accompanied by LPS-mediated upregulation of Soat in 3T3-L1 cells (Figure 5). Although lipid accumulation was also significantly reduced by LPS treatment alone, we observed a significantly stronger effect of LPS treatment combined with DHEAS. Moreover, we tested whether DHEAS-mediated inhibition of lipid accumulation was related to downstream steroid metabolites. We observed that both STS inhibition by STX64 and AR inhibition by flutamide completely abolished the DHEAS-mediated effects, clearly indicating that conversion of DHEAS to DHEA and subsequent androgens is involved in this process (Figure 5B). It is well known that obesity due to excess fat accumulation is associated with varying degrees of chronic inflammation in adipose tissue. This leads to hypoxia, adipocyte cell death, and modified secretion of adipokines (Sanada et al., 2016) and finally ends in chronic morbidities characterized by metabolic inflammation (Handschin and Spiegelman, 2008; Makki et al., 2013). The results of the present study suggest that the inflammation-mediated overexpression of Soat and subsequently increased uptake of DHEAS finally lead to inhibition of adipocyte differentiation and reduced lipid accumulation via the AR, as depicted in Figure 6.
In conclusion, Soat is a specific uptake carrier for sulfated steroids with significant expression levels in adipose tissues and a proposed role in obesity. To clarify this role in vivo, Slc10a6−/− knockout mice were analyzed. We observed that LPS-induced inflammation increased the expression of Soat in adipocytes and adipose tissues, contributing to lipolysis by increased uptake of the Soat substrate DHEAS, while deletion of Soat caused adipocyte hyperplasia in mice. We are aware that our study has some limitations. The most important is that the steroid profiles in the adipocytes could not be analyzed, so it was not possible to determine how DHEAS was exactly converted to active androgens.
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Endometriosis is a highly prevalent gynecological disease characterized by lesions in different sites. Regulation of specific estrogen pathways may favor the formation of distinct microenvironments and the progression of endometriosis. However, no study has simultaneously evaluated the gene and protein regulation of the main estrogen-synthesizing enzymes in endometriosis. Thus, our goals were to study the relationship between gene and protein expression of aromatase (CYP19A1 or ARO), steroid sulfatase (STS), and hydroxysteroid 17-beta dehydrogenase (HSD17B1) in superficial (SUP), ovarian (OMA), and deep infiltrating (DIE) endometriotic lesion sites as well as in the eutopic endometrium of patients with (EE) and without (control) endometriosis in the same and large cohort of patients. The site-specific expression of these enzymes within different cells (glandular and stromal components) was also explored. The study included 108 patients surgically diagnosed with endometriosis who provided biopsies of EE and endometriotic lesions and 16 disease-free patients who collected normal endometrium tissue. Our results showed that CYP19A1 was detected in all endometriosis tissues and was in higher levels than in control. Unique patterns of the STS and HSD17B1 levels showed that they were most closely regulated in all tissues, with manifestation at greater levels in DIE compared to the other endometriotic lesion sites, OMA and SUP. Gene and protein expression of ARO, STS, and HSD17B1 occurred at different rates in endometriotic sites or EE. The distinctive levels of these estrogen-synthesizing enzymes in each endometriotic site support the hypothesis of a tissue microenvironment that can both influence and be influenced by the expression of different estrogenic pathways, locally affecting the availability of estrogen needed for maintenance and progression of endometriotic lesions.
Keywords: aromatase, CYP19A1, STS, HSD17B1, estradiol, stromal cells, glandular cells, endometrium
INTRODUCTION
Endometriosis is the most prevalent gynecological disease in women of reproductive age (Taylor et al., 2021), and it is an important worldwide public health problem (Olive and Schwartz, 1993; Signorile and Baldi, 2010). Endometriosis is characterized by endometrial tissue localized outside the uterus (ectopic lesions), usually at several sites, that causes a chronic inflammatory process predisposing to adhesion formation (Jackson and Telner, 2006; Vermeulen et al., 2021). The current estimation of endometriosis prevalence is around 10–15% of women of childbearing age (Eskenazi and Warner, 1997; Giudice and Kao, 2004) of whom 20–50% present infertility-related symptoms (Smolarz et al., 2021).
Intracrinology of endometriosis debates on the balance between estrogen biosynthesis and metabolism that determines local estrogen availability in the tissues (Piccinato et al., 2018a). Evidence of this mechanism was revealed by data showing that the levels of estradiol and estrone remained constant in the lesions, despite the menstrual cyclical changes in circulating levels and the eutopic endometrium (Huhtinen et al., 2012). Such features indicate that, within the lesions, there are intrinsic regulatory pathways, which maintain high tissue availability of estrogen necessary for disease progression. As reported in previous studies, there are controversial data on gene regulation and protein levels of estradiol-synthesizing enzymes. Some studies have shown that, in endometriotic lesions, there are enzymes that synthesize estrogenfrom androgenic precursors as well as for de novo synthesis from cholesterol (Cornillie et al., 1990; Nap et al., 2004; Attar and Bulun, 2006; Kamergorodsky et al., 2009; Gibson et al., 2018; Mori et al., 2018; Mori et al., 2019). Conversely, estrogen-inactivating enzymes are clearly dysregulated in endometrial and/or endometriotic tissues evidencing a putative compensatory mechanism in view of the increased local estrogen concentrations (Piccinato et al., 2016b, 2017; 2018b).
Overall, two estrogen synthesizing pathways stand out: the aromatase (ARO)-dependent pathway and the steroid sulfatase (STS)-dependent pathway (Piccinato et al., 2018a). Briefly, ARO catalyzes the aromatization of androstenedione and testosterone to E1 or E2, respectively. STS mediates the local desulphonation of inactive circulating steroids, called estrogen sulfates, to their unconjugated, biologically active forms (Miller and Fraser, 2015; Foster, 2021). Interestingly, both pathways share a common final step through the action of hydroxysteroid 17-beta dehydrogenase (HSD17B1). This reducing enzyme belongs to the HSD17B family with high specificity for steroid substrates and high catalytic activity for the conversion of E1 to E2; therefore, HSD17B1 is an important regulator of intracellular steroid hormone concentration at the final stages of biosynthesis (Konings et al., 2018; Foster et al., 2019).
Although no clear association between lesion sites and enzymes function has been described in endometriosis, different types of lesions, as well as different localizations, seem to directly determine the dynamics of the disease (Taylor et al., 2021). Considering that endometriosis is an estrogen-dependent disease, the expression regulation of estrogen-synthesizing enzymes may have an even more pre-eminent impact on endometriosis dynamics. In this context, although sometimes with contradicting results, some studies have focused on site-specific regulation of aromatase. A couple of studies have described ovarian lesions/endometriomas (OMA) express high levels of aromatase gene (CYP19A1) and protein (ARO) (Heilier et al., 2006; Szaflik et al., 2020), whereas deep infiltrating endometriotic lesions (DIE) either fail to express ARO or show reduced expression (Bulun et al., 2004). Another example of site-specific regulation occurs with STS, which is highly expressed in DIE and OMA (Šmuc et al., 2007; Šmuc et al., 2009; Piccinato et al., 2016b) but is minimally present or even absent (Colette et al., 2009) in the eutopic endometrium of endometriosis-affected women (Dassen et al., 2007). The unbalanced redox metabolism of enzymes belonging to the HSD17B1 family is the putative cause of the higher E2 synthesis that has been detected in ectopic and eutopic endometrium. Expression of reducing type- HSD17B1 mRNA was significantly higher in the ectopic tissue (superficial peritoneal endometriosis: SUP, DIE, and OMA), whereas no difference was seen in the expression of HSD17B1-oxidizing types 2 and 4 (Šmuc et al., 2007; Bulun et al., 2010; Delvoux et al., 2014). Altogether, these observations strengthen the idea that the production of estrogen, which takes place through complex enzymatic pathways, is site-specific.
There is no consensus among published studies regarding the expression of estradiol-synthesizing enzymes in endometriotic lesions. Furthermore, there are no published studies simultaneously investigating the expression of these enzymes, ARO, STS, and HSD17B1, in endometriotic tissue samples obtained from a large cohort of patients. The present study explores previous significant reports that demonstrate high and constant levels of estrogens (estradiol and estrone) in different endometriotic tissues (Huhtinen et al., 2012). We, thus, hypothesize that the observed site-specific variations in estrogen concentrations are a result of differential expression regulation of estrogen-synthesizing enzymes, namely, ARO and STS, and also HSD17B1.
Although intracrine estrogen concentration depends on the complex interaction of synthesizing and metabolizing enzymes, our aim was to evaluate gene and protein expression of the synthesizing part (ARO, STS, and HSD17B1) in different types of endometriotic lesions (SUP, OMA, and DIE) as well as in samples of eutopic endometrium (EE) obtained from the same patients with endometriosis. Patients without endometriosis were donors of nonendometriosis eutopic endometrial tissue, here called the control group. In addition, we investigated by laser-capture microdissection and immunohistochemistry the cellular expression of the chosen enzymes.
MATERIALS AND METHODS
Patients and Samples
One hundred and ten women (94 with endometriosis and 16 without endometriosis: control group) were screened at the Assisted Reproduction Centre of the tertiary hospital of Faculdade de Medicina de Ribeirão Preto (Universidade de São Paulo, FMRP-USP), at the São Paulo Endometriosis Centre and Hospital Israelita Albert Einstein (HIAE), between the years 2011–2019. Biopsies of eutopic endometrium (control = control eutopic endometrium without endometriosis and EE = eutopic endometrium of a patient with endometriosis), superficial peritoneal endometriosis (SUP), deeply infiltrating endometriosis (DIE) (rectum, rectosigmoid, retrocervical, vesical, and uterosacral ligament lesions), and ovarian endometrioma (OMA) together with 5 ml of peripheral blood were collected in surgery.
The majority of patients enrolled for gene expression assessment are an extension of our sample cohort previously described (Piccinato et al., 2016b; Piccinato et al., 2018b), which includes proliferative and secretory phase samples. Figure 1 depicts the control patients provided biopsies from both menstrual cycle phases; thus, out of 16 patients enrolled, 25 biopsies were collected (12 nonsecretory and 13 secretory). Endometriosis patients provided together 34 eutopic endometria (8 nonsecretory and 26 secretory), 5 endometrioma (2 nonsecretory and 3 secretory), 11 superficial lesions (1 nonsecretory and 10 secretory), and 8 deep infiltrating lesions (3 nonsecretory and 5 secretory). For protein expression evaluation, 34 endometriosis patients (19 nonsecretory and 15 secretory) provided 23 eutopic endometria, 6 endometriomas, 9 superficial lesions, and 21 deep infiltrating lesions. No difference in age was observed among patients (average of 35.5 ± 5 years).
[image: Figure 1]FIGURE 1 | Experimental design of the study. The study was carried out in two types of experiments: Experiment type 1: analysis of gene and protein expression of the estrogen synthesizing enzymes in tissue samples. Experiment type 2: analysis of gene expression of estrogen synthesizing enzymes in microdissected areas containing glandular epithelium or stroma, and the protein expression analysis done by IHC in whole tissue sections. In experiments 1-A and 2-A, the samples were evaluated for gene expression of ARO, STS, and HSD17B1 by RT-PCR. In experiments 1-B and 2-B, the samples were evaluated for protein expression of the enzymes (ARO, STS, and HSD17B1) by immunohistochemistry (IHC). In experiment 1-A, samples from 83 (endometriosis and control) were analyzed. Fifty-eight endometriosis patients provided 34 samples of eutopic endometrium, 5 ovarian lesions, 11 superficial peritoneal lesions, and 8 deep lesions. Samples from 16 control patients provided 25 biopsies of the endometrium. Some control patients provided samples from both menstrual cycle phases. In experiment 1-B, samples from six endometriosis patients were used, three of which were from superficial peritoneal lesions, three were from deep lesions, and six samples were from eutopic endometrium. In experiment 2-B, 31 patients provided 6 samples of ovarian lesions, 9 samples of peritoneal superficial lesions, 21 samples of deep lesions, and 23 samples of eutopic endometrium. Abbreviations: EE, eutopic endometrium of a patient with endometriosis; control, control endometrium; OMA, ovary endometriotic lesion; SUP, superficial peritoneal endometriotic lesion; DIE, deep endometriotic lesion.
All samples were collected after a written, informed consent form was signed by all patients. The study was approved by the Committee on Human Research of the Hospital Albert Einstein (FR-30468, 12/16/2009; São Paulo, Brazil), which is affiliated to the Ethics Committee of the Brazilian Ministry of Health (CONEP), upon signing the informed consent form.
The diagnosis of endometriosis was made by visualizing the lesions during surgery, which was further confirmed by histopathological analysis at the Pathological Anatomy Laboratory of FMRP-USP or HIAE. Nonendometriosis patients had confirmed the absence of endometriotic foci by inspection during tubal ligation surgery.
Inclusion criteria for both groups were reproductive age, nonsmokers, non-menopause, and no use of any hormonal therapy for at least 3 months before collection. Exclusion criteria were the presence of other reproductive disorders such as polycystic ovary syndrome, myoma, or any tumors.
Experimental Design
A diagram of the experimental design is shown in Figure 1. Basically, two types of experiments were performed. The gene and protein expression of estrogen synthesizing enzymes quantified by RT-PCR and immunohistochemistry (IHC) with the histometric analysis in extracted fragments from the lesion biopsies or, as a second approach, in the thereof microdissected or immunohistochemistry-stained endometrial glandular and stromal regions.
In all experiments, gene expression analyses were performed by RT-PCR and protein expression analyses were by immunohistochemistry. The patients’ menstrual cycle phase was considered in all protein assessments. The menstrual cycle phase was defined by the dosage of progesterone: secretory (progesterone >1 ng) and nonsecretory (progesterone <1 ng).
Laser Capture Microdissection
The laser capture microdissection (LCM) technique was used to obtain separate samples of regions containing glandular cells or stromal cells. The preparation of histological slides (Membrane Slide NF 1.0 PEN D Zeiss, Munich, Germany) for LCM was performed in a cryostat (Leica CM 1860; Buffalo Grove, IL, United States), following the manufacturer’s instructions. The samples were embedded, with the aid of an Optimal Cutting Temperature (OCT) compound (Sakura Finetek, Torrance, CA, United States), and cut into 10 μm sections. The slides were stained with Crystal Violet (Sigma Aldrich, MERK SA, Darmstadt, Germany) according to a protocol already tested by our group (Da Costa et al., 2019). The LCM was performed with the computerized system PALM RoboSoftWare 4.6 MicroBeam LSM 710 visualized with a 20x objective. Areas larger than 50 μm2 were microdissected according to previous standardization of the LCM technique (Da Costa et al., 2019). The microdissected materials were collected in microdissection tubes (Sample AdhesiveCap 500 clear D Zeiss, Munich, Germany) and immediately frozen at −80°C.
Whenever needed, a pathologist validated the identification of the two areas, glandular and stromal, in the microdissected samples of EE and endometriotic lesions. Glandular and stromal areas from EE were, respectively, compared with glandular and stromal areas from endometrial lesions.
RNA Extraction
The PicoPure RNA Isolation Kit (Life Technologies, MERK SA, Darmstadt, Germany) was used to extract RNA from whole biopsy samples, whereas for the microdissected samples, a specific kit for microdissected samples, RNAaqueous Micro Total RNA Isolation Kit (ThermoFischer Scientific, Waltham, MA, United States) was used. The extracted total RNA was quantified by spectrophotometry using a NanoDrop One Microvolume UV-Vis Spectrophotometer (ThermoFisher Scientific, Waltham, MA, United States) at an absorbance of 260 nm and frozen at −80°C.
cDNA Synthesis and Real-Time Polymerase Chain Reaction (RT-PCR in Real Time)
Reverse transcription of RNA samples was performed using the SuperScript III First-Strand Synthesis SuperMix Kit (Invitrogen, ThermoFisher Scientific, Waltham, MA, United States) with oligo-dT primers. Some RNA samples needed dilution in DNase/RNase free ultrapure water and others were concentrated using a vacuum concentrator (Refrigerator Centrivap Vaccum Concentrators- Labconco, Kansas City, MO, United States). The final reaction volume was 14 μl per sample. The samples were placed in a thermocycler (Master Cycler–Nexus, Eppendorf Sigma Aldrich, MERK SA, Darmstadt, Germany) at 50°C for 50 min.
The sequences of genes analyzed and synthesized by Invitrogen Brazil were CYP19A1 forward = 5-CAC​AGA​AGA​GAA​ACT​GGA​AGA​A-3 and reverse = 5- TCC​AAT​ATG​CAC​TGG​TTC​AC-3, STS forward = 5-GGA​GTG​AGA​AGG​GCA​TGG​TA-3 and reverse = 5-CTC​CAG​CAG​CCT​CTT​TAT​GG-3, HSD17β1 forward = 5-TCG​CGT​TAG​CCA​GTT​TTA​CC-3 and reverse = 5-TCG​CGT​TAG​CCA​GTT​TTA​CC-3, and GAPDH (housekeeping) forward = 5-GAA​GGT​GAA​GGT​CGG​AGT​CA-3 and reverse = 5-TGA​GGT​CAA​TGA​AGG​GGT​CA-3.
Real-time amplification was performed according to the SYBRGreen Master Mix assay protocol (Thermo Fisher Scientific, Waltham, MA, United States). Briefly, 1.5 μl of cDNA was added to 13.5 μl of the mix, totaling the final volume of 15 μl of reaction per well of the plate. The specificity of the generated product was confirmed by analyzing the dissociation curve of the primers (melting curve) of the formed products as well as by electrophoretic running of the material amplified on a 2.5% horizontal agarose gel. The calculations of the relative gene expression of the samples were made using the ΔΔCt method with the housekeeping gene GAPDH as normalizer. The normalizer was determined based on the coefficient of variation (CV) obtained in similar datasets, being the lowest when compared to other candidate housekeeping genes (Piccinato et al., 2016b; Piccinato et al., 2018b).
To calculate Δ−Ct as well as to control intra-assay variation, placental cDNA was used as a reference sample for the analysis of gene expression of the biopsy (whole tissue) (Piccinato et al., 2016a). For the analysis of gene expression of cellular components, a pool of samples of 2 μl of cDNA from tissue samples (non-microdissected) was used as a reference sample.
Immunohistochemistry and Histometric Analysis
Paraffin-embedded blocks were used. 3 μm thick sections spaced by 9 μm were obtained (microtome: Leica RM2125 RTS, Buffalo Grove, IL, United States).
Immunohistochemistry was performed using the BenchMarck ULTRA IHC/ISH labeling platform from Ventana Medical System Inc. (Tucson, Arizona, United States) using the ultraView Universal DAB Detection kit, following the manufacturer’s guidelines. In brief, slides were blocked with hydrogen peroxide and incubated at 35°C with 100 μL of primary antibody 1:200 anti-ARO (ab18995, Abcam, Cambridge, United Kingdom) and 1:200 anti-HSD17B1 antibodies (ab51045, Abcam, Cambridge, United Kingdom) for 1 h and antiSTS 1:100 (ab62219, Abcam, Cambridge, United Kingdom) for 2 h. The samples were incubated with polymer, chromogen, and stained with hematoxylin. At the end of the procedure, the slides were washed in a solution with Tween 20 detergent (Sigma-Aldrich, MERK SA, Darmstadt, Germany), dehydrated to 100% alcohol, and mounted with coverslips and mounting medium (Dako, Mounting Medium).
The stained slides were analyzed using the IX51 Microscope and Olympus cellSens Dimension 1.16 software (Shinjuku, Tokyo, Japan). To evaluate the protein expression of the whole tissue samples, three different fields from each section were photomicrographed at ×10 magnification, resulting in nine images per sample. To evaluate protein expression, two different fields of each section were photomicrographed (at ×20), resulting in six photomicrographs per sample. Similarly, the same photomicrographs were used to determine enzyme staining at different cellular components: glandular or stromal areas. Protein expression values were determined from the histometric analysis of the percentage of the stained area for each of the proteins (ARO, STS, and HSD17B1) (Bartels et al., 1995).
Statistical Analysis
The variables of interest in the present study, gene and protein expression of ARO, STS, and HSD17B1 and their ratios, were continuous, nonnormal, and asymmetrically distributed, being analyzed by generalized models with Weibull distribution or generalized estimating equation models with Tweedie distribution, in order to compare groups (EE, SUP, OMA, and DIE) and menstrual cycle phase (secretory and nonsecretory). The ratio between enzymes (ARO:STS, ARO:HSD17B1, and STS:HSD17B1) was a mathematical strategy to evaluate the relative expression level between enzymes per sample. The models adjusted considered the interaction effect between the groups and menstrual cycle phase, the dependence between the measurements of the same patient in different tissues (e.g., EE and lesions), and the multiple comparisons were corrected by the sequential Bonferroni method. The results are presented as estimated means and 95% confidence intervals (CI). Spearman’s correlation was applied to evaluate the relationship among variables. Analyses were performed using the SPSS program, R, and GAMLSS package, considering a p value of less than 0.05 statistically significant.
RESULTS
Higher CYP19A1 Expression Occurs in Endometriosis Tissue, and Higher ARO Occurs in Eutopic Endometrium as Compared to Lesions
We compared the gene expression between endometriosis tissues and control and protein expression among endometriotic lesions and EE. Notably, expression levels of CYP19A1 were significantly higher in all types of endometriotic lesions OMA (12 times, p = 0.0390), SUP (31 times, p = 0.0171), and DIE (16 times, p = 0.0446), as well as in the EE (4 times, p = 0.039), compared to control endometrium (Figure 2).
[image: Figure 2]FIGURE 2 | CYP19A1 mRNA expression from endometriotic samples. Gene expression levels of CYP19A1 were analyzed by real-time polymerase chain reaction in eutopic endometrium from control patients (control), eutopic endometrium from endometriosis patients (EE), and in ovarian (OMA), superficial (SUP), and deep-infiltrating (DIE) lesions. Relative gene expression levels were normalized by GAPDH. Bars represent the log10 mean fold change of the normalized gene expression relative to a reference sample and 95% CI. Statistical differences between groups are indicated by *p < 0.005.
When whole sections were analyzed by IHC (Figure 3A) for ARO protein expression, higher expression of this enzyme was detected in EE compared to OMA/SUP (p < 0.003) and DIE (p < 0.001) at both menstrual phases (Figure 3B).
[image: Figure 3]FIGURE 3 | Expression of aromatase in endometriotic lesions from different locations obtained in the secretory and nonsecretory phases. (A) Representative photomicrographs from IHC aromatase-stained sections of EE, OMA, SUP, and DIE endometriotic lesions and from the placenta (positive control). Aromatase protein expression levels quantified by IHC in biopsy sections obtained at nonsecretory and secretory phases of the menstrual cycle: (B) whole sections, (C) glandular areas, and (D) stromal areas. Bars represent the log10 mean fold change of the relative protein expression, accompanied by 95% CI. Statistical differences between groups are indicated by *p < 0.005. EE: eutopic-endometrium (n = 23); OMA: ovarian (n = 6); SUP: superficial (n = 9); and DIE: deep-infiltrating (n = 21) lesions from endometriosis patients. Group OMA/SUP: the analysis by IHC showed similar values and distribution for OMA and SUP lesions, and their data were joined into one group OMA/SUP (n = 15) for statistical analysis purposes.
Next, we looked at ARO protein expression in the stromal and glandular regions of EE, OMA/SUP, and DIE biopsies (Figure 3C and 3 days). Both regions, stromal and glandular, of the three types of biopsy locations, expressed ARO at similar levels, at both menstrual phases (Figure 3C and 3 days). The only significant difference in ARO expression was detected in the stromal area of DIE (circa 10-fold higher) vs. EE at the secretory phase (Figure 3D).
Gene and Protein Expression of STS and HSD17B1 Are Higher in Endometriotic Lesions Than in EE
Figure 4 depicts RT-qPCR results regarding tissue STS and HSD17B1 gene expression. Only DIE had significantly higher expression levels of STS and HSD17B1 in comparison to all other collected samples including control (p = 0.0003 and p = 0.0163, respectively), EE (p = 0.018 and p = 0.0035, respectively), and other endometriotic sites (OMA: p = 0.0223 and p = 0.0201, respectively, and SUP: p = 0.0004 and p = 0.0035, respectively). Apart from DIE, all other groups showed similar levels of STS or HSD17B1 mRNA expression. Tissue protein analyses by IHC done on whole tissue sections for either STS (Figure 5A) or HSD17B1 (Figure 5B) showed no statistical differences among groups (Figure 5C,D).
[image: Figure 4]FIGURE 4 | STS (A) and HSD17B1 (B) mRNA expression in endometriotic and nonendometriosis endometrium control samples. Gene expression levels of STS and HSD17B1 were analyzed by qRT-PCR in endometrium from control nonendometriosis patients (control) and eutopic endometrium from endometriosis patients (EE), ovarian (OMA), superficial (SUP), and deep-infiltrating (DIE) lesions. Relative gene expression levels were normalized by GAPDH. Bars represent the log 10 mean fold change of the normalized gene expression relative to a reference sample, and 95% CI. Statistical differences between groups are indicated by *p < 0.005.
[image: Figure 5]FIGURE 5 | Representative images from STS (A) and HSD17B1 (B) protein expression in endometriotic samples and positive control (placenta) analyzed by immunohistochemistry. Protein tissue expression levels of STS (C) and HSD17B1 (D) in eutopic endometrium from endometriosis patients (EE), ovarian (OMA), superficial (SUP), and deep-infiltrating (DIE) lesions. Samples were divided into a nonsecretory and secretory phase of the menstrual cycle. Bars represent the log10 mean fold change of the relative protein expression, accompanied by the 95% CI.
However, when areas of sections were analyzed for STS protein expression, OMA/SUP and DIE groups had (Supplementary Figure S1), in the glandular areas, higher values than in eutopic endometrium from patients (EE) at both menstrual cycle phases (Figures 6A,B). In the stromal areas, again OMA/SUP (p = 0.018) and DIE (p = 0.012) groups had circa two-fold higher values for STS expression than EE. In contrast, HSD17B1 was present in the glandular and stromal areas, but differences between groups of circa two-fold were detected only at nonsecretory-phase samples for OMA/SUP (p < 0.001) or DIE (p = 0.012) vs. EE (Figures 6A,B).
[image: Figure 6]FIGURE 6 | Representative images from STS and HSD17B1 protein expression in glandular (A, B) and stromal areas (C, D) from endometriotic samples. Protein expression levels of STS and HSD17B1 were analyzed by immunohistochemistry in eutopic endometrium from endometriosis patients (EE), ovarian (OMA), superficial (SUP), and deep-infiltrating (DIE) lesions. Samples were divided into nonsecretory and secretory phase of the menstrual cycle. Bars represent the log10 mean fold change of the relative protein expression, accompanied by 95% CI. Statistical differences between groups are indicated by *p < 0.005.
STS Is the Most Expressed Gene in Endometriosis, but ARO Is the Most Expressed Enzyme
Ratio analyses were employed to compare groups regarding enzyme relationships. The gene and protein ratios between estrogen-synthesizing enzymes were chosen to evaluate the regulation of ARO, STS, and HSD17B1. For these analyses, the interaction effect between the group and the cycle phase classification was taken into consideration. As shown, STS had the highest values for gene expression, and ARO had the highest ones for protein comparisons (Tables 1,2). The gene expression ratios, CYP19A1:STS and CYP19A1:HSD17B1, were significantly higher in endometriotic lesions compared to EE and control. These results indicate that CYP19A1 was lower than STS in OMA (p = 0.022) e SUP (p = 0.004) compared to control, and in SUP (p = 0.012) compared to EE. In addition, CYP19A1 was lower than HSD17B1 in OMA (p = 0.005), SUP (p = 0.0005), and DIE (p = 0.039) in relation to control, and lower in SUP (p = 0.049) when compared to EE. There was also a difference in CYP19A1:HSD17B1 ratio between EE and control (p = 0.011) (Table 1).
TABLE 1 | Gene expression ratio among CYP19A1, STS, and HSD17B1 in biopsies from endometriotic lesions and from eutopic endometrium of non-endometriosis patients (control).
[image: Table 1]TABLE 2 | Protein expression ratio among ARO, STS, and HSD17B1 in biopsies from endometriotic lesions and from eutopic endometrium of nonendometriosis patients (control).
[image: Table 2]At the protein level, comparisons of the ARO:STS ratio among all groups highlighted that the ARO expression was consistently greater than the STS expression (Table 2). The ARO expression prevailed over the STS expression in EE, in both cycle phases, with higher ratio in EE as compared to OMA:SUP lesions (p < 0.001 in the nonsecretory phase; p = 0.017 in the secretory phase) and DIE (p < 0.001 in the nonsecretory phase; p = 0.017 in the secretory phase). In all compared groups, the ARO: HSD17B1 ratios indicate that ARO was greater than the expression of HSD17B1 (Table 2). The ARO: HSD17B1 ratio was higher in EE when compared to DIE (p = 0.032) in the secretory phase but not among the other experimental groups. No other differences were detected among endometriotic sites. Notably, the STS: HSD17B1 ratio did not vary among all compared groups (p > 0.05).
The Spearman correlation analysis was employed to evaluate the relationship among gene and protein expression of enzymes regardless of groups. The results of mRNA expression showed weak and positive correlation between CYP19A1 and STS (ρ = 0.052, p = 0.001) and between CYP19A1 and HSD17B1 (ρ = 0.033, p = 0.0005). Furthermore, there was a stronger and positive correlation between STS and HSD17B1 (ρ = 0.402, p < 0.001). Correlation among protein levels demonstrated weak and negative correlation between ARO and HSD17B1 (ρ = −0.152, p = 0.001) and weak and positive correlation between STS and HSD17B1 (ρ = 0.133, p = 0.009). ARO e STS demonstrated weak negative correlation with no statistical difference (ρ = −0.051 e p = 0.310).
No Detectable Differences in the Expression of CYP19A1, STS, and HSD17B1 mRNA Were Observed at Cellular Levels
CYP19A1 was detected in 20.8% of samples, while STS was identified in 83% of stromal and 66% of epithelial cells. HSD17B1 expression was present in almost all samples: 91.6% stromal and 91.6% epithelial (Supplementary Figure S2).
DISCUSSION
Our hypothesis in this study was that previously reported estrogen levels detected in endometriosis sites (Huhtinen et al., 2012) are different in function of the distinct expression of estrogen-synthesizing enzymes in each lesion site. Our data show that the relative expression of ARO, STS, and HSD17B1 vary in endometriotic tissue obtained from deep infiltrating lesions (DIE), superficial (SUP), ovarian (OMA), and eutopic endometrium from endometriosis patients (EE) lend support to the hypothesis. The expression of those enzymes in endometriosis was also compared to endometrium samples of nonendometriosis patients (control). It should be mentioned that we analyzed material from a large number of patients taking into account the patients’ menstrual cycle phases.
The gene encoding ARO, CYP19A1, was detected in all endometriosis tissue at levels all greater than found in control; STS and HSD17B1 presented consistently higher mRNA expression levels in DIE. In addition, analysis of gene expression levels applied to the dataset indicated that STS and HSD17B11 genes were the most closely regulated. Overall, for protein expression, EE presented higher levels of ARO and endometriotic lesions had superior levels of STS and HSD17B1. Particularly, unique patterns of mRNA expression levels of the STS and HSD17B1 were described in DIE when compared to OMA and SUP lesion sites; EE gene and protein expression regulations of ARO, STS, and HSD17B1 were distinct from those of the endometriotic sites. Taken together, the findings of different levels of the estrogen-synthesizing enzymes in distinct lesion sites support the hypothesis that the local tissue microenvironment can influence and be influenced by the regulation of different estrogenic pathways. Ultimately, this determines the local availability of estrogen, previously reported in other studies (Huhtinen et al., 2012), which in turn directly affects the local growth of ectopic endometrium.
Gene expression (mRNA) and tissue protein expression (as measured in IHC stained sections) of ARO, STS, and HSD17B1, as well as their relative ratios, did not always match. STS mRNA was more expressed in relation to the others enzymes, in all sample groups analyzed, followed by HSD17B1 and finally by CYP19A1. ARO protein expression was higher among groups, followed by STS and HSD17B1. We detected differences between CYP19A1:STS ratios, CYP19A1:HSD17B1 (gene expression), ARO:STS, and ARO:HSD17B1 (protein expression) in different sites of endometriosis. This would reinforce the idea that there is a regulation of enzymes in a site-specific manner, as the proportions are variable among sites. On the other hand, the lack of difference between gene and protein expression for the ratio HSD17B1:STS, in different endometriosis sites indicates that these enzymes are more closely regulated, as they show less expression variation. Supporting this observation, the Spearman correlation analysis of gene expression between STS and HSD17B1 revealed a positive, moderate correlation between these same enzymes, not seen between them and CYP19A1. Correlation among protein levels was, in general, weak and, although significant, might not be clinically relevant.
It seems that endometriotic lesion sites’ estrogen synthesis is more closely regulated by the enzymes STS and HSD17B1, whereas in the EE, ARO is the dominant regulator. Although STS expressed higher mRNA but not protein in comparison with the other enzymes, the stromal areas of OMA/SUP and DIE lesions showed STS elevated levels of protein. Conversely, ARO was significantly more expressed at the protein level, and it was prominent in stromal areas of EE.
The existence of tissues similar to the endometrium in sites other than the uterine cavity implies that there are local and specific mechanisms that support the survival and growth of the ectopic tissue in an otherwise alien environment. Comparative to the other sites, DIE presented the most distinct and elevated STS and HSD17B1 mRNA expression levels. This suggests that a unique hormonal environment developed in this lesion type favoring high estrogen-synthesis enzymes. Indeed, estradiol measurements by HPLC-MSMS showed its high and persistent concentrations in endometriotic lesions, including deep lesions (Huhtinen et al., 2012). Because vascularization is limited in the DIE (Liu et al., 2008) and the antagonizing enzyme, sulfotransferase is upregulated (Piccinato et al., 2016a), and it seems reasonable to propose that regulatory mechanisms might exist to maintain estradiol levels and disease progression despite poor blood irrigation. In OMA and largely in SUP lesions, blood supply is more pronounced favoring the mRNA expression of CYP19A1, allowing the use of the precursor’s testosterone/androstenedione from circulation to synthesize estradiol.
Either higher levels, or no difference, or absence of CYP19A1 mRNA was previously described in endometriotic lesions in comparison with the endometrium of disease-free, women-control, or of endometriosis patients, EE (Noble et al., 1997; Matsuzaki et al., 2006; Dassen et al., 2007; Colette et al., 2009; Mori et al., 2018). Despite having verified that there is CYP19A1 expression in control endometrium (although at lower levels compared to EE), this study corroborates previous findings showing increased gene and protein expression of ARO in EE (Hudelist et al., 2007; Aghajanova et al., 2009).
The enzymes STS and HSD17B1 have been considered important in the pathogenesis of endometriosis, as indicated by the use of their inhibitors in the treatment of endometriosis (Purohit et al., 2008; Salah et al., 2017; Maltais et al., 2018; Barra et al., 2019). Our data evidenced a parallel regulation between them suggesting a local combined relationship. Thus, STS and HSD17B1 together can play an important role in estrogen production by desulfating sulfated steroidogenic compounds (DHEAS, E2S, and E1S) into active compounds that reach endometriotic tissues in the bloodstream (Purohit et al., 2008). Expression of STS (gene and protein), being greater than of HSD17B1, may provide more E1 or E2, but the final balance between these two estrogens depends on HSD17B1 regulating the formation of the more active estradiol, namely, E2.
In consonance with other authors (Konings et al., 2018), we found in a larger cohort of patients that the expression of STS and HSD17B1 genes was much higher in DIE compared to all other endometriotic lesion types and EE or endometrium from nonaffected women. Increased STS mRNA expression has also been demonstrated in OMA, whereas HSD17B1 expression was higher in all types of endometriotic lesions when compared to control (Šmuc et al., 2007) or EE (Mori et al., 2015). In fact, only low levels of the HSD17B1 gene and protein (Dassen et al., 2007) or total absence of this enzyme (Utsunomiya et al., 2001) were reported in the endometrium of nonaffected women. Colette et al. (2013) described similar levels of 1 HSD17B1 gene and protein expressions among different types of lesions.
The elevated expression of STS and HSD17B1 genes in DIE lesions in comparison to other lesion types was not paralleled by the corresponding protein expression of these enzymes. Although staining by IHC was present for both enzymes, there were no significant quantitative differences between the analyzed groups (EE, SUP, OMA, and DIE). Other studies have also failed to find significant differences in STS protein expression among different endometriotic lesions and EE (Dassen et al., 2007).
The lack of association between the results of gene and protein expressions of the analyzed estradiol-producing enzymes can be explained by posttranscriptional regulatory events, which can prevent the formation of functional proteins from the mRNA transcript. Estrogens are consistently present in endometriotic tissue, regardless of the menstrual cycle phases (Huhtinen et al., 2012). Interestingly, the stability of several mRNAs is regulated by estrogens (Ing, 2005). Several microRNAs (miRNA) control gene expression at the posttranscriptional level and can be induced or inhibited by estrogen (Klinge, 2012; Kolanska et al., 2021). In addition, E2 canonical signaling pathways mainly mediated by nuclear estrogen receptors can perform as transcription factors to stabilize or destabilize mRNAs via miRNAs modifying gene expression (Kim et al., 2021). These controls promote the expression of genes that are critical to either strengthen or diminish the effects of steroid hormones that depend on the feedback of the same enzymes they regulate. Furthermore, estrogen-regulated expression of miRNA is both cell- and tissue-specific (Cohen et al., 2008).
Regarding the participation of the glandular versus stromal areas of endometriotic lesions in estrogen synthesis, we looked at the expression of ARO, STS, and HSD17B1 in the various types of endometriotic lesions and of eutopic endometrium, EE. Molecular and histophysiological differences between stromal and glandular cells from EE or endometriotic lesions have already been described such as alterations in prosurvival enzymes, cytoskeletal proteins, proteasomes, and cell repair mechanisms (Bastos Wolff et al., 2012). It was suggested that endometrial stromal cells responsive to progesterone could induce HSD17B2 (i.e., inactivation of E2) in epithelial cells (Yang et al., 2001) via paracrine factors. However, primary cultures of OMA stromal cells stimulated with progesterone resulted in the suppression of HSD17B2 expression in epithelial Ishikawa cells (Cheng et al., 2007).
We found higher protein expression of HSD17B1 in the stromal cell regions from endometriotic lesions. This result lends support to the idea that the regulation of estrogen secretion in endometriotic lesions is cell-specific. A pilot study detected, by immunofluorescence, the presence of stromal cells (but not epithelial cells) in the bloodstream of women with endometriosis, suggesting that endometrial stromal cells may migrate from the EE to distant sites via the bloodstream (Lin et al., 1995). It may also suggest that stromal cells could participate in the maintenance of endometriotic lesions. For the STS pathway, both stromal and epithelial cells seem to act at maintaining high levels of estrogen-synthesizing enzymes, as observed in our results. It appears that stromal cells are more susceptible to deficient steroid hormonal secretion.
Because steroid hormones regulate the expression of some estrogen metabolizing and synthesizing enzymes, which could be present at different levels throughout the menstrual cycle, the experimental design of our study included samples from progesterone-secretory and nonsecretory phases. Although the menstrual cycle phase was taken into account in the statistical analysis, it was not always possible to separate the main findings of the study considering this variable, especially for the gene analysis. Interestingly, stromal STS secretion was higher during the secretory phase, when compared to glandular STS expression in the nonsecretory phase. Furthermore, DIE lesions expressed more STS protein in the secretory phase than in the nonsecretory phase. These results agree with previously published results (Simpson et al., 1994) and with those from our group (Piccinato et al., 2016b), in which increased STS expression levels were seen in the secretory phase of the cycle. In contrast, other authors have reported that STS expression levels are not altered in the different phases of the menstrual cycle (Šmuc et al., 2007; Colette et al., 2013).
The higher protein expression of ARO was found in stromal EE in relation to DIE, in secretory phase samples, which agrees with the results of ARO tissue protein expression, suggesting that the stromal cells in the endometrium may be the main site of estrogen production. However, some authors have found ARO mRNA and protein expressed preferentially in glandular cells (Aghajanova et al., 2009; Wang et al., 2010). It is known that the endometrial tissue undergoes cyclical changes according to systemic hormonal variation (Foti et al., 2018). However, our findings suggest that the EE may be autonomous with regard to regulation of the ARO pathway, maintaining its expression, and the increased local estrogen production, regardless of systemic hormonal variations. Considering the basic characterization of endometriosis, such as the presence of endometrial tissue in other sites, it is important to understand not only the ectopic behavior of the endometrial-like tissue but also the behavior of that tissue in its place of origin (uterus) during the onset of the disease.
We found high variability among samples in the gene expression of all enzymes in stromal and glandular cell areas. Of note, most samples did not express detectable levels of CYP19A1 mRNA. The absence of CYP19A1 in some microdissected biopsies may signify no expression or expression below the detection levels of RT-PCR. In fact, LCM yields small amounts of microdissected material (Matsuzaki et al., 2004) and, consequently, amplification of genes with a low expression such as CYP19A1 might not reach detectable levels. It is important to consider that the number of microdissected samples for the experiments on gene expression was rather small. Despite having generated interesting primary results, we have to consider them preliminary and subject to confirmation.
CONCLUSION
Although the level of the single enzymes in the intracrine machinery varies with apparently no clear association with the localization of endometriotic lesions, a combination of enzymes and site intracrinology may explain site-specific characteristics of the disease. The results of the present study support this idea, as endometriotic sites present, at both gene and protein levels, higher STS and HSD17B1, whereas in EE, there was increased ARO expression. The cellular compartment of in situ protein expression seems to emphasize the importance of cell regulation in a paracrine manner. Finally, even though STS was the most expressed gene, ARO was the most expressed protein, revealing a complex site-specific system of transcript activation. Although enzyme activity studies are still required to fully understand how estrogen biosynthesis is regulated in the distinct sites where endometriosis occurs, it was possible to substantiate the pronounced gene and protein regulation of STS and HSD17B1, in endometriotic sites (particularly, in DIE) and of ARO in EE. It is apparent that endometriotic lesions at different sites correspond to different facets of the same disease and develop site-dependent intrinsic regulatory mechanisms.
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Supplementary Figure S1 | Representative images from STS and HSD17B1 protein expression in both menstrual cycle phases analysed by immunohistochemistry.
Supplementary Figure S2 | Relative gene expression in glandular and stromal areas in endometriosis tissue. Gene expression levels of CYP19A1, STS and HSD17B1 were analysed by qRT-PCR in eutopic endometrium from endometriosis patients (EE) and lesions. Relative gene expression levels were normalised by GAPDH. Bars represent the absolute CT values from each patient individually.
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Gene symbol

ABCC1
ABCC11
ABCC4
ABCG2

HPRT1%
POLR2A*
RPLPO*
SLC10A6
SLC22A11
SLC22A6
SLC22A7
SLC22A8
SLC22A9
SLC51A
SLC518
SLCO1A2
sLco1B1
SLCO1B3
sLcoi1ct
SLCO2B1
SLCO3A1
SLCO4A1
SLCO4C1

Raference genes.

Gene name

Multidrug-resistance-associated protein 1
ATP-binding cassette sub-family C member 11
Mulidrug-resistance-associated protein 4

Broad substrate specificity ATP-binding cassette
transporter ABCG2

Hypoxanthine-guanine phosphoribosylransferase
DNA-directed RNA polymerase Il subunit RPB1

60S acidic ribosomal protein PO

Solute carrier famiy 10 member 6

Solute carrier family 22 member 11

Solute carrier famiy 22 member 6

Solute carrier family 22 member 7

Solute carrier famiy 22 member 8

Solute carrier famiy 22 member 9

Organic solute transporter subunit alpha

Organic solute transporter subunit beta

Solute carrier organic anion transporter family member 1A2
Solute carrier organic anion transporter family member 181
Solute carrier organic anion transporter family member 183
Solute carrier organic anion transporter family member 1C1
Solute carrier organic anion transporter family member 281
Solute carrier organic anion transporter family member 3A1
Solute carrier organic anion transporter family member 4A1
Solute carrier organic anion transporter family member 4C1

Forward primers (5' to 3)

GGACTCAGGAGCACACGAAA
TCTCCATATATCCTGTTAAT
AACTGCAACTTTCACGGATG
GGGTTTGGAACTGTGGGTAG

CCTGGCGTCGTGATTAGTC
CAAGTTCAACCAAGCCATTG
AATGTGGGCTCCAAGCAGAT
TATGACAACCTGTTCCACCG
CTCACCTTCATCCTCCCCTG
CACAAGGAGGAGGAAGAGGA
CCTCCAGAGTCCAAGGGTCT
TACGCTGGTTGGTCTTGTCT
CGGCTACCTATCTGACCCCA
GCCCTTTCCAATACGCCTTC
GTGCTGTCAGTTTTCCTTCCG
GTTGGCATCATTCTGTGCAAATGTT
CAAATTCTCATGTTTTACTG
TCCAGTCATTGGCTTTGCAC
CACACAGACTACCAAACACCC
AGAGCCCTGTGTTCCATTCT
CTACGACAATGTGGTCTAC
ATGCACCAGTTGAAGGACAG
CCAGGAGCCCCAGAAGTC

Reverse primers (5' to 3)

ACGGCGATCCCTTGTGAAAT
TATAGTTCTCCAGTCTCTTG

AATGACTTTTCCCAGGCGTA
AGATGATTCTGACGCACACC

TGAGGAATAAACACCCTTTCCA
GTGGCAGGTTCTCCAAGG
TTCTTGCCCATCAGCACCAC
GAATGGTCAGGCACACAAGG
CCATTGTCCAGCATGTGTGT
ATGATGTGGTTCTGGTGGGG
ATGCTGCTCACCCACCAAAT
CTCCCTCTTCCTTCTTGCCA
TCTTGACGACTGTGCTTCCC
TCTGCTGGGTCATAGATGCC
TCATGTGTCTGGCTTAGGATGG
AACGAGTGTCAGTGGGAGTTATGAT
GATTATTTCCATCATAGGTC
TCCAACCCAACGAGAGTCCT
TCACCATGCCGAACAGAGAA
CTCTTGCTCCAGAAATGGCC
TTTTGATGTAGCGTTTATAG
AACAAGGTGGCAGCTTCTGAG
AACTCGGACAGCGACAGTG
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Gene symbol Assay ID Gene name

comT Hs00241349_m1 Catechol-O-methyltransferase

CYP19A1 Hs00240671_m1 Cytochrome P450, family 19, subfamily A

CYPIAT Hs00153120_m1 Cytochrome PAS0, family 1, subfarmily A, polypeptide 1
cYPIA2 Hs00167927_m1 Cytochrome PAS0, family 1, subfarily A, polypeptide 2
cYP1BI Hs00164383_m1 Cytochrome PAS0, family 1, subfamily B, polypeptide 1
CYP3AS Hs00241417_m1 Cytochrome PAS0, family 3, subfamily A, polypeptide 5
CYP3A7 Hs00426361_m1 Cytochrome P450, family 3, subfamily A, polypeptide 7

ESR1 Hs00174860_m1 Estrogen receptor 1 (a)

ESR2 Hs00230057_m1 Estrogen receptor 2 (§)

GPER v2 Hs00173506_m1 G-protein-coupled estrogen receptor 1 (gene variant 2)

GPER v3, vd Hs01116133_m1 G-protein-coupled estrogen receptor 1 (gene variants 3 and 4)
GSTP1 Hs00168310_m1 Glutathione S-transferase pi 1

HPAT1* Hs09999909_m1 Hypoxanthine phosphoribosyltransferase 1

HSD1781 Hs00166219_g1 Hydroxysteroid (17f) dehydrogenase 1

HSD17810 Hs00189676_m1 Hydroxysteroid (17§) dehycrogenase 10

HSD17812 Hs00275054_m1 Hydroxysteroid (17§) dehycrogenase 12

HSD17B14 Hs00212233_m1 Hydroxysteroid (17p) dehydrogenase 14

HSD1782 Hs00157993_m1 Hydroxysteroid (17) dehydrogenase 2

HSD1784 Hs00264978_m1 Hydroxysteroid (17) dehydrogenase 4

HSD1787 Hs00367686_m1 Hydroxysteroid (17) dehydrogenase 7

HSD1788 Hs00367151_m1 Hydroxysteroid (17p) dehydrogenase 8

HSD3B1 Hs00426435_m1 Hydroxy-delta-5-steroid dehydrogenase, 33, and steroid defta-isomerase 1
HSD3B2 Hs00605123_m1 Hydroxy-delta-5-steroid dehydrogenase, 3, and steroid delta-isomerase 2
NQOT Hs00168547_m1 NAD(P)H dehydrogenase, quinone 1

NQO2 Hs00168552_m1 NAD(PJH dehydrogenase, quinone 2

POLR2A" Hs00172187_m1 Polymerase (RNA) Il (DNA directed) polypeptice A

RPLPO Hs99999902_m1 Ribosomal protein lateral stalk subunit PO

STS Hs00165853_m1 Steroid sulfatase (microsomal), isozyme S

SULTIAT Hs00738644_m1 Sulfotransferase family 1A, member 1

SULTIET Hs00193690_m1 Sulfotransferase famiy 1 E, estrogen-preferring, member 1
SULT2A1 Hs00234219_m1 Sulfotransferase family, cytosolic, 2A, dehydroepiandrosterone-preferring, member 1
SULT2B1 Hs00190268_m1 Sulfotransferase famil, cytosolic, 2B, member 1

UGT287 Hs00426592_m1 UDP glucuronosyltransferase 2 famiy, polypeptide B7

SReference Genee.
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Gene symbol

AKR1C3

Gene name

Aldo-keto reductase famiy 1, member C3
(17B-hydroxysteroid dehydrogenase type 5)

Primers/probe

Forward primers (5 to 3)
Reverse primers (5' 1o 3)
Fluorescent MGB-NFQ
probe (5' to 3)

Sequence

GTTGCCTATAGTGCTCTGGGATCT
GGACTGGGTC CTCCAAGAGG
CACCCATCGTTTGTCTC FAM
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“Clinically reportable genes Genes that have been investigated in research settings but are not yet captured in clinical resources
Green Amber Red

Sulfate transporters
SLC4AT SLC26A1 SLC13A1, SLC13A4, SLC26A6, SLC26A9, SLC26AT1
SLC26A2
SLC26A3
SLC26A7
SLC26A8
PAPS synthetases
PAPSS2 PAPSS1
PAPS transporters
SLC3582, SLC35B3
Key enzymes in the pathways of sulfate generation

°CBS °CTH CDO1, SQOR, TST

GOT1

°SUOX

Cytosolic sulfotransferases

SULT2B1 SULT1A1, SULT1A2, SULT1A3, SULT1A4, SULT1B1

SULT1C2, SULT1C3, SULT1C4, SULTIET, SULT2AT
SULT4A1, SULTEB1
Membrane-bound sulfotransferases
°CHST3 CHST11 CHST8 CHST2, CHST4, CHSTS, CHST?7, CHST9
"CHST6 PHS2ST1 HS3ST6, CHST10, CHST12, CHST13, CHST15, GAL3ST1
°CHST14 °HS6ST1 GAL3ST2, GAL3ST3, GAL3ST4, HS3ST1, HS3ST2
"NDST1 HS3ST3A1, HS3ST3B1, HS3ST4, HS3ST5, HS6ST2, HS6ST3, NDST2, NDST3, NDST4, TPST1, TPST2, UST
Sulfatases and sulfatase modifying factors
"ARSA ARSD, ARSF, ARSG, ARSH, ARS.J, ARSK, SULF1, SULF2
"ARSB SUMF2
°STS
“ARSE
ARSI
"GALNS
"GNS
"IDS
°SGSH

“Genes captured in clincal resources and coded green (high level of evidence), amber (medium level evidence, not yet used) and red (no strong evidence, do no use) by searching the
online PanelAPP (https://panelapp.agha.umcr.org/) consensus diagnostic gene panels (Martin et al, 2019) 18-19 January 2022.
bLinked to adverse neurological phenotype.
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Gene

Sulfate transporters
SLC13A1
SLC13A4

PAPS transporters
sLC3582

Phenotypes (References)

Mice: seizures, behavioural abnormalities (Dawson et &, 2003; Dawson et al., 2004; Dawson et al., 2006)
Mice: impaired social behavior and neurogenesis (Zhang et al., 2019; Zhang et al., 2020)

Drosophila: pupal lethaity (Kamiyama et al., 2003)

Key enzymes in the pathways of sulfate generation

coo1
SQOR
ST
Cytosolic sulfotransferases
SULT4A1
Membrane-bound sulfotransferases
CHST10
CHST12
CHST15
HS6ST2
NDST2
NDST3
usT
Sulfatases and sulfatase modifying factors
ARSG

ARSK
SULF1

SULF2

SULF1/2

Mice: fetal death and irregular shaped cranium (Ueki et al., 2011)
Human: encephalopathy, seizures, coma, Leigh syndrome-lie brain lesions (Friederich et al., 2020)
Human: Leber optic atrophy (Cagianut et al., 1981)

Human: perturbed dendritic morphology and synaptic activity (Culotta et al., 2020)

Human: T cell invasion and nerve damage during inflammation (Dasgupta et al., 2009)
Mice: adverse cerebellar development (ishii and Maeda, 2008)

Mice: adverse cerebellar development (ishii and Maeda, 2008)

Human: Giobal developmental delay, intellectual disabity, enlarged lateral ventricies (Paganini et al., 2019)
Mice: Induction of neural cels (Forsberg et al, 2012)

Mice: subtle behavioral abnormalities (Pallerla et al., 2008)

Mice: adverse cerebelar development (ishii and Maeda, 2008)

Human: Usher syndrome, Type IV (Abad-Morales et al., 2020; Fowler et al., 2021; Peter et l., 2021). Dog: cerebellar ataxia,
neuronal ceroid lipofuscinosis (Abitbol et al., 2010)

Human: Mucopolysaccharidosis type X (Verheyen et al, 2021)

Human: microcephaly, diffuse o multifocal cerebral dysfuncion (Day-Saivatore and McLean, 1998). Mice: Reduced
hippocampal spine density and impaired long-term potentiation in CA1 (Kalus et al., 2009)

Mice: Impaired generation of Olig2-expressing pMN-Gerived cell subtype (Ohayon et al., 2019). Mice: Congenital
hydrocephalus and impaired spatial learning (Kalus et al., 2009)

Mice: Corticospinal tract defects (Okada et al., 2017)
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Modulation of GABA, receptor
Positive

3a-OH-pregnanolone isomers
(allopregnanolone, pregnanolone)

3a-androstane steroids
(androsterone, etiocholanolone,
Sa-androstane-3a, 17, diol)
3a,50/54- THDOC

weak: progesterone

weak: androstenedione
weak: testosterone

weak: 11-keto-PregS

— neuroinhibition
Modulation of glycine receptor
Positive

Allopregnanolone
(M-1 M concentrations)

— neuroinhibition

Modulation of sigma (o) 1 receptor

Positive

DHEAS

— neuroactivation

Modulation of NMDA receptor

Positive

Sulfates of 5a-pregnanolone isomers

PregS

DHEAS
E2 (pM-nM concentrations)
— neuroactivation

Modulation of kainate receptor
Positive

progesterone

— neuroactivation
Modulation of AMPA receptor

Positive

Majewska et al. (1986);
Park-Chung et al. (1999);
Strémberg et al. (2005)
Turer et al. (1989);
Park-Chung et al. (1999);
Kaminski et al. (2008)
Majewska et al. (1986);
Turer et al. (1989);
Stromberg et al. (2005)
Wu et al. (1990);
Park-Chung et al. (1999)
Park-Chung et al. (1999)
Park-Chung et al. (1999)

Park-Chung et al. (1999)

Weir et al. (2004);
Jiang et al. (2006)

Monnet et al. (1995)

Weaver et al. (2000)

Wu et . (1991);
Irwin et al. (1992)
Park-Chung et al. (1994)
Foy et al. (1999)

Wu and Chen, (1997)

Modulation of voltage-gated ion channels (L-type)

Positive

E2 (pM concentrations)

— neuroactivation

Wu et al. (2005);
Sarkar et al. (2008)

Modulation of serotonin (5-HT3) receptor

Positive

Modulation of transient receptor potential (TRP) ion channels

Positive

PregS (TRPMS3)

— neuroactivation

Wagner et al. (2008)

Negative

3p-OH-pregnanolone isomers
(isopregnanclone, epipregnanolone)

PregS

DHEAS

Sulfates of pregnanolone isomers

(pregnanolones, epipregnanolones, isopregnanolones)
3p5p-THDOC

sulfates of a-androstane isomers

(androsteroneS and epiandrosterones)
11p-hydroxy-PregS

weak: E2 sulfate

weak: DHEA

— neuroactivation

Negative

progesterone

deoxycorticosterone
17a-OH-progesterone
corticosterone
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DHEAS

pregnanolone

E2
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androstenedione
androstendiol

DHEA
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— neuroactivation

Negative
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— neuroinhibition
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E2 (1M concentrations)

— neuroinhibition

Negative
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Pregnanolon$
— neuroinhibition

Negative
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pregnanolon$
— neuroinhibition

Negative

E2 ("M concentration)

allopregnancione

progesterone
— neuroinhibition

Negative

E2
progesterone

testosterone
allopregnariolone
— neuroinhibition

Negative

E2 (TRPV1)

DHEA (TRPV1)
progesterone (TRPMS3)
— neuroinhibition

Wang et al. (2000),

Wang et al. (2002);

Lundgren et al. (2003)
Park-Chung et al. (1999);
Majewska and Schwartz, (1987)

Park-Chung et al. (1999);
Majewska et al. (1990)

Park-Chung et al. (1999)

Wang et al. (2002)
Park-Chung et al. (1999)

Park-Chung et al. (1999)
Park-Chung et al. (1999)
Park-Chung et al. (1999)

Wu et al. (1990)

Wu et al. (1990)

Wu et al. (1990)

Wu et al. (1997);
Maksay et al. (2001)
Wu et al. (1997);
Maksay et al. (2001)
Maksay et al. (2001)
Jiang et al. (2006)
Jiang et al. (2009)
Bukanova et al. (2020)
Bukanova et al. (2020)
Bukanova et al. (2020)
Bukanova et al. (2020)
Bukanova et al. (2020)
Bukanova et al. (2020)
Bukanova et al. (2020)
Bukanova et al. (2020)
Bukanova et al. (2020)
Fodor et al. (2006)

Monnet et al. (1995)
Monnet et al. (1995)

Yaghoubi et al. (1998);
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Wu et al. (1991);
Shirakawa et al. (2005)
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Brewer et al. (2009);
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Sanchez et al. (2014)
Hu et al. (2007);

Earl and Tietz, (2011)
Luoma et al. (2012)
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Wetzel et al. (1998);
Wu et al. (2000)

Wetzel et al. (1998)
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Xu et al. (2008)
Chen et dl. (2004)
Majeed et al. (2012)

Abbreviations: DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate; E2, 17p-estradiol: PregS, pregnenolone sulfate; THDOC, tetrahydrodeoxycorticosterone.
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Protein searches were performed on the C. elegans genome at Wormbase (version WS282), the P. pacificus transcriptome (E1_Paco_V3 annotation), and the S. ratti genome (PRIEB125
version WBPS16). Human orthologous proteins were assigned according to Wormbase curation and/or literature. Note that nematode nomenclature of sulfotransferases follows the
standard nomenclature rules of C. elegans, for example ssu-1, follows the 3-letter codle of genetic mutants and was isolated as a Suppressor of Stomatin mutant Uncoordination. All other
genes, were described based on sequence homology and often related to the comesponding enzymes in humans.
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