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Steroid hormones have important roles in human physiology, but they are also 
implicated in the development of hormone-dependent cancers and various  
non-maligant diseases. Furthermore, changes in the concentrations of steroid 
hormones have important effects on the homeostasis of pre- and post-menopausal 
women, as well as of men in andropause. The associations of steroid hormones with 
pathophysiological processes and the altered mechanisms of their actions in disease 
are still not completely understood. It has been known for more than thirty years that 
in addition to their endocrine activity, steroid hormones act in an intracrine manner. 
In target organs, active androgens and estrogens can be formed from inactive, or 
less active, precursor steroid hormones, mainly dehydroepiandrosterone-sulfate 
(DHEA-S), and estrone-sulfate (E1-S) after their translocation into cells through 
the transporter proteins of the organic anion-transporting polypeptide (OATP) and 
organic anion-transporter (OAT) families. The combination of altered uptake of 
precursors, changed activation and action of estrogens and androgens, in concert 
with the changes in the metabolism and excretion may thus have major roles in 
the development of hormone-dependent malignant and non-malignant diseases. 
To date, the salient roles of the individual players in disease pathophysiology have 
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not been precisely defined. The aim of this Research Topic is thus to highlight the 
progress made in the field of steroid transport and intracrine actions and metabolism, 
with special emphasis on the involvement of these processes in the pathophysiology 
of hormone-dependent disorders and on the identification of novel drug targets.

Citation: Rižner, T. L., Jäger, W., Özvegy-Laczka, C., eds. (2019). Relevance of Steroid 
Biosynthesis, Metabolism and Transport in Pathophysiology and Drug Discovery. 
Lausanne: Frontiers Media. doi: 10.3389/978-2-88945-887-5

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/research-topics/4786/relevance-of-steroid-biosynthesis-metabolism-and-transport-in-pathophysiology-and-drug-discovery
https://doi.org/10.3389/978-2-88945-887-5


Frontiers in Pharmacology 4 June 2019 | Steroid Biosynthesis, Metabolism and Transport

Table of Contents

06 Editorial: Relevance of Steroid Biosynthesis, Metabolism and Transport in 
Pathophysiology and Drug Discovery

Tea Lanišnik Rižner

STEROID BIOSYNTHESIS, METABOLISM AND TRANSPORT
 REVIEW ARTICLES

08 Intracrine Regulation of Estrogen and Other Sex Steroid Levels in 
Endometrium and Non-gynecological Tissues; Pathology, Physiology, and 
Drug Discovery

Gonda Konings, Linda Brentjens, Bert Delvoux, Tero Linnanen, Karlijn Cornel, 
Pasi Koskimies, Marlies Bongers, Roy Kruitwagen, Sofia Xanthoulea and 
Andrea Romano

59 Physiology and Pathophysiology of Steroid Biosynthesis, Transport and 
Metabolism in the Human Placenta

Waranya Chatuphonprasert, Kanokwan Jarukamjorn and Isabella Ellinger

88 Neurosteroid Transport in the Brain: Role of ABC and SLC Transporters

Markus Grube, Paul Hagen and Gabriele Jedlitschky

97 The Importance of Steroid Uptake and Intracrine Action in Endometrial 
and Ovarian Cancers

Tea Lanišnik Rižner, Theresia Thalhammer and Csilla Özvegy-Laczka 

 RESEARCH ARTICLES

119 The Significance of the Sulfatase Pathway for Local Estrogen Formation in 
Endometrial Cancer

Maša Sinreih, Tamara Knific, Maja Anko, Neli Hevir, Katja Vouk, Aleš Jerin, 
Snježana Frkovic Grazio and Tea Lanišnik Rižner

135 Clinical Significance of Organic Anion Transporting Polypeptide Gene 
Expression in High-Grade Serous Ovarian Cancer

Martin Svoboda, Felicitas Mungenast, Andreas Gleiss, Ignace Vergote, 
Adriaan Vanderstichele, Jalid Sehouli, Elena Braicu, Sven Mahner, Walter Jäger, 
Diana Mechtcheriakova, Dan Cacsire-Tong, Robert Zeillinger,  
Theresia Thalhammer and Dietmar Pils

151 Estrone-3-Sulfate Stimulates the Proliferation of T47D Breast Cancer 
Cells Stably Transfected With the Sodium-Dependent Organic Anion 
Transporter SOAT (SLC10A6)

Emre Karakus, Daniel Zahner, Gary Grosser, Regina Leidolf, Cemal Gundogdu, 
Alberto Sánchez-Guijo, Stefan A. Wudy and Joachim Geyer

162 Estrone Sulfate Transport and Steroid Sulfatase Activity in Colorectal 
Cancer: Implications for Hormone Replacement Therapy

Lorna C. Gilligan, Ali Gondal, Vivien Tang, Maryam T. Hussain,  
Anastasia Arvaniti, Anne-Marie Hewitt and Paul A. Foster

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/research-topics/4786/relevance-of-steroid-biosynthesis-metabolism-and-transport-in-pathophysiology-and-drug-discovery


Frontiers in Pharmacology 5 June 2019 | Steroid Biosynthesis, Metabolism and Transport

172 The Impacts of Genistein and Daidzein on Estrogen Conjugations in 
Human Breast Cancer Cells: A Targeted Metabolomics Approach

Stefan Poschner, Alexandra Maier-Salamon, Martin Zehl, Judith Wackerlig, 
Daniel Dobusch, Bettina Pachmann, Konstantin L. Sterlini and Walter Jäger

DRUG DISCOVERY
 EXPERIMENTAL PAPERS

183 Antiproliferative Properties of Newly Synthesized 19-Nortestosterone 
Analogs Without Substantial Androgenic Activity

András Gyovai, Renáta Minorics, Anita Kiss, Erzsébet Mernyák, Gyula Schneider, 
András Szekeres, Erika Kerekes, Imre Ocsovszki and István Zupkó

194 Steroidal Pyrimidines and Dihydrotriazines as Novel Classes of Anticancer 
Agents Against Hormone-Dependent Breast Cancer Cells

Alexander M. Scherbakov, Alexander V. Komkov, Anna S. Komendantova, 
Margarita A. Yastrebova, Olga E. Andreeva, Valerii Z. Shirinian,  
Alakananda Hajra, Igor V. Zavarzin and Yulia A. Volkova

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/research-topics/4786/relevance-of-steroid-biosynthesis-metabolism-and-transport-in-pathophysiology-and-drug-discovery


EDITORIAL
published: 26 March 2019

doi: 10.3389/fphar.2019.00245

Frontiers in Pharmacology | www.frontiersin.org March 2019 | Volume 10 | Article 245

Edited and reviewed by:

Martin C. Michel,

Johannes Gutenberg University

Mainz, Germany

*Correspondence:

Tea Lanišnik Rižner

tea.lanisnik-rizner@mf.uni-lj.si

Specialty section:

This article was submitted to

Experimental Pharmacology and Drug

Discovery,

a section of the journal

Frontiers in Pharmacology

Received: 20 January 2019

Accepted: 26 February 2019

Published: 26 March 2019

Citation:

Rižner TL (2019) Editorial: Relevance

of Steroid Biosynthesis, Metabolism

and Transport in Pathophysiology and

Drug Discovery.

Front. Pharmacol. 10:245.

doi: 10.3389/fphar.2019.00245

Editorial: Relevance of Steroid
Biosynthesis, Metabolism and
Transport in Pathophysiology and
Drug Discovery

Tea Lanišnik Rižner*

Faculty of Medicine, Institute of Biochemistry, University of Ljubljana, Ljubljana, Slovenia

Keywords: intracrine action, steroid hormones, transporters, sulfatase, cancer

Editorial on the Research Topic

Relevance of Steroid Biosynthesis, Metabolism and Transport in Pathophysiology and

Drug Discovery

Steroids have crucial roles in human physiology, from prenatal sexual differentiation, through
puberty and adulthood, to menopause/andropause and old age. Through binding corresponding
receptors, steroids exert endocrine, paracrine, and intracrine actions. In peripheral tissues, active
steroid levels depend on their plasma concentrations and local formation from their precursors,
dehydroepiandrosterone-sulfate (DHEA-S), and estrone sulfate (E1-S). Steroid sulfates require
transporters of the organic-anion-transporting polypeptide (OATP) and organic-anion-transporter
(OAT) families for uptake, and ATP-binding cassette (ABC) pumps for removal. Any dysregulation
of uptake of steroid precursors, steroid hormone activation, actions, metabolism, or excretion can
lead to development of malignant and benign diseases. This Research Topic aims to provide an up-
to-date view of steroid transport, metabolism, and actions, with emphasis on involvement of these
processes in pathophysiology, and on associated drug targets and novel steroidal compounds as
leads for potential novel therapeutics. There are four comprehensive reviews on intracrine steroid
actions, followed by five research papers on transport, biosynthesis, and metabolism of steroid
hormones, and, finally, two papers on new steroidal lead compounds with anti-proliferative actions.

The detailed review by Konings et al. focuses on steroidogenesis in ovaries and peripheral tissues,
and describes the actions of steroid hormones in the endometrium, gastrointestinal tract, bone,
lungs, central nervous system, adipose tissue, and immune system, and their associations with
disease. Approved drugs that target intracrine enzymes are discussed, along with novel therapeutic
approaches. The authors emphasize the need for further validation studies, and recommend
development of dual/ triple inhibitors.

Manuscript by Chatuphonprasert et al. deals with steroid biosynthesis, transport, and
metabolism in human placenta. The authors describe steroids that have crucial roles in pregnancy
and embryo development, “cholesterol has roles per se and as a precursor of steroid hormones,” and
its uptake, intracellular transport, and efflux are summarized. Progesterone and estrogen synthesis
in placenta and glucocorticoid synthesis in fetal organs, and the interplay between these organs, are
also described.

Also neurosteroids, DHEA-S and Pregnenolone-sulfate need transporters to cross cell
membranes. The mini review by Grube et al. discusses the published data on the ABC and solute
carrier (SLC) transporters, putatively involved in secretion of DHEA-S and pregnenolone sulfate
from neurons and glial cells, and their transport through the blood-brain and blood-cerebrospinal
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fluid barriers. They emphasize that the functions of ABC and SLC
transporters in the brain remain poorly understood.

Estrogen-dependent malignancies predominantly affect post-
menopausal women and depend on local formation of estrogens
from DHEA-S and E1-S. The intracrine actions of estrogens
in endometrial and ovarian cancers are reviewed by Rižner
et al. The authors focus on DHEA-S and E1-S transporters
and intracrine enzymes, and their dysregulated expression
in gynecological cancers. Steroid sulfatase, 17-keto-steroid
reductase type 1, estrogen receptors, and the individual OAT,
OATP, and ABC transporters are discussed as potential new
pharmacological targets, and difficulties associated with these
approaches are considered.

The first research paper confirms the importance of the
sulfatase pathway for estrogen formation in endometrial cancer.
Sinreih et al. report that estradiol (E2) is formed only from E1-S
and E1, and not from androstenedione, with increased E2 levels
in cancer compared to adjacent control tissue. The key genes
of the aromatase and sulfatase pathways are not differentially
expressed, but immunohistochemistry reveals intense staining
for sulfatase and weak staining for sulfotransferase SULT1E1,
supporting the prevalence of the sulfatase pathway over the
aromatase pathway.

The clinical significance of OATP and ABC transporters
in high-grade serous ovarian cancer, the most frequent and
aggressive subtype of ovarian cancer, was investigated by Svoboda
et al. The SLCO5A1 gene, encoding OATP5A1 and implicated
in transport of estradiol glucuronides, was identified as an
independent positive prognostic factor for overall survival.
However, as the authors conclude, further validation studies on
larger collections of high-grade serous ovarian cancer are needed.

Also in breast cancer, E1-S acts as a source of E2. As OATP
and OAT transporters have already been studied, Karakus et al.
focused on the sodium-dependent organic anion transporter
(SOAT). They confirm SOAT expression in different breast
pathologies and its role in E1-S uptake in stably transfected
T47D-SOAT cells. E1-S more efficiently stimulates proliferation
of T47D-SOAT cells compared to control cells, while a SOAT
inhibitor blocks E1-S stimulation, which supports the role of
SOAT in E1-S uptake and estrogen action.

The epidemiological studies disclosed that hormone
replacement therapy that includes E1-S and progestins reduces
the risk of colorectal cancer in post-menopausal women. Gilligan
et al. thus inspected the actions of E1-S in model cell lines of
colorectal cancer. After translocation, apparently via OATP4A1,
E1-S is metabolized to active estrogens, and stimulates GPER.
Surprisingly, GPER agonists increase steroid sulfatase activity.
The authors conclude that hormone replacement therapy “may
play a dual role in the incidence and progression of colorectal
cancer,” where “tamoxifen, and fulvestrant may negatively impact
colorectal cancer patients outcome.”

In patients with breast cancer, epidemiological studies have
indicated beneficial effects of isoflavones only when ERα-
negative, and not when ERα-positive. This led Poschner et al.
to investigate the effects of genistein and daidzein on estrogen
conjugation in ERα-positive MCF-7 breast cancer cells. Both of

these isoflavones stimulate cell proliferation and inhibit estrogen
conjugation, especially sulfation, and less glucuronidation. As the
authors indicate, these effects of isoflavones would be expected
only in patients after consumption of high-dose supplements.

Steroidal compounds are used for treatment of several
gynecological conditions and hormone-dependent forms of
cancer. For new avenues of treatment, additional compounds
with anti-proliferative properties are needed. Gyovai et al.
investigated five novel 19-nortestosterone analogs. The most
potent, the 17α-chloro derivative, showed moderate cytotoxic
effects, induced apoptosis, stabilized microtubule formation, and
showed negligible androgenic activity, and thus exemplifies “an
excellent skeleton for designing novel anti-proliferative steroidal
agents.” The last paper, by Scherbakov et al., reports on eight
novel steroidal pyrimidines and dihydrotriazines. Their lead
compound, a 16-C dihydrotriazine-modified estrane, displays
greater cytotoxicity toward ERα-positive MCF-7 cells compared
to ERα-negative MDA-MB231 cells, and partially down-regulates
expression of ERα, which suggests its potential for design
of novel SERM.

The associations between steroid hormones and
pathophysiological processes are still not completely understood,
and in particular, membrane transport of steroid precursors
and metabolites has not had sufficient attention to date.
This Research Topic thus fills in some of the gaps in our
knowledge, and provides novel information on steroid
transporters in peripheral tissues and ovarian, endometrial,
breast, and colorectal cancers, and substantiates the impact
of the sulfatase pathway for E2 action in these pathologies.
Also new data on the mechanisms of isoflavone actions
and on lead compounds with anti-proliferative effects
are provided. However, there is still a great deal more to
be discovered on the importance of steroid biosynthesis,
metabolism and transport in disease, which warrants
further studies.
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Our understanding of the intracrine (or local) regulation of estrogen and other steroid

synthesis and degradation expanded in the last decades, also thanks to recent

technological advances in chromatography mass-spectrometry. Estrogen responsive

tissues and organs are not passive receivers of the pool of steroids present in the

blood but they can actively modify the intra-tissue steroid concentrations. This allows

fine-tuning the exposure of responsive tissues and organs to estrogens and other

steroids in order to best respond to the physiological needs of each specific organ.

Deviations in such intracrine control can lead to unbalanced steroid hormone exposure

and disturbances. Through a systematic bibliographic search on the expression of the

intracrine enzymes in various tissues, this review gives an up-to-date view of the intracrine

estrogen metabolisms, and to a lesser extent that of progestogens and androgens, in the

lower female genital tract, including the physiological control of endometrial functions,

receptivity, menopausal status and related pathological conditions. An overview of the

intracrine regulation in extra gynecological tissues such as the lungs, gastrointestinal

tract, brain, colon and bone is given. Current therapeutic approaches aimed at interfering

with these metabolisms and future perspectives are discussed.

Keywords: intracrinology, endometrium, estrogens, lungs, gastrointestinal tract, central nervous system, bone

INTRODUCTION

The term “intracrinology,” coined in 1988 by prof Labrie, refers to the ability of peripheral tissues
to use blood precursors and generate steroids (Labrie, 1991). Several studies have been published
but several controversies still exist and relate to the following technical and biological aspects:
(a) some intracrine enzymes in peripheral tissues have low expression (300–50,000-times lower
than in endocrine glands Stoffel-Wagner, 2001; Murakami et al., 2006, close to the detection limit
of standard methods like western blotting and immunohistochemistry -IHC); (b) the technology

8
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to robustly quantify steroids (liquid-/gas-chromatography
tandem mass-spectrometry -LC-MS or GC-MS), became
available during the last 5–10 years only (Rosner et al., 2013); (c)
intracrine pathways are highly complex.

This review summarizes our knowledge of intracrinology in
peripheral tissues like the endometrium, lungs, gastrointestinal
tract (GIT), bone and central nervous system (CNS), with special
attention to the metabolism of estrogens. Drug development and
potential therapeutic approaches are discussed. In this review,
the enzymes involved in steroid deactivation/clearance (Rižner,
2013, 2016; with the exclusion of steroid sulphotransferases)
and those involved in the transport of conjugated steroids
through the plasma membrane (Rižner et al., 2017) are not
described. Studies on serum/tissue steroid levels are reported
and discussed only if based on gold standard GC/LC-
MS.

FROM OVARIAN ESTROGEN SYNTHESIS
TO INTRACRINOLOGY

Local steroid metabolism is possible because those enzymes
responsible for steroid synthesis in classical glands (ovaries,
adrenals, testes) are expressed in peripheral tissues, where
additional and alternative routes for metabolizing steroids are
present and make intracrine networks intricate and flexible
(Figures 1, 2, Tables 1, 2). In particular, several compounds
generated through these pathways, although not being estrogens,
can have estrogenic action, because able to bind and activate
the estrogen receptors. The biologic activity of the various
compounds is given in Table 1, and in Figure 2, by the color
codes.

Ovarian Steroidogenesis
Transformation of cholesterol to 17β-estradiol (E2) involves
first the production of dehydroepiandrosterone (DHEA)

Abbreviations: [3H], tritiated hydrogen; [14C], radioactive carbon; AD,

Alzheimer disease; ADHD, attention deficit hyperactivity disorder; AI,

aromatase inhibitor; AKR, aldo-ketoreductase; AR, androgen-receptor; ART,

assisted reproduction technology; BMD, bone mineral density; BMP-2, bone

morphogenetic protein 2; COPD, chronic obstructive pulmonary disease; COUP-

TFII, chicken-ovalbumin-upstream-promoter-transcription-factor II; CNS,

central nervous system; CRC, colorectal cancer; CX43, connexin 43; DS, digestive

system; Ed, embryonic day; EC, endometrial cancer; EndRet, endoplasmic

reticulum; ER, estrogen-receptor; Fdx, ferredoxin; FdR, ferredoxin reductase;

GC-MS, gas-chromatography tandem mass-spectrometry; GnRH, gonadotropin

releasing hormone; GH, growth hormone; GIT, gastrointestinal tract; GPER,

G protein-coupled estrogen-receptor; HPLC, high performance liquid-

chromatography; HRT, hormone-replacement-therapy; hCG, human chorionic

gonadotropin; IGF1, insulin-like growth factor 1; IHC, immunohistochemistry;

IL-1, interleukin-1; IL-6, interleukin-6; KO, knock-out; LC-MS, liquid-

chromatography tandem mass-spectrometry; mTOR, mammalian target of

rapamycin; NAPDH, nicotine-adenine-dinucleotide-phosphate; NSCLC, non-

small cell lung cancer; PAIN, phenomena of pan-assay interfering compounds;

PAP, bis-phospho-nucleotide-3′-phospho-adenosine-5′-phosphate; PCOC,

poly cystic ovarian syndrome; POR, P450 oxidoreductase; RT-qPCR, reverse-

transcriptase quantitative polymerase-chain-reaction; SF1, steroidogenic factor

1; SHBG, sex hormone binding globulin; SNP, single nucleotide polymorphism;

SRD, short-chain dehydrogenase; Th, T-helper; TNF, tumor necrosis factor; VEGF,

vascular endothelial growth factor; WB, western blot/blotting; WOI, window of

implantation.

in theca cells through the action of steroidogenic acute
regulatory protein (StAR) that facilitates the transport of
cholesterol into mitochondria, followed by CYP11A1 (rate-
limiting) and CYP17A1 (Figure 2); the ovarian pathway is
indicated by the yellow background; reviewed by (Miller and
Auchus, 2011; Andersen and Ezcurra, 2014). CYP11A1 is
a type I CYP localized in mitochondria that uses nicotine-
adenine-dinucleotide-phosphate (NADPH) and ferredoxin
(Fdx)/ferredoxin reductase (FdR) to cleave the cholesterol
side chain and produce pregnenolone (P5). Type II CYP17A1,
localized in the endoplasmic reticulum (EndRet), has both
17α-hydroxylase and 17,20-lyase activities. It uses NADPH
and P450 oxidoreductase (POR) to first hydroxylate P5 to
17α-hydroxypregnenolone (17OHP5) (17α-hydroxylase action),
followed by 17,20-lyase action to release DHEA. Gonad
specific type 2 3β-hydroxysteroid dehydrogenase (3βHSD2)
has 3β-dehydrogenase and 15 to 14 isomerase activities and
converts DHEA to androstenedione (A4). Next, CYP19A1
catalyzes the oxidative demethylation of C19 androgens to C18

estrogens, with A-ring aromatisation; hence A4 is converted
to estrone (E1). The final conversion of E1 (with low affinity
for the estrogen-receptors -ERs) to E2 (high affinity for ERs
and high estrogenic potency) is catalyzed by 17βHSD1 that
reduces 17-keto to 17β-hydroxyl steroids. In the ovary, the
17-keto group of A4 can be reduced to 17β-hydroxyl by
AKR1C3/17βHSD5 yielding testosterone (T) that is converted
to E2 by CYP19A1. Upon ovulation, high 3βHSD2 levels in the
corpus luteum lead to high progesterone (P) generation from
P5.

Intracrine Steroidogenesis
The expression of StAR, CYP11A1 and CYP17A1 is
demonstrated in a limited number of peripheral tissues
(see later and Tables 6–8). However, pregnenes, pregnanes,
androstenes and androstanes generated from these initial
steps (but also abundantly available as circulating precursors)
can be further metabolized locally thus generating a plethora
of compounds with various biological activities (estrogenic,
androgenic, progestogenic and neuroactive; Tables 1, 2 and
Figure 2). The 15 to 14 isomerization of androstenes (DHEA,
androstenediol -A5- and 17αA5) and pregnenes (P5, 17OHP5)
is catalyzed by 3βHSD1, which is the peripheral counterpart
of ovarian 3βHSD2. Also 3βHSD2, whose expression was
initially considered to be restricted to endocrine tissues, is
detected peripherally in recent reports (Stoffel-Wagner, 2001;
Tsai et al., 2001; Attar et al., 2009; Huhtinen et al., 2014;
Osinski et al., 2018). Due to the high concentration of DHEA
(both in blood and tissues), its conversion to A4 by 3βHSDs
is relevant to the formation of downstream androgens and of
estrogens. Additionally, 3βHSDs convert A5 and the isomer
17αA5 to T and epitestosterone (EpiT). Although minor, in
the context of women’s health, these pathways are relevant.
A5, together with 3α and 3βDIOL (generated by AKR1Cs
from DHT and AN, see below) activate both ERs and have
estrogenic action (especially 3βDIOL, a potent ERβ binder).
A5 possesses immune stimulatory activity whereas its 17α
isomer (17αA5) has androgenic, antitumor and neuroactivity.
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FIGURE 1 | Steroid structure. (A) structure of the C21 steroid progesterone (P, used as an example), with carbon numbering and steroid ring numbering. In the

storied graphics in Figures 1B and 2, the H groups and the relative bonds will be omitted (with the exclusion of the H in 5α-reduced steroids - androstanes and

pregnanes). Methyl groups will be indicated by the bonds only without the CH3 group. (B) structures of C21 pregnene (14 and 15, i.e., double bond between C4 and

C5 or between C5 and C6, respectively), pregnane (5α-reduced steroid), C19 androstene (14, 15) and androstane and C18 (A-ring)-aromatic estrogens. Chemical

structures were designed with the aid of Sketcher V2.4 (Ihlenfeldt et al., 2009), available online at PubChem (www.ncbi.nlm.nih.gov; pubchem.ncbi.nlm.nih.gov) (Kim

et al., 2016).

Additionally, EpiT is a weak AR binder and a strong endogenous
inhibitor of SRD5As (Loria and Graf, 2012). The endogenous
occurrence of 17αA5 is demonstrated in humans (Laatikainen
et al., 1971) but its route of synthesis is unclear (Shimizu,
1979). A 17αHSD able to convert A4 to EpiT and DHEA
to 17αA5 is characterized in mice (Bellemare et al., 2005)
but no human homologous is described yet. Similarly to
the ovaries, androgen to estrogen conversion is catalyzed by
CYP19A1.

A particularly important reaction is controlled by oxidative
and reductive 17βHSDs, which interconvert 17-keto and 17β-
hydroxysteroids. Since 17β-hydroxysteroids (T and E2) have
higher affinity for the receptors than the keto-steroids (A4 and
E1), this balance determines the final androgenic/estrogenic
activity. Fourteen 17βHSDs exist, whose specificity is determined
by tissue distribution, intracellular localization and biochemistry
(Table 2); reviewed thoroughly in (Mindnich et al., 2004; Moeller
and Adamski, 2006, 2009; Prehn et al., 2009; Miller and Auchus,
2011). Unpublished data also refer to a 15th 17βHSD (see
Table 2; reported in Luu-The et al., 2008) with a putative
role in androgen metabolism. With the exclusion of 17βHSD5
(AKR1C3, see below), all other 17βHSDs belong to the short-
chain dehydrogenase (SRD) family.

Although all 17βHSDs have been postulated to use steroids
as substrates based on cell-free or in vitro assays, recent
investigations based on substrate specificity (Laplante et al.,
2009) and knock-out (KO) models (Table 4) better clarified their
roles. Type 1 17βHSD is the estrogenic enzyme and coverts
E1 to E2 both in the ovary and in peripheral tissue. Type 2
17βHSD oxidizes 17-hydroxyl groups (E2 and T) to the 17-
keto forms (E1 and A4), and possesses also a 20α-hydroxyl
oxidative action, through which this enzyme generates P from
20αDHP. Type 6 17βHSD uses 5α-reduced androgens and has

17-hydroxyl oxidative activity (converting androsterone -AN- to
androstanedione) and 3-hydroxyl oxidative activity (converting
3αDIOL to the most potent androgen dihydrotestosterone -
DHT). Additional catalytic actions for 17βHSD6 (epimerase or
17-hydroxydehydrogenase) are demonstrated in vitro (Table 2).
Type 14 17βHSD is postulated to have 17β-hydroxyl oxidative
action on various steroids, type 7 is involved in cholesterol
metabolism as indicated by KO mice (Table 4), whereas there
is apparently little/no in vivo role of types 8, 9, 10, 11 and 12
17βHSDs on steroid metabolism (Table 2 and indicated by KO
mice, Table 4). Recently, a novel SRD, DHRS11, was shown to
possess in vitro 17-keto to 17β-hydroxyl reductive action (able
to use E1, 15 or 14 androstenes, androstanes), plus reductive
3βHSD activity toward 14 pregnenes and other compounds
(5β-steroids, bile acids; Table 2 and Figure 2; Endo et al., 2016).

Androgens and progestogens can be further metabolized
by aldo-ketoreductases (AKRs) and 5α-reductases (SRD5As;
Figure 2). Cytoplasmic AKRs (AKR1C1, 1C2, 1C3/17βHSD5 and
1C4) have broad substrate specificity with non-stereo-selective
3α/3βHSD, 17- and 20-ketosteroid reductase activities (Table 2;
Penning et al., 2004; Steckelbroeck et al., 2010). Together with
the fact that they have wide tissue distribution (only AKR1C4
is restricted), AKR1Cs contribute to make intracrine networks
flexible and intricate (Rižner and Penning, 2014; Sinreih et al.,
2014).

SRD5As convert 3-keto 14 androstene and pregnene to 5α-
reduced steroids (androstanes and pregnanes), hence they are
important in progestogen, androgen (DHT production) and
neurosteroid metabolism (Di Costanzo et al., 2009). SRD5A1
and 3 are widely expressed, in contrast to SRD5A2. Human 5β-
reductase activity, catalyzed by AKR1D1, is restricted to the liver,
where 5β-steroids are directed to clearance/catabolism. However,
some 5β-compounds are neuroactive and recent studies indicate
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FIGURE 2 | Intracrine networks. Major intracrine networks metabolizing steroids. In this figure, each reaction reports the catalyzing enzymes whose role in that

specific reaction is established based on robust evidences (in vitro, ex vivo, in vivo). Additional enzymes whose involvement in the same reactions is less robustly

demonstrated or based only on in silico or cell-free assay are reported in Table 2. The role of 17βHSD3 is disregarded in this figure because restricted to tissues that

are not assessed in the present review (testes, prostate, Table 2).

Color codes:

OV ovarian specific referring to 3β-HSD2 (see text); — dotted arrows indicate reactions that are not fully demonstrated to occur or for which the responsible enzyme is

not identified yet; (enzyme name) enzymes indicated by brackets are supposed to catalyze the indicated reaction based on the theoretical assumptions, no

experimental proof is yet available; & these compounds (THP, 3αDHP and allopregnandiol) exist as various hydroxyl α/β isomers (3, 5, 17) with no activity, classic

action or neuroactivity (see Table 2); * the role of DHRS11 in steroid metabolism is reported only recently by one publication (Endo et al., 2016).
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TABLE 1 | Major steroidal compounds.

1. Abbreviation (used here) Blood concentration ** (nM) Biologic activity*** Entries*

2. Common name

3. Chemical name

1. none

P
R
E
G
N
A
N
E
S

n.d. CAS:516-59-6

2. none HMDB:60408

3. 5α-pregnan-20-ol-3-one1 CB:0504265

ChEBI:81469

1. none 3a. M S: 28–4910 3a. GABAA+

2. allopregnandiol (4 isomers) 3a. F: 0.2–0.710; S: 13–2010

3 a. 5α-pregnane-3α,20α-diol ∧ a.CAS:566-58-5

b. 5α-pregnane-3β,20β-diol b.CAS:516-53-0

c. 5α-pregnane-3β,20β-diol c.CAS:516-53-0

d. 5α-pregnane-3β,20α-diol d.CAS:516-53-0

1. 5αDHP F: 0.2–1.1(5,10) PR+ GABAA+ CAS:566-65-4

2. allopregnanedione HMDB:0003759

3. 5α-pregnane-3,20-dione ChEBI:28952

1. none n.d. CAS:570-59-2

2. none CB:4441841

3. 5α-pregnan-17α-ol-3,20-dione

1. none n.d. CAS:6890-65-9

2. none CB:7269033

3. 5α-pregnan-3,17α-diol-20-one 2∧

1. THP (isomer 1/4) All: 0.2–106 GABAA+ CAS:516-54-1

2. allopregnanolone3 M: 0.1–0.210; S: 3.6–1010 HMDB:0001449

3. 3α-hydoxy-5α-pregnan-20-one F: 0.1–0.210; S: 4.0–6.710 PC:262961

1. THP (isomer 2/4) M S: 8.6–1810 GABAA+ CAS:128-20-1

2. pregnanolone3 F: 0.06–0.110; S: 5.5–1010 HMDB:0062782

3. 3α-hydroxy-5β-pregnan-20-one CHEBI:1712

PC:31402

1. THP (isomer 3/4) M S: 7.8–1010 GABAA− CAS:516-55-2

2. isopregnanolone3 F: 0.08–0.210; S: 3.7–7.110 (THP-S) HMDB:0001455

3. 3β-hydoxy-5α-pregnan-20-one PC:92787

1. THP (isomer 4/4) All: 0.3–36 CAS:128-21-2

2. epipregnanolone3 M S: 0.4–0.610 GABAA− HMDB:0001471

3. 3β-hydoxy-5β-pregnan-20-one F: 0.02–0.0410; S: 1.5–2.510 (THP-S) PC:228491

1. 3αDHP

P
R
E
G
N
E
N
E
S

n.d. GABAA+ CAS:25680-68-6

2. 3α-dihydroprogesterone PC:121951

3. 4-pregnen-3α-ol-20-one

1. 3βDHP4 n.d. PC:121951

2. 3β-dihydroprogesterone

3. 4-pregnen-3β-ol-20-one

1. P M: 0–0.46 PR+ HMDB:01830

2. progesterone Fpre: 0–806

3. 4-pregnene-3,20-dione Fpost: 0–0.46

1. 17OHP M: 0.61–7.06 PR+ CAS:68-96-2

2. 17α-hydroxyprogesterone F: 0.21–2.36 HMDB:0000374

3. 17-hydroxypregn-4-en-3,20-dione CHEBI:17252

PC:6238

(Continued)
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TABLE 1 | Continued

1. Abbreviation (used here) Blood concentration ** (nM) Biologic activity*** Entries*

2. Common name

3. Chemical name

1. 20αDHP

P
R
E
G
N
E
N
E
S

Fpre: 0.8–11.76 PR+ CAS:145-14-2

2. 20α-dihydroprogesterone HMDB:0003069

3. 20α-hydroxypreg-4-en-3-one PC:8956

1. 17OHP5 M: 1.0–12 6 CAS:387-79-1

2. 17-hydroxypregnenolone F: 0–6.06 HMDB:0000363

3. 5-Pregnen-3β,17α-diol-20-one CHEBI:28750

PC:3032570

1. P5 M: 1–156; S: 200–1,0006 GABAA− (P5-S) CAS:145-13-1

2. pregnenolone Fpre: 1.0–156; S: 100–1,0006 HMDB:0000253

3. pregn-5-en-3β-ol-20-one Fpost: 1.0–156; S: 10–5006 CHEBI:16581

PC:8955

1. none
A
N
D
R
O
S
TA

N
E
S

HMDB:0000899

2. androstanedione M: 0.37 CHEBI:22542

3. 5α-androstane-3,17-dione

1. AN All: 0.5–0.97 AR+ weak HMDB:0000031

2. androsterone M: 0.4–4.06,10; S: 617–1,08010 GABAA+

3. 3α-hydroxy-5α-androstan-17-one F: 0.3–0.610; S: 359–1,07010

1. 5βAN M: 0.09–0.210; S: 32–7010 GABAA+ CAS:53-42-9

2. etiocholanolone F: 0.1–0.4 10; S: 34–8810 HMDB:00490

3. 3α-hydroxy-5β-androstan-17-one CHEBI:28195

PC:5880

1. 3αDIOL M: 0.4–0.59,10; S: 35–12110 ERβ+ weak HMDB:0000495

2. androstanediol F: 0.03–0.06 10; S: 2.4–4.810 GABAA+

3. 5α-androstane-3α,17β-diol

1. 3βDIOL All: 0.157

2. 3β-androstanediol M S: 34–10310 ERβ+ HMDB:0000493

3. 5α-androstane-3β,17β-diol F S: 8.7–1810

1. EPI M: 0.3–0.79,10; S: 211–53210 AR+ weak CAS:481-29-8

2. epiandrosterone F: 0.3–0.710; S: 172–35010 HMDB:0000365

3. 3β-hydroxy-17-oxo-5α-androstane CHEBI:541975

PC:441302

1. DHT M: 0/85–3.5 (50–100)6 AR+ HMDB:0002961

2. dihydrotestosterone Fpre: 0.08–1.36 CHEBI:16330

3. 17β-hydroxy-5α-androstan-3-one Fpost: 0.03–1.656 PC:10635

A
N
D
R
O
S
T
E
N
E
S

CAS:481-30-1

1. EpiT8 M: 1.3–2.97 AR+ weak9 HMDB:0000628

2. epitestosterone CHEBI:42534

3. 17α-hydroxy-4-androsten-3-one CB:10204

CAS 521-17-5

1. A5 M: 2.6–3.79,10; S: 243–49410 AR+ weak HMDB:0003818

2. androstenediol F: 0.8–1.110,11; S: 85–30210 CHEBI:2710

3. androst-5-ene-3β,17β-diol PC:10634

1. 17αA5 n.d. AR+ weak CAS:521-17-5

2. 17α- androstenediol GAB AA− HMDB:0003818

3. androst-5-ene-3β,17α-diol CHEBI:2710

PC:10634

1. 14-A5 n.d. CAS:1156-92-9

2. 4-androstenediol HMDB:0005849

3. androst-4-ene-3β,17β-diol PC:12476620

1. DHEA M: 10–256; S: 2K-10K6 GABAA− HMDB:0000077

2. dehydroepiandrosterone Fpre: 3.0–306; S: 1K-8K6 (DHEA and DHEA-S)

3. (3β)-3-hydroxyandrost-5-en-17-one Fpost: 2.0–206; S: 1K-6K6

(Continued)
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TABLE 1 | Continued

1. Abbreviation (used here) Blood concentration ** (nM) Biologic activity*** Entries*

2. Common name

3. Chemical name

1. A4

A
N
D
R
O
S
T
E
N
E
S

All: 3.1–5.97 AR+ CAS:63-05-8

2. androstenedione HMDB:0000053

3. 4-Androstene-3,17-dione CHEBI:16422

1. T M: 5–256 CAS:55-22-0

2. testosterone Fpre: 0.2–2.06 AR+ HMDB:0000234

3. 17β-hydroxyandrost-4-ene-3-one Fpost: 0.2–1.06 CHEBI:17347

1. E2

E
S
T
R
O
G
E
N
S

M: 0.02–0.046 CAS:50-28-2

2. 17β-estradiol Fpre: 0.005–1.06 ER+ HMDB:0000151

3. (17β)-estra-1,3,5(10)-triene-3,17-diol Fpost: 0.005–0.086 CHEBI:16469

1. E1 M: 0.033–0.16; S: 2.0–4.06 CAS:53-16-7

2. estrone Fpre: 0.015–0.5; S: 2.0–5.06 ER+ HMDB:0000145

3. 3-hydroxy-1,3,5(10)-estratrien-17-one Fpost: 0.01–0.12; S: 5–20(X10−3) 6 CHEBI:17263

List of the steroids discussed in the present review with the major features. Nomenclature of these compounds is variable and aliases are given as Supplemental Materials.
*CAS: Chemical Abstracts Service, a division of the American Chemical Society (www.cas.org. Accessed on date: February 2018); HMDB: Human Metabolome Data Base (www.hmdb.

ca. Accessed on date: February 2018) (Wishart et al., 2013); CB: Chemical Book (www.chemicalbook.com. Accessed on date: February 2018); ChEBI (www.ebi.ac.uk/chebi. Accessed

on date: February 2018) (Morgat et al., 2015); PC: PubChem (www.ncbi.nlm.nih.gov; pubchem.ncbi.nlm.nih.gov. Accessed on date: February 2018) (Kim et al., 2016).
**M: male subjects; F: female subjects; Fpre: female premenopausal subjects; Fpost: female postmenopausal subjects; -S: sulphated compounds.
***PR, ER, AR: compound activates the indicated steroid receptor; GABAA allosteric positive (+) or negative (–) modulator.
∧This isomer is shown in Figure 2.

n.d.: not determined.
1 20β-/5β-isomers exist (CB8678436, Chemical Book - www.chemicalbook.com. Accessed on date: February 2018); 2 Isomer 5α-pregnan-3β,17α-diol-20-one exists (CB:0291774,

Chemical Book - www.chemicalbook.com. Accessed on date: February 2018); 3 In general, 5α-reduced and 3α-hydroxysteroids are positive allosteric modulator of GABAA, whereas

3α- and 3β-sulphated hydroxysteroids and 5β-reduced steroids are negative allosteric modulator of GABAA. The 3β-hydroxy isomers of THP are inactive (Belelli and Lambert, 2005;

Gibbs et al., 2006; 4This compound is GABAA receptor inactive;
5Pearson Murphy et al., 2001; 6Mueller et al., 2015), 7Data extracted from the Human Metabolome Data Base-HMDB

(www.hmdb.ca. Accessed on date: February 2018) (Wishart et al., 2013); 8This compound is strong inhibitor of SRD5As. 9Kancheva et al. (2007) and 10Bicikova et al. (2013).

the presence of AKR1D1 in placenta and myometrium (Jin et al.,
2011). With the exclusion of their neuroactivity (Paragraph 4.6),
5β-steroids will not be further considered.

The sulphatase pathway is finally responsible for the balance
between sulpho-conjugated and free steroids. Sulpho-conjugated
steroids (-S) possess higher water solubility, increased stability
and longer half-life than unconjugated compounds (e.g., 10–
12 h vs. 20–30min for estrogens), and although they cannot bind
steroid-receptors, they serve as a reservoir for the formation of
biologically active steroids (Reed et al., 2005). Sulphotransferases
(SULTs) are phase-I detoxifying enzymes that use bis-phospho-
nucleotide 3′-phospho-adenosine-5′-phosphate- (PAP)-sulfate
as donor to conjugate 3β-hydroxyl steroids (e.g., estrogens,
DHEA, P5, cholesterol; red circles in Figure 2) with a sulfate
group (Strott, 2002; Rižner, 2016). Distinct SULTs have
different specificities toward substrates, with SULT1E1 being
the major estrogen sulphating enzyme (with little contribution
of SULT1A1), and SULT2A1 being specific for DHEA (but
also for P5, 17OHP5 and A5) (Table 2). Steroid sulphatase
(STS) is a membrane-bound microsomal enzyme that catalyzes
the hydrolysis of sulfate ester bonds from sulphated-steroids
(cholesterol-S, P5-S, 17OHP5-S, DHEA-S, E1-S) (Mueller et al.,
2015; Rižner, 2016), thus releasing unconjugated compounds.

Although sulphated-3α-hydroxysteroids are not thoroughly
studied, they are detected in biospecimens (AN-S, 3αDIOL-S;
Table 1 and orange circles in Figure 2). They are most likely

produced by SULT2A1 (active on 3α-hydroxy bile acids) (Strott,
2002; Rižner, 2016) but no 3α-stereo specific sulphatase is known
to date. Some intracellular sulphated-steroids are converted to
other compounds without prior desulphation (Sánchez-Guijo
et al., 2016).

In conclusions, intracrinology presents redundant and
complex pathways, which generate compounds with various
activities. Genetic variants in intracrine genes are associated with
various diseases (classically endocrine and not; Table 5). Even in
the absence of the enzymatic machinery to metabolize cholesterol
(StAR, steroidogenic factor, CYP17A1 and CYP11A1), DHEA,
P5 and especially their sulphated-conjugates have high blood
concentrations (Table 1), and are used to generate all other
steroids in peripheral tissues.

DRUG DEVELOPMENT

Natural hormones have been historically used as drugs,
and depending on definitions, approximately 90 marketed
drugs share a steroidal core (see https://www.drugbank.
ca). Steroids (T, E2, cortisol, DHEA), simple derivatives
(ethinylestrogen, prednisolone) or more complex analogs
(abiraterone, fulvestrant) are used in various conditions. This
old-and-proven steroidal chemistry based approach is used even
in modern era.
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TABLE 2 | Major enzymes involved in steroidogenesis.

Chromosome Protein (aa)**

1. Abbr. Gene size* Dalton 1. Name 2. Family

2. Gene ID mRNA size* Localization (L)*** 3. Catalysis 4. Substrates****

3. Gene name(s) Exons (no) 5. Distribution 6. Cofactor

1. StAR Chr: 8p11.23 1. steroidogenic acute regulatory protein

2. 6770 gene: 8.6 aa: 285 2. cytochrome P450

3. STAR, STARD1 mRNA: 1.6 Dalton: 31,914 3. facilitate transport of cholesterol to mitochondria

Exons: 8 L: mitochon 4. cholesterol

5. restricted (adrenal, testis, ovary, placenta)

1. CYP11A1 1. cytochrome P450 side-chain cleavage enzyme

2. 1583 Chr: 15q24.1 2. cytochrome P450, type I

3. CYP11A1;

CYP11A;

CYPXIA1;

P450SCC

Gene: 30.0 aa: 521 3. cleavage of cholesterol side-chain
mRNA: 2.0 Dalton: 60,102 4. cholesterol:P5

Exons: 9 L: mitochon 5. restricted (adrenal, testis, ovary, placenta)

6. NADP/NADPH

1. CYP17A1 Chr: 10q24.32 1. steroid 17α-hydroxylase/17,20-lyase

2. 1586 Gene: 6.6 aa: 508 2. cytochrome P450, type II

3. CYP17A1; CPT7;

CYP17; S17AH;

P450C17

mRNA: 1.9 Dalton: 57,371 3. 17α-hydroxylase and 17,20-lyase activities

Exons: 8 L: EndRet 4. P5:DHEA; P:A4$; 5αDHP:androstanedione; THP: 5α-pregnan-3,17α-diol-20-one

5. restricted (adrenal, testis, ovary, placenta)

6. NADP/NADPH

1. CYP19A1 Chr: 15q21.1 1. cytochrome P450 aromatase

2. 1588 Gene: 130.6 aa: 503 2. cytochrome P450, type II

3. CYP19A1; ARO;

ARO1; CPV1; CYAR;

CYP19; CYPXIX;

P-450AROM

mRNA: 1.5–4.5 Dalton: 57,883 3. oxidative demethylation of C19 to C18 (aromatisation)

Exons: 10 L: EndRet 4. A: E1; T: E2

5. restricted (adrenal, testis, ovary, placenta)

6. NADP/NADPH

1. 3βHSD1 Chr: 1p11–12 1. 3β-hydroxysteroid dehydrogenase/15→4 isomerase type I

2. 3283 Gene: 8.1 aa: 373 2. short chain dehydrogenase/reductase superfamily

3. HSD3B1; HSD3B;

HSDB3; SDB3A;

(more∧∧)

mRNA: 1.7 Dalton: 42,252 3. oxidative conversion of 15 3β-hydroxyl to 14 keto-steroids

Exons: 4 L: membrane 4. P5:P; 17OHP5:17OHP4; DHEA:A4; A5:T; 17αA5:EpiT

5. selectively distributed (placenta, periphery)

6. NADP/NADPH or NAD/NADH

1. 3βHSD2 Chr: 1p11–13 1. 3β-hydroxysteroid dehydrogenase/15:4 isomerase type II

2. 3284 Gene: 8.1 aa: 372 2. short chain dehydrogenase/reductase superfamily

3. HSD3B2; HSDB;

HSD3B; SDR11E2

mRNA: 1.7 Dalton: 42,052 3. oxidative conversion of 15-3β-hydroxyl to 14-ketosteroids

Exons: 4 L: mitochon 4. P5:P; 17OHP5:17OHP4; DHEA:A4

5. restricted (adrenal, testis, ovary)

6. NADP/NADPH or NAD/NADH

1. 17βHSD1 Chr: 17q11–21 1. 17β-hydroxysteroid dehydrogenase type 1

2. 3,292 Gene: 6.0 aa: 328 2. short chain dehydrogenase/reductase superfamily

3. HSD17B1 mRNA: 1–2.4 Dalton: 34,950 3. reduction of 17-keto to 17β-hydroxyl (estrogens)

E2DH; HSD17;

EDHB17; EDH17B2;

SDR28C1; (more∧∧)

Exons: 6 L: cytoplasm 4. (established) E1:E2; (A4:T in rodents) (postulated) DHEA:A51; P:20αDHP2;

DHT:3βDIOL11; DHT: androstanedione11

5. selectively distributed (ovary, placenta (low in endometrium, breast)14,15

6. NADP/NADPH

1. 17βHSD2 Chr: 16q24.1–2 1. 17β-hydroxysteroid dehydrogenase type 2

2. 3294 Gene: 63 aa: 387 2. short chain dehydrogenase/reductase superfamily

3. HSD17B2 HSD17;

SDR9C2; EDH17B2

mRNA: 1.5 Dalton: 42,785 3. oxidation of 17β-hydroxyl to 17-keto (estrogens & androgens)

(Continued)
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TABLE 2 | Continued

Chromosome Protein (aa)**

1. Abbr. Gene size* Dalton 1. Name 2. Family

2. Gene ID mRNA size* Localization (L)*** 3. Catalysis 4. Substrates****

3. Gene name(s) Exons (no) 5. Distribution 6. Cofactor

Exons: 5 L: EndRet 4. (established) E2:E1; T:A4; DHT:androstanedione1,10; 20αDHP:P16;

5α-pregnan-20-ol

-3-one:5αDHP16; A5:DHEA1; 3αDIOL:AN5 (postulated) 3αDIOL:AN(1,10);

DHT:androstanedione1; A5:DHEA1; allopregnandiol: THP16

5. selectively distributed (liver, intestine, endometrium, placenta, pancreas, prostate, colon,

kidney. Negative in heart, brain, skeletal muscle, spleen, thymus, ovary, or testis)(14,17)

6. NAD/NADH

1. 17βHSD3&& Chr: 9q22 1. 17β-hydroxysteroid dehydrogenase type 3

2. 3293 Gene: 67 aa: 310 2. short chain dehydrogenase/reductase superfamily

3. HSD17B3

EDH17B3;

mRNA: 1.2 Dalton: 34,516 3. reduction of 17-keto to 17β-hydroxyl (androgens)

Exons: 11 L: EndRet 4. (established) A4:T

(postulated) AN:3αDIOL(1,3,10); androstanedione:DHT(1,9,10)

5. restricted (testis; low in brain, blood, skin, adipose tissue)14

6. NADP/NADPH

1. 17βHSD4 Chr: 5q23.1 aa: 736 1. 17β-hydroxysteroid dehydrogenase type 4

2. 3295 Gene: 184 Dalton: 79,686 2. short chain dehydrogenase/reductase superfamily

3. HSD17B4 mRNA: 2.9 L: Peroxisome mitochon 3. fatty acid β-oxidation (steroids in pigs)

DBP; MFE-2; MPF-2;

PRLTS1; SDR8C1

Exons: 28 4. (established) very long chain branched fatty acids, bile acids

(postulated) A5:DHEA1; E2:E114

5. ubiquitous (liver, heart, prostate, testis, lung, skeletal muscle, kidney, pancreas, thymus, ovary,

intestine, placenta, brain, spleen, colon, lymphocytes)14

6. NAD/NADH

1. 17βHSD6 Chr: 12q13 aa: 317 1. 17β-hydroxysteroid dehydrogenase type 6

2. 8630 Gene: 24.5 Dalton: 35,966 2. short chain dehydrogenase/reductase superfamily

3. HSD17B6 mRNA: 1.6 L: EndRet

microsomes

3. 3α-3β-epimerase; 17β-hydroxyl oxidation (5α-reduced steroids); retinoids

HSE; RODH;

SDR9C6

Exons: 8 4. (established) 3αDIOL:DHT10; AN:androstanedione5; AN:EPI

(postulated) 3αDIOL:AN5; E2:E15

5. selectively distributed (liver, testis, lung, spleen, brain, ovary, kidney, adrenal, prostate)14

6. NAD/NADP

1. 17βHSD7 Chr: 1q23 1. 17β-hydroxysteroid dehydrogenase type 7

2. 51478 Gene: 22.1 aa: 341 2. short chain dehydrogenase/reductase superfamily

3. HSD17B7 mRNA: 1.5 Dalton: 38,206 3. 3-ketosteroid reductase of sterols

PRAP; SDR37C1 Exons: 9 L: EndRet 4. (established) Sterols/cholesterol biosynthesis; DHT:3βDIOL1

5. widely distributed (ovary, uterus, placenta, liver, breast, testis, neuronal tissue, adrenal gland,

small intestine, prostate, adipose tissue lung, and thymus)(14,18)

6. NADP/NADPH

1. 17βHSD8 Chr: 6p21.3 1. 17β-hydroxysteroid dehydrogenase type 8

2. 7923 Gene: 2.2 aa: 261 2. short chain dehydrogenase/reductase superfamily

3. HSD17B8 mRNA: 1.0 Dalton: 26,974 3. fatty acid elongation; steroid 17βHSD action (rodents).

KE6; FABG; HKE6;

FABGL; RING2;

H2-KE6; (more∧∧)

Exons: 9 L: mitochon 4. (established) fatty acids (postulated) E2:E1

5. widely distributed (prostate, placenta, kidney, brain, cerebellum, heart, lung, small intestine,

ovary, testis, adrenal, stomach, liver, adrenals)14−19

6. NAD/NADP

1. 17βHSD9 Chr: 12q23 1. 17β-hydroxysteroid dehydrogenase type 9

2. 5959 Gene: 4.4 aa: 318 2. short chain dehydrogenase/reductase superfamily

3. HSD17B9 mRNA: 1.4 Dalton: 34,979 3. retinoid metabolism (steroid metabolism in rodents)

RDH5; (more∧∧) Exons: 4 L: EndRet 4. (established) retinoids (postulated) AN:3αDIOL1; androstanedione:DHT1

1. 17βHSD10 Chr: Xp11.2 1. 17β-hydroxysteroid dehydrogenase type 10

2. 3028 Gene: 3.1 aa: 261 2. short chain dehydrogenase/reductase superfamily

(Continued)
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TABLE 2 | Continued

Chromosome Protein (aa)**

1. Abbr. Gene size* Dalton 1. Name 2. Family

2. Gene ID mRNA size* Localization (L)*** 3. Catalysis 4. Substrates****

3. Gene name(s) Exons (no) 5. Distribution 6. Cofactor

3. HSD17B10 mRNA: 0.9 Dalton: 26,923 3. fatty acids & steroid oxidation; tRNA maturation

ABAD; CAMR; ERAB;

HCD2; MHBD;

HADH2; MRPP2;

MRX17;

MRX31; (more∧∧)

Exons: 6 L: mitochon 4. (established) Isoleucine, fatty acid, bile acid metabolism, THP:5αDHP(20,34)

(postulated) 3αDIOL:AN1,9; DHT:androstanedione1,9; T:A41

5. nearly ubiquitous (liver, small intestine, colon, kidney, heart, brain, placenta, lung, ovary, testis,

spleen, thymus, prostate, leukocyte)14

6. NAD/NADH

1. 17βHSD11 Chr: 4q22.1 1. 17β-hydroxysteroid dehydrogenase type 11

2. 51170 Gene: 54.9 aa: 300 2. short chain dehydrogenase/reductase superfamily

3. HSD17B11 mRNA: 1.9 Dalton: 32,936 3. Short-chain alcohol dehydrogenases

DHRS8; PAN1B;

RETSDR2; SDR16C2;

(more∧∧)

Exons: 7 L: EndRet 4. (established) lipids, sec. alcohols/ketones (postulated) 3αDIOL:AN1,9

5. nearly ubiquitous (liver, intestine, kidney, adrenal gland, heart, lung, testis, ovary, placenta,

sebaceous gland and pancreas)14,21

6. NAD/NADH

1. 17βHSD12 Chr: 11p11.2 1. 17β-hydroxysteroid dehydrogenase type 12

2. 51144 Gene: 170.1 aa: 312 2. short chain dehydrogenase/reductase superfamily

3. HSD17B12 mRNA: 2.6 Dalton: 34,324 3. fatty acid elongation, steroid 17βHSD reductive action (rodents)

KAR; SDR12C1 Exons: 11 L: EndRet 4. (established) branched/long chain fatty acids (postulated) E1:E2

5. ubiquitous (heart, skeletal muscle, liver, kidney, adrenal gland, testis, placenta, brain, pancreas,

GIT, trachea, lung, thyroid, prostate, aorta, bladder, spleen, skin, ovary, breast, uterus,

vagina)(14,22)

6. NADP/NADPH

1. 17βHSD13 Chr: 4q22.1 1. 17β-hydroxysteroid dehydrogenase type 13

2. 345275 Gene: 19.1 aa: 300 2. short chain dehydrogenase/reductase superfamily

3. HSD17B13 mRNA: 2.3 Dalton: 33,655 3. and 4. unknown

SCDR9; NIIL497;

(more∧∧)

Exons: 6 L: extracell/EndRet 5. restricted (liver; low in bone marrow, lung, ovary, testis,

kidney, skeletal muscle brain, bladder)14

1. 17βHSD14 Chr: 19q13.33 1. 17β-hydroxysteroid dehydrogenase type 14

2. 51171 Gene: 23.7 aa: 270 2. short chain dehydrogenase/reductase superfamily

3. HSD17B14 mRNA: 1.3 Dalton: 28,317 3. fatty acid & prostaglandin metabolism; 17βHSD activity

DHRS10; SDR47C1;

retSDR3

Exons: 8 L: cytoplasm 4. (established) fatty acids

(postulated) 3αDIOL:AN1,9; E2:E14; T:A44; A5:DHEA5

5. widely distributed (brain, liver, placenta, breast)14

6. NAD/NADH

1. 17βHSD15 Chr: 14q24.1 1. retinol dehydrogenase 11

2. 51109 Gene: 19.0 aa: 318 2. short chain dehydrogenase/reductase superfamily

3. RDH11; PSDR1;

ARSDR1; (more∧∧)

mRNA: 1.8 Dalton: 35,386 3. dehydrogenase activity of retinoid and steroids

Exons: 9 L: cytoplasm 4. (established) retinoids (post.) AN:3αDIOL1,9; androstanedione:DHT1,9

5. widely distributed

6. NADP/NADPH

1. DHRS1123 Chr: 17q12 1. dehydrogenase/reductase 11

2. 79154 Gene: 9.0 aa: 260 2. short chain dehydrogenase/reductase superfamily

3. DHRS11 mRNA: 1.6 Dalton: 28,308 3. steroid 17HSD & 3βHSD activities; bile acids metabolism

ARPG836; SDR24C1;

spDHRS11

Exons: 7 L: extracell 4. E1:E2; A4:T; DHEA:A5; androstanedione:DHT; AN:3αDIOL; P:3αDHP23

5. nearly ubiquitous (testis, small intestine, colon, kidney)23

6. NADP/NADPH

1. AKR1C1 Chr: 10p14–15 1. aldo-ketoreductase family 1 member C1

2. 1645 Gene: 20.0 aa: 323 2. aldo-ketoreductase family

3. AKR1C1 mRNA: 12 Dalton: 36,788 3. 20αHSD (strong) and 17βHSD (weak) activities; moderate 3-keto reduction to 3β-hydroxyl

(> 3α)

(Continued)
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TABLE 2 | Continued

Chromosome Protein (aa)**

1. Abbr. Gene size* Dalton 1. Name 2. Family

2. Gene ID mRNA size* Localization (L)*** 3. Catalysis 4. Substrates****

3. Gene name(s) Exons (no) 5. Distribution 6. Cofactor

C9, DDH, DDH1, DD1,

H-37, HBAB, MBAB

HAKRC; DD1/DD2;

2-ALPHA-HSD;

20-ALPHA-HSD

Exons: 9 L: cytoplasm 4. (established) P:20αDHP6; 5αDHP:5α-pregnan-20-ol-3-one6; THP:allopregnandiol6;

DHT:3βDIOL7; androstanedione:DHT7; 5α-pregnan-20-ol-3-one:allopregnandiol16;

5αDHP:THP16

(post.) DHT:3αDIOL7; A4 ::T7; E1:E27; 3αDIOL:AN7; 20αDHP: P7;

DHT:3βDIOL24; 5α-pregnan-17α-ol-3,20-dione:5α-pregnan-3,17α-diol-20-one16

5. ubiquitous

6. NADP/NADPH or NAD/NADH

1. AKR1C2 Chr: 10p14–15 1. aldo-ketoreductase family 1 member C2

2. 1646 Gene: 30.6 aa: 323 2. aldo-ketoreductase family

3. AKR1C2

DD; DD2; TDD;

BABP; DD-2; DDH2;

HBAB; HAKRD;

MCDR2; SRXY8;

DD/BABP;

AKR1C-pseudo

mRNA: 1.3

Exons: 9

Dalton: 36,735

L: cytoplasm

3. 20αHSD (weak) and 17βHSD activities; 3-keto reduction to 3α- hydroxyl; bile-acid binding

protein activity

4. (established) DHT:3αDIOL7,12; 5αDHP ::THP7; androstanedione:AN25;

5α-pregnan-20-ol-3-one: allopregnandiol16; 5αDHP:THP16;

5α-pregnan-17α-ol-3,20-dione:5α-pregnan-3,17α-diol-20-one16

(postulated) A4: T7; E1 ::E27; P ::20αDHP7; 3αDIOL: DHT7; T:A47

5. ubiquitous

6. NADP/NADPH or NAD/NADH

1. AKR1C3 Chr: 10p14–15 1. aldo-ketoreductase family 1 member C3

2. 8644 Gene: 13 aa: 323 2. aldo-ketoreductase family

3. HSD17B5

AKR1C3

DD3; DDX; PGFS;

HAKRB; HAKRe;

HA1753; HSD17B5;

hluPGFS

mRNA: 1.2

Exons: 9

Dalton: 36,853

L: cytoplasm

3. 20αHSD (weak) and 17βHSD activities (androgens); 3-keto reduction to 3α-/β-hydroxyl (weak);

11-ketoprostaglandin reductase3

4. (established) A4:T7; DHT:3αDIOL7; 3αDIOL:AN7; 5αDHP: THP7;

5α-pregnan-20-ol-3-one: allopregnandiol16; 5αDHP:THP16; DHEA:A57;

5α-pregnan-17α-ol-3,20-dione:5α-pregnan-3,17α-diol-20-one16; androstanedione:DHT24

(postulated) E1 ::E27;T:A47; 20αDHP :: P7

5. nearly ubiquitous (prostate, mammary gland, liver, kidney, lung, heart, uterus, testis, brain,

skeletal muscle, adipose tissue, pancreas, hearth, skeletal muscle, thymus, ovary, small

intestine and colon)14,26

6. NADP/NADPH or NAD/NADH

1. AKR1C4 Chr: 10p15.1 1. aldo-ketoreductase family 1 member C4

2. 1109 Gene: 25.2 aa: 323 2. aldo-ketoreductase family

3. AKR1C4 mRNA: 1.2 Dalton: 37,067 3. 20αHSD (weak) and 17βHSD activities; 3-keto reduction to 3α-hydroxyl (>3β).

C11; CDR; DD4;

CHDR; DD-4;

HAKRA;

Exons: 9 L: cytoplasm 4. (established) DHT:3αDIOL7,10; androstanedione:AN7,8; other$$$

(postulated) A4 :: T7; E1, ::E27; P ::20αDHP7; 3αDIOL:DHT7

5. restricted (liver) 6. NADP/NADPH or NAD/NADH

1. SRD5A1

2. 6715

3. SRD5A1

S5AR 1

Chr: 5p15.31

Gene: 41.0

mRNA: 2.3

Exons: 5(7)

aa: 259

Dalton: 29,459

L: EndRet

1. steroid 5α-reductase 1 2. steroid 5α reductase family

3. androgen and pregnene metabolism

4. T:DHT; A4:androstanedione; 17OHP4:5α-pregnan-17α-ol-3,20-dione; P:5αDHP;

20αDHP:5α-pregnan-20-ol-3-one 5. ubiquitous

1. SRD5A2 Chr: 2p23.1 1. steroid 5α-reductase 2

2. 6716 Gene: 178.3 aa: 254 2. steroid 5α reductase family

3. SRD5A2 mRNA: 2.5 Dalton: 28,393 3. androgen and pregnene metabolism

Exons: 5 L: microsomes 4. T:DHT; A4:androstanedione

5. restricted (prostate and androgen sensitive tissues)

1. SRD5A3 Chr: 4q12 1. steroid 5α-reductase 3

2. 79644 Gene: ….. aa: 318 2. steroid 5α reductase AND polyprenol reductase subfamily

3. SRD5A3 mRNA: 4.1 Da: 36,521 3. androgen and pregnene metabolism

CDG1P; CDG1Q;

KRIZI; SRD5A2L;

SRD5A2L1

Exons: 6 L: EndRet 4. T:DHT; A4:androstanedione; 17OHP4:5α-pregnan-17α-ol-3,20-dione; P:5αDHP;

20αDHP:5α-pregnan-20-ol-3-one

5. ubiquitous

(Continued)
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TABLE 2 | Continued

Chromosome Protein (aa)**

1. Abbr. Gene size* Dalton 1. Name 2. Family

2. Gene ID mRNA size* Localization (L)*** 3. Catalysis 4. Substrates****

3. Gene name(s) Exons (no) 5. Distribution 6. Cofactor

1. STS Chr: Xp22.31 1. steroid sulphatase

2. 412 Gene: 208.3 aa: 583 2. sulphatase

3. STS mRNA: 6.4 Dalton: 65,492 3. hydrolyses several 3β-hydroxysteroid sulfates

ES; ASC; XLI; ARSC;

SSDD; ARSC1

Exons: 16 L: microsomes EndRet 4. sulpho conjugated cholesterol, E1, E2, DHEA, P5, 17OHP5S, A5, EPI

5. ubiquitous (lung, aorta, thyroid, uterus, liver and testis)27−30

1. SULT1E1 Chr: 4q13.3 1. estrogen sulphotransferase

2. 6783 Gene: 50.0 aa: 35126 2. sulphotransferase 1

3. SULT1E1 mRNA: 1.8 Dalton: 35,126 3. sulpho-conjugation of steroids

EST; STE; EST-1;

ST1E1; (more∧∧)

Exons: 9 L: cytoplasm 4. E1, DHEA (low affinity for E2)

5. moderately distributed (liver, adrenal, small intestine; low in brain, lung, testis,

leukocytes, placenta, salivary gland, stomach, thymus, trachea, uterus, kidney)(30,31)

1. SULT2A1 Chr: 19q13.3 1. dehydroepiandrosterone sulphotransferase

2. 6822 Gene: 15.9 aa: 285 2. sulphotransferase 1

3. SULT2A1 mRNA: 2.0 Dalton: 33,780 3. sulpho-conjugation of steroids, bile acids

HST; ST2; STD; hSTa;

DHEAS; ST2A1;

Exons: 6 L: cytoplasm 4. DHEA, P5, AN, 17OHP532, A532, AN33, EPI, bile acids

5. restricted (liver, adrenal, small intestine (low in colon, hearth,

prostate, stomach, testis, thyroid)30

1. SULT2B1 Chr: 19q13.33 1. alcohol sulphotransferase

2. 6820 Gene: 48.5 aa: 365 2. sulphotransferase 1

3. SULT2B1 mRNA: 1.3 Dalton: 41,308 3. sulpho-conjugation of steroids

HSST2; ARCI14 Exons: 7 L: cytoplasm 4. cholesterol, DHEA

5. moderately distributed (placenta, prostate, lung (low in kidney, salivary gland, small intestine,

trachea)30

1. SULT1A1 Chr: 16p11.2 1. phenol sulphotransferase 1

2. 6817 Gene: 18.4 aa: 295 2. sulphotransferase 1

3. SULT1A1 mRNA: 1.3 Dalton: 34,165 3. sulpho-conjugation of steroids

PST; STP; STP1;

P-PST; ST1A1;

ST1A3; TSPST1;

HAST1/HAST2

Exons: 13 L: cytoplasm 4. E2
5. nearly ubiquitous (adrenal, bone marrow, brain, colon, hearth, kidney, liver, lung, pancreas,

leukocytes, placenta, prostate, salivary gland, skeletal muscle, small intestine, spinal cord,

spleen, stomach, testis, thymus, thyroid, trachea, uterus)30

List of all enzymes discussed in the present reviewwith themajor features. Gene and gene product nomenclature is complex and variable and alias are given as Supplemental Materials.

Gene structure (chromosome location, gene length), transcript features (length, exons) and protein characteristics (amino-acid length, molecular weigh and cell localization) were obtained

from GeneCards (www.genecards.org. Accessed on date: February 2018) (Stelzer et al., 2016).
*Length in kilo nucleotides.
**number of amino-acids.
***Abbreviations: EndRet: endoplasmic reticulum; extracell: extracellular; mitochon: mitochondria.
****For some enzymes, substrate specificity based on robust evidences are indicated as ‘established’, whereas other reactions whose catalyzes is supported by less robust experimental

evidences (mostly using recombinant proteins in vitro/cell-free assays) are indicated as “postulated.”
$This reaction of CYP17A1 does not occur in vivo in humans (Miller and Auchus, 2011).
$$$AKR1C4 has an important detoxifying function in the liver and converts chlordecone into chlordecone alcohol.
&& 17βHSD3 is testis specific and the reactions catalyzed by this enzyme are not reported in Figure 2.
∧∧For this gene, additional gene names exist, for details see NCBI database (https://www.ncbi.nlm.nih.gov/).
1 Luu-The and Labrie (2010), Labrie and Labrie (2013), and Labrie (2015); 2 Smuc and Rizner (2009), 3 Miller et al. (2012b), 4 Sivik (2012); 5 GeneCards (www.genecards.org. Accessed

on date: February, 2018) Stelzer et al. (2016), 6 Smuc and Rizner (2009), 7 Penning et al. (2004), Steckelbroeck et al. (2010); 8 Jin et al. (2011), 9Manenda et al. (2016), 10Balk and

Knudsen (2008), 11Gangloff et al. (2003), 12Bélanger et al. (2002), 13Perez Carrion et al. (1994), 14Möller et al. (1999), Moeller and Adamski (2009), 15Cornel et al. (2017), 16Sinreih

et al. (2017b), 17Casey et al. (1994), 18Törn et al. (2003), 19Ohno et al. (2008), 20Yang et al. (2016), 21Chai et al. (2003), 22Sakurai et al. (2006), 23Endo et al. (2016). 24Rižner and

Penning (2014), 25Manenda et al. (2016), 26Lin et al. (1997), 27Miki et al. (2002), 28Foster et al. (2008a), 29Purohit and Foster (2012), 30Mueller et al. (2015), 31Marchais-Oberwinkler

et al. (2011), Mueller et al. (2015), 32Rege et al. (2016), 33Strott (2002), and 34Yang et al. (2016).

By targeting steroid intracrine metabolism, the effects of
steroids can be modulated locally. Table 3 overviews the available
drugs targeting intracrine enzymes and their developmental
status. CYP19A1 (aromatase) inhibitors, currently at their third

generation, started to be used for breast cancer during the 80’s
of last century (Lønning and Eikesdal, 2013), and was followed
by drugs able to target other enzymes (CYP11A1, CYP17A1,
SRD5As; Table 3).
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More recently, there is a re-emerging interest in developing
novel intracrine drugs. A number of compounds are in their
clinical phases, like STS inhibitors (Maltais and Poirier, 2011;
Woo et al., 2011; Purohit and Foster, 2012; Pohl et al., 2014;
Pautier et al., 2017) or inhibitors of AKR1C3/17βHSD5, which
are of particular interest because this enzyme has crucial role
in androgen/estrogen and prostaglandin biosynthesis (Penning,
2017). Bayer’s AKR1C3/17βHSD5 inhibitor BAY 1128688 has a
modified estrogen core, it interferes with both pathways, and
is in phase II clinical trial for endometriosis (Bothe et al.,
2017). Astellas Pharma potent and selective AKR1C3/17βHSD5
inhibitor ASP-9521 had only modest effect in a phase II study
on prostate cancer as single drug, but combination therapy
approaches remain to be studied (Kikuchi et al., 2014; Loriot
et al., 2014).

HSD inhibitors are being studied in the area of hormone-
dependent diseases, with 11βHSD inhibitors being in clinical
trials for metabolic disorders (Ye et al., 2017) and 17βHSD
inhibitors approaching the clinical phase for a number of
gynecological indications (Table 3; Abdelsamie et al., 2017).

INTRACRINOLOGY IN PERIPHERAL
TISSUES

In this paragraph, intracrinology of endometrium, GIT, bone,
lungs, and CNS is reviewed. To comprehensively understand
the ability of these tissues and systems to generate estrogens
and other steroids, we have performed a systematic search of
all original papers published in English until June 2018 that
described the levels of intracrine enzymes (those indicated in
Table 2-mRNA, protein or activity) in healthy tissues. In total
177 if the four extra ref are allowed papers were reviewed, and
for details of this search, see Supplemental panel: “Systematic
Review.” The results of this systematic review are summarized in
Tables 6–8 and are briefly overviewed in each section dedicated
to the distinct tissues or systems. Reports describing the enzymes
in cultured cells or cell lines were excluded (may have been
discussed elsewhere, though). Each section follows then with
a non-systematic overview of the role of intracrinology in
pathophysiology. A brief non-systematic description of the
intracrinology of the skin, immune system and adipose tissue
is also given. We will not describe the intracrinology of breast,
prostate and liver (where steroid catabolism is the most relevant
aspect), and we redirect the reader to recent reviews (Foster et al.,
2008a; Luu-The et al., 2008; Luu-The and Labrie, 2010; Labrie and
Labrie, 2013; Labrie, 2015; Mueller et al., 2015; Zhao et al., 2016;
Hilborn et al., 2017; Penning, 2017).

Endometrium
The actions of steroid hormones in the endometrium are
mediated by hormone-receptors via the classical mechanisms,
although non-genomic and rapid signaling are also present
(Groothuis et al., 2007; Zwart et al., 2011; Flach and Zwart,
2016; Hewitt et al., 2016). Estrogens and P control the menstrual
cycle (Groothuis et al., 2007; Andersen and Ezcurra, 2014) and

the endometrium during the window of implantation (WOI),
occurring in the mid-luteal phase (Wang and Dey, 2006).

In rats, the WOI is characterized by high E2 plasma levels,
and endometrial ERα and PR expression shows specific and
varying cytosolic/nuclear patterns (Singh et al., 1996). ERα and
PR expression decreases after ovulation and in preimplantation
stages in both mice (Vasquez and DeMayo, 2013) and primates
(Macaca mulatta) (Ghosh et al., 1999).

Rodent genetic models unraveled some molecular
mechanisms underlying the estrogen-dependency of these
processes. ERα-KO mice are infertile, no implantation occurs,
endometrium is hypoplastic and estrogen response is absent
(Couse and Korach, 1999; Walker and Korach, 2004). Not only
its absence, but also sustained estrogen signaling has deleterious
effects on endometrial receptivity, as recapitulated by mice
with uterine COUP-TFII ablation. These mice exhibit increased
estrogen signaling and asynchrony between embryo competency
and uterine receptivity with consequent implantation defects.
This effect is rescued by treatment with the antiestrogen ICI-
182780 (Lee et al., 2010). Additionally, the duration of E2
exposure and its dosage affect endometrial receptivity and WOI
length in mice (Ma et al., 2003).

Available human data, mostly obtained in the context of
assisted reproduction technologies (ART), also indicate that
steroid stimulation retards or shortens the luteal phase, theWOI,
causes shifts in the appearance of pinopodes (a classical WOI
marker) and causes asynchrony between ovarian and menstrual
cycles (Devroey et al., 2004).

Intracrinology in Healthy Endometrium–Systematic

Search
Initial studies on steroid hormone metabolism in the
endometrium date back to 1965 with first demonstration of
the STS activity, followed by investigation on the oxidative and
reductive 17βHSD activities (Table 6).

Both pre and postmenopausal tissues possess oxidative and
reductive 17βHSD activities and the expression of 17βHSD1,
2, 4, 6, 7, 8, 10, 12, 14, and AKR1C3/17βHSD5 was detected
at the mRNA or protein levels. Sulphatase pathway (STS
and SULT1E1; recently reviewed by Rižner, 2016), CYP19A1,
3βHSDs, SRD5As and AKR1Cs are also present, indicating that
human endometrium can metabolize sulphated-compounds and
DHEA to form androgens and estrogens.

Few 17βHSDs have been characterized by IHC. The low
expression of 17βHSD1 poses sensitivity problems using
standard detection methods (Cornel et al., 2017), and few
authors reported endometrial absence of 17βHSD1 (Table 6).
Type 1 17βHSD localizes in the cytoplasm of epithelial cells
(Dassen et al., 2007; Colette et al., 2013; Mori et al., 2015;
Sinreih et al., 2017a) and it is also detected in primary
stroma cells cultured in vitro (Aghajanova et al., 2009;
Mori et al., 2015). Type 2 17βHSD, AKR1C3/17βHSD5 and
3βHSD1 give strong reactivity in the glandular epithelium
(Rhee et al., 2003; Ito et al., 2006; Dassen et al., 2007;
Vani et al., 2007; Smuc and Rizner, 2009; Zakharov et al.,
2010; Colette et al., 2013; Mori et al., 2015; Sinreih et al.,
2017a).
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TABLE 3 | Drugs targeting intracrine enzymes.

Inhibitor name (if known); (Drug Bank ID#)

Developmental phase& Approved drugs

Name Discovery Preclinical indication Clinical indication Inhibitor name Indication

CYP11A1 3 3 3 Aminoglutethimide

(DB00357## )

Cushing’s syndrome

Breast cancer

CYP17A1 3 3 3 Abiraterone

(DB05812)

Prostate cancer, metastatic, castration-resistant

CYP19A1 3 3 Letrozole

(DB01006)(19,22,24)
Anastrozole

(DB01217)

Letrozole

(DB01006)

Exemestane

(DB00990)

Formestane1

Testolactone*

(DB00894)

Breast cancer: adjuvant treatment, metastatic

Breast cancer, palliative

Anastrozole

(DB01217) (20,23)

Exemestane

(DB00990) 21

Advanced stage endometrial

cancer, NSCLC∧, LAM∧∧

3βHSD1 3 3 3 Trilostane*

(DB01108)

Cushing’s syndrome

(veterinary use)

3βHSD2 3 3 3 Trilostane*

(DB01108)

Cushing’s syndrome

(veterinary use)

17βHSD1 3 Endometriosis2,3

Endometrial cancer4

Breast cancer5,6

Endometrial hyperplasia7

17βHSD2 8,9

17βHSD3&&
3 Prostate cancer10

17βHSD7 11

AKR1C1 12

AKR1C2 12

AKR1C3 3 3 ASP-952113

Prostate cancer**

BAY 1128688

Endometriosis***

AKR1C4 12

SRD5A1 3 3 3 Dutasteride (DB01126) Prostatic hyperplasia (benign)

SRD5A2 3 3 3 Finasteride (DB01216) Prostatic hyperplasia (benign)

Dutasteride (DB01126)

SRD5A3 3 3 3 Dutasteride (DB01216) Prostatic hyperplasia (benign)

STS 3 3 Irosustat (DB02292)

Endometrial cancer 14,15

Breast cancer14−17

E2MATE/PLG2001

Endometriosis18

SULT1E1 3 3 3 Cyclizine (DB01176) antistaminic for nausea/vomiting

&‘Clinical phase’, i.e., in phase I, II or III trial; ‘Preclinical phase’ refers to in vivo testing; ‘Discovery phase’ any previous phase with some candidate compounds.
#Drug Bank ID if the compound is deposited in Drug Bank database (www.drugbank.ca/drugs. Accessed on date: February 2018) (Wishart et al., 2018).
##Aminoglutethimide (ID: DB00357) is an important inhibitor of CYP11A1 with inhibitory activity on CYP19A1 as well.
*No longer on the market.
&&17βHSD3 is testis specific and the reactions catalyzed by this enzyme are not reported in Figure 2.
**This trial for prostate cancer was prematurely terminated (www.clinicaltrials.gov, NCT01352208).
***Phase I trial is concluded (www.clinicaltrials.gov, NCT02434640. Accessed on date: February 2018) and a phase II trial started 2016 (http://adisinsight.springer.com/drugs/

800041929).
∧NSCLC: non-small cell lung cancer
∧∧LAM: lymphangioleiomyomatosis
1Perez Carrion et al. (1994), 2Arnold and Einspanier (2013), 3Delvoux et al. (2014), 4Konings et al. (2017), 5Järvensivu et al. (2018), 6Husen et al. (2006), 7Saloniemi et al. (2010),
8Gargano et al. (2015), 9Soubhye et al. (2015) 10Day et al. (2013), 11 Wang et al. (2017), 12BroŽic et al. (2011), 13 Kikuchi et al. (2014), 14Purohit and Foster (2012), 15Pautier

et al. (2017), 16Palmieri et al. (2017a), 17Palmieri et al. (2017b), 18Pohl et al. (2014), 19Ma et al. (2004), 20Rose et al. (2000), 21Lindemann et al. (2014), 22Slomovitz et al. (2015), 23

NCT00932152; 25Lu et al. (2017).
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TABLE 4 | Mouse models (knockouts - KO or transgenic-TG, i.e., ubiquitous expression of the gene, unless specified) for intracrine enzymes.

Gene∧ Modification

MGI ID$
Phenotype

SatAR Null/KO1

MGI: 2388706

Endocrine (steroids) & reproductive endocrinology

- abnormal endocrine organs (adrenal, ovaries, prostate, testis).

- decreased steroids and increased adrenocorticotropin level.

- adrenocortical insufficiency.

- loss of negative feedback regulation at hypothalamic-pituitary levels.

Additional

Growth retardation neo/post natal lethality (incomplete penetrance). Reproductive system: abnormal uterus;

incomplete spermatogenesis; abnormal genitalia.

CYP11A1 Null/KO2

MGI:5464022

Endocrine (steroids) and reproductive endocrinology

- abnormal adrenal gland morphology.

- increased circulating adrenocorticotropin level.

- lack of steroid production.

- decreased corticosterone and aldosterone levels.

Null/KO3

MGI: 2183813

Additional

Neonatal lethality (rescued by steroid supplementation); abnormal mitochondrion morphology; abnormal lipid level.

Reproductive system: abnormal genitalia, prostate, testis morphology and spermatogenesis; Nervous system:

abnormal adrenaline and noradrenaline level; abnormal food intake, hypoactivity; postnatal growth retardation.

CYP17A1 Null/KO4

MGI:3722780

Endocrine (steroids) & reproductive endocrinology

- increased circulating cholesterol level.

- decreased T level.

- early reproductive senescence.

Null/KO5

MGI:3047328

Null/KO

MGI:5605834

Additional

Homozygous embryonic lethality (Ed7, between implantation and somite formation). Reproductive system:

abnormal sperm flagellum morphology/asthenozoospermia; reduced male fertility. Bone: abnormal bone

structure, mineral content and density. Metabolism: increased total body fat; decreased lean body mass;

increased circulating creatinine level; increased fasted circulating glucose level. Nervous system: abnormal

sexual interaction.

CYP19A1 Null/KO6

MGI:2179439

Endocrine (steroids) and reproductive endocrinology

- increased circulating cholesterol, T, DHT, FSH, LH and prolactin.

- decreased circulating E2 level.

- abnormal endometrium (thin, decreased uterus weight).

- abnormal ovary (absence of follicles and corpus luteum, anovulation).

Null/KO7

MGI:2154536

Null/KO8

MGI:2389548

Additional

Reproductive system: ovary hemorrhage and cysts; increased seminal vesicle weight and abnormal

seminiferous tubule epithelium and oligozoospermia; female infertility and reduced male fertility.Metabolism:

increased fat; obesity and susceptibility to weight gain. Bone: decreased bone mineral density and bone mass;

increased bone resorption, osteoclast cell number; abnormal compact and trabecular bone morphology.

Metabolism: increased circulating glucose and triglyceride levels; impaired glucose tolerance; insulin resistance;

hepatic steatosis; abnormal liver physiology. Nervous system: abnormal short term spatial reference memory;

abnormal emotion/affect behavior; abnormal barbering behavior; increased grooming behavior; abnormal

locomotor activation, bradykinesia; abnormal mating frequency.

17βHSD1 Null/KO9

MGI:5576042 and

3799948

Endocrine (steroids) & reproductive endocrinology

- abnormal corpus luteum morphology and decreased number.

- increased ovarian E1:E2 and A4:T ratios.

- increased LH level.

- reduced P level.

Additional

Increased circulating alkaline phosphatase level, pigmentation, abnormal retinal pigmentation, abnormal lens

morphology, abnormal retina morphology, abnormal retinal pigmentation. Reproductive system: increased ovary

weight; reduced female fertility. Metabolism: decreased circulating glucose level. Nervous system: abnormal

behavior, response to light, sleep behavior, decreased exploration in new environment; abnormal motor

coordination/balance.

(Continued)
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TABLE 4 | Continued

Gene∧ Modification

MGI ID$
Phenotype

17bHSD1 TG10 Reproductive endocrinology

- female have increased T levels.

- increased E1:E2 conversion.

- masculinization in females.

- develop benign/malignant breast, ovarian and endometrial conditions.

17βHSD2 Null/KO11

MGI:3773836

No clear reproductive endocrinology phenotype

Additional

Heterozygous mice: growth retardation at birth ant postnatal; premature death; renal degeneration.

Reproductive system: 70% embryonic lethality (Ed11.5) due to placental defects (homozygous); small and

abnormal placenta morphology; Nervous system: brain phenotype with enlarged ventricles; abnormal cortex

morphology; impaired balance, coordination, abnormal sleep pattern, megacephaly.

TG12 Reproductive endocrinology

- low T level.

Additional

Growth retardation; delayed eye opening; impaired retinoic signaling. Reproductive system: disrupted

spermatogenesis. Bone: decreased bone formation (pre-pubertal age); decreased IGF-I and osteocalcin levels.

17βHSD4 Null/KO13 No clear reproductive endocrinology phenotype

Additional

Neonatal and postnatal lethality; postnatal growth retardation; abnormal mitochondrion morphology; abnormal bile

salt level; hepatic steatosis. Reproductive system: abnormal testis and spermatid morphology; seminiferous

tubule degeneration; small testis; abnormal gametogenesis; reduced male fertility. Nervous system: microgliosis;

Purkinje cell degeneration; astrocytosis; axon degeneration; abnormal suckling behavior; increased anxiety-related

response, tremors, ataxia, impaired coordination, hypoactivity, lethargy; abnormal gait. GIT: abnormal intestinal

absorption. Metabolism: decreased body weight; abnormal lipid homeostasis and decreased fatty acid level.

17βHSD7 Null/KO14

MGI:3811923

Endocrine (steroids)

Cholesterol biosynthesis.

Null/KO15

MGI:4456868

Additional

Decreased embryo size; embryo lethality due to heart malformations (Ed10.5); abnormal blood vessel and capillary

morphology. Nervous system: brain malformations; forebrain hypoplasia; increased neural tube apoptosis.

17βHSD9 Null/KO16

MGI: 2446073

Null/KO17

MGI:2388375

No clear reproductive endocrinology phenotype

Additional

Visual defects; abnormal eye electrophysiology, delayed dark adaptation.

17βHSD10 Null/KO18 No clear reproductive endocrinology phenotype

Additional

Mitochondria dysfunction; reduced plasma glucose and increase insulin levels. Nervous system: neuronal

damage.

TG (brain

specific)19
No clear reproductive endocrinology phenotype

Additional

Nervous system: Protect against ischemia, Parkinson, Alzheimer disease model

17βHSD11 Null/KO20

MGI:5581418

No clear reproductive endocrinology phenotype

Additional

Increased total circulating protein level. Nervous system: hyperactivity.

17βHSD12 Null/KO21 No clear reproductive endocrinology phenotype

Additional

Embryo lethality Ed 9.5; impaired organogenesis; reduced arachidonic acid synthesis. Reproductive system:

ovarian dysfunction, fertility problems, smaller litters, significantly fewer numbers of ductal branches than wild type

female mammary glands; ovulation problems. Nervous system: high embryo expression in neuronal structures.

17βHSD13 Null/KO22

MGI:5007180

No clear phenotype associated.

(Continued)
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TABLE 4 | Continued

Gene∧ Modification

MGI ID$
Phenotype

17βHSD14 Null/KO23

MGI:5007181

No clear reproductive endocrinology phenotype

Additional

Increased IgG2a level. Reproductive system: oligozoospermia, testis degeneration, male infertility. Nervous

system: increased response to stress-induced hyperthermia.

17βHSD15 Null/KO24

MGI:3526658 &

3586379

No clear reproductive endocrinology phenotype

Additional

Abnormal eye electrophysiology, delayed dark adaptation

AKR1C3/

17βHSD5*

Null/KO25

MGI:3527218

Reproductive endocrinology

- long gestation, parturition failure.

- increased levels of P.

- prolonged estrous and diestrous.

Null/KO26

MGI:3774264

Additional

Small litter size, the number of pups, especially live pups, was markedly decreased hematopoietic system

phenotype. Nervous system: Some behavioral phonotype,

SRD5A1 Null/KO27

MGI:1857454

Reproductive endocrinology

- parturition defects, rescued by 3α-DIOL supplementation.

Additional

Decreased litter size; small prostate.

SRD5A2 Null/KO28

MGI:2178039

Reproductive endocrinology

- T accumulation in reproductive tissues.

- impaired androgen-dependent gene expression.

- parturition defects, rescued by 3α-DIOL supplementation.

Additional

Decreased litter size; small prostate.

SRD5A3 Null/KO29

MGI:5520177

Mouse not thoroughly characterized

Embryonic lethality, abnormal heart morphology, abnormal neural tube closure

SULT1E1 Null/KO30

MGI:3529586

Reproductive endocrinology

- elevated circulating estrogen levels.

Additional

Disturbed platelet physiology. Reproductive system: leyding cell hyperplasia and abnormal morphology;

abnormal testis morphology; abnormal placentation and amniotic fluid composition.

SULT2B1 Null/KO

MGI:5432568

(unpublished)

Endocrine (steroids)

disturbed cholesterol metabolism and levels.

∧No report/references was found for 17βHSD3, 17βHSD6, 17βHSD8, 3βHSD1, 3βHSD2, DHRS11, STS, SULT2A1, SULT1A1.
*The human AKR1C3/17βHSD5 KO refers to mice with disrupted AKR1C18, however, functional conservation between the four human AKR1Cs and the eight mouse AKR1Cs in unclear

(Sudeshna et al., 2013).
$Reference ID refers to the Mouse Genome Informatics (MGI; www.informatics.jax.org. Accessed on date: February 2018) (Blake et al., 2017).
1Caron et al. (1997), 2Huang et al. (2012), 3Hu et al. (2002), 4Liu et al. (2005), 5Bair and Mellon (2004), 6Nemoto et al. (2000), 7 Fisher et al. (1998), 8Honda et al. (1998), 9Hakkarainen

et al. (2015), 10Saloniemi et al. (2010) and Järvensivu et al. (2018), 11Rantakari et al. (2008), 12Zhongyi et al. (2007), 13Baes et al. (2000), 14Shehu et al. (2008), 15Jokela et al. (2010),
16Shang et al. (2002), 17Driessen et al. (2000) and Sahu et al. (2015); 18Li et al. (2010) and Rauschenberger et al. (2010); 19Li et al. (2010); Rauschenberger et al. (2010), 20Dickinson

et al. (2016), 21Rantakari et al. (2010); Kemilainen et al. (2016); 22Tang et al. (2010), 23Tang et al. (2010), 24Kim et al. (2005), 25Piekorz et al. (2005), 26 Ishida et al. (2007), 27Mahendroo

et al. (1996), 28Mahendroo et al. (2001), 29Dickinson et al. (2016), 30Qian et al. (2001) and Tong et al. (2005).

CYP19A1 as well has low expression and some authors
detected this enzyme only in association with diseases (see below
and recently reviewed by Rižner, 2013). Although CYP19A1
immunoreactivity was initially associated with stroma cells
(Watanabe et al., 1995), subsequent investigations showed also
glandular expression (Kitawaki et al., 1999; Hudelist et al., 2007)
and laser-capture-microdissected stroma/epithelial components

detected CYP19A1 mRNA in both cell types (Matsuzaki et al.,
2006).

The mRNA of those enzymes converting cholesterol
to DHEA (CYP11A1, CYP17A1, StAR) and (ovarian)
3βHSD2 was reported in recent studies, suggesting that
the endometrium can produce steroids from cholesterol
(Table 6).
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TABLE 5 | Diseases associated with gene variants in intracrine enzymes.

Name Affected system or

tissue Disease

Phenotype OMIM ID# References

StAR Endocrine system

Lipoid adrenal

hyperplasia

Deficiency of adrenal or gonadal steroids OMIM: 2017101

All individuals are phenotypic females

Infant mortality (mineral- & glucocorticoid deficiency

CYP11A1 Endocrine system

Congenital adrenal

insufficiency, with 46XY

sex reversal

Acute adrenal insufficiency in infancy or childhood OMIM: 6137431

Abnormality of cholesterol metabolism

Absence of secondary sex characteristics

Reproductive (ass∧) SNPs∧∧ associated with endometrial cancer 2

Bone (ass∧) SNPs associated with skeletal adverse events to AI 3

CNV (ass∧) SNPs associated with neurological disturbances 4

CYP17A1 Endocrine system

Congenital adrenal

insufficiency

(17α-hydroxyl.

deficiency)

Excessive corticosteroids leading to hypertension

Low aldosterone synthesis

Abnormal sex determination and secondary sex

characteristics, amenorrhea

OMIM: 2021101

GIT (ass∧) SNPs associated with risk of cancer in the CRC## 5

Reproductive (ass∧) SNPs associated with endometrial cancer 6

CYP19A1 Reprod Endocrin**

Aromatase deficiency

Pseudo hermaphroditism in female OMIM: 613546

Cystic ovaries, delayed bone maturation, adiposity

Aromatase excess

syndrome

Heterosexual precocity and gynecomastia in males OMIM: 139300

Isosexual precocity in females

Reproductive (ass∧) SNPs associated with endometrial cancer and ovarian cancer risks, endometriosis risk and risk

to develop preeclampsia
6−14

Bone (ass∧) SNPs associated with osteoporosis and fracture risk 15,16

Lung (ass∧) SNPs associated with lung cancer 17

GIT (ass∧) SNPs associated with gastric cancer 18

3βHSD1 Endocr syst* (ass∧) SNPs associated with hypertension 19

Skin (ass∧) SNPs associated with acne susceptibility 20

3βHSD2 Endocrine system &

Reprod Endocrin

Congenital adrenal

insufficiency (3β-HSD2

deficiency)

Impaired steroid biosynthesis OMIM: 2018101

Low cortisol, aldosterone, P androgens, estrogens.

Male new-borns exhibit pseudo hermaphroditism

Incomplete masculinization of the external genitalia

Affected females can have partial verification

Urogenital (ass∧) SNPs associated with bladder cancer 21

17βHSD1 Reproductive (ass∧) SNPs associated with E2 levels and with endometriosis, cancer risk, abortion 22−25

17βHSD3 Reprod Endocrin

ketosteroidreductase

deficiency of testis

Males: pseudo hermaphroditism, gynecomastia OMIM: 2643001

Infertility

17βHSD4 CNS and

Reprod Endocrin

Perrault syndrome 1

Ovarian dysgenesis, amenorrhea, low estrogens OMIM: 233400

Sensorineural deafness,

Neurologic manifestations (mild mental retardation)

CNS

D-bifunctional protein

deficiency

Abnormal peroxisomal fatty acid beta-oxidation OMIM: 261515

Deterioration of nervous system functions

Infantile-onset of hypotonia, seizures, and abnormal facial features, death before the age of 2

years

(Continued)

Frontiers in Pharmacology | www.frontiersin.org September 2018 | Volume 9 | Article 94025

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Konings et al. Human Intracrinology

TABLE 5 | Continued

Name Affected system or

tissue Disease

Phenotype OMIM ID# References

17βHSD6 Reproductive (ass∧) SNPs associated with PCOS*** 26

17βHSD9 Eye

Fundus albipunctatus

Fleck retina disease, night blindness, delayed cone and rod photopigment regeneration. OMIM: 136880

17βHSD10 CNS

HSD10 mitochondrial

disease

X-linked neurodegenerative disorder OMIM: 300438

Multisystemic features, mitochondrial dysfunction

Turner type X-linked

mental retardation

Moderate to profound mental retardation Macrocephaly and variable skeletal features OMIM: 300706

17βHSD12 Reproductive (ass∧) (Male) SNPs associated with prostate cancer 27

Lung (ass∧) SNPs associated with pulmonary function 28

17βHSD15 Eye and CNS

Retinal dystrophy,

juvenile cataracts, short

stature

Decreased visual acuity, retinitis pigmentosa OMIM: 616108

Psychomotor delays from early childhood, lack of fine motor skills and coordination, learning

difficulties, facial dysmorphism

AKR1C1 Lymphocytes (ass∧) SNPs associated with non-Hodgkin lymphoma 29

Lung (ass∧) SNPs associated with lung cancer 29

CNS (ass∧) SNPs associated with panic disorders 29

AKR1C2 Reprod Endocrin

46XY sex reversal 8

Males: ambiguous external genitalia, cryptorchidism OMIM: 614279

Disturbed endocrine features

Endocr. syst. (ass∧) SNPs associated with weight-gain predisposition 29

Lung (ass∧) SNPs associated with lung cancer 29

AKR1C3 Reproductive (ass∧) SNPs associated with T levels and PCOS 29,30

Lymphocytes (ass∧) SNPs associated with large B cell lymphoma 29

Lung (ass∧) SNPs associated with lung cancer 29

Leukocytes (ass∧) SNPs associated with lung childhood leukemia 29

Urogenital (ass∧) SNPs associated with bladder cancer 29

CNS (ass∧) SNPs associated with amyotrophic lateral sclerosis 29

AKR1C4 Reprod Endocrin

46XY sex reversal 8

Males: ambiguous external genitalia, cryptorchidism OMIM 614279

Disturbed endocrine features

– (ass∧) SNPs associated with responses to anthracycline 29

CNS (ass∧) SNPs associated with paranoia risk 29

SRD5A1 Reproductive (ass∧) Haplotypes associated with PCOS and hirsutum 31

SRD5A2 Reprod Endocrin

Pseudovaginal

perineoscrotal

hypospadias

Males: pseudo hermaphroditism, ambiguous genitalia, cryptorchidism, small prostate OMIM: 264600

No Mullerian structures, masculinization at puberty

No breast development or menstruation at puberty

Abnormal plasma DHT (and T) level

Reproductive (ass∧) Haplotypes associated with PCOS 31

Bone (ass∧) SNPs associated with low bone mineral density 32

SRD5A3 CNS

Type Iq congenital

glycosylation disorder

Developmental delay, midline brain malformations OMIM: 612379

Variable extents of visual loss

CNS

Kahrizi syndrome

Mental retardation, delayed motor development, speech impairment, coarse facial features OMIM: 612713

(Continued)
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TABLE 5 | Continued

Name Affected system or

tissue Disease

Phenotype OMIM ID# References

STS Skin

X-linked ichthyosis

Cutaneous manifestations: dark brown, polygonal scales and generalized dryness OMIM: 30810040

Bone

bone dysplasia

Chondrodysplasia punctata and bone dysplasia 33

SULT1E1 Reproductive (ass∧) SNP associated with estrogen dependent diseases 34

SULT2A1 Reproductive (ass∧) SNP associated with DHEA-S, androgens and PCOS 40,35

SULT2B1 Skin

congenital autosomal

recessive ichthyosis

Generalized desquamation, dry scaly skin, hyperkeratosis, erythema OMIM: 604125

SULT1A1 Reproductive (ass∧) SNPs associated with endometrial cancer 11,36

Bone (ass∧) SNPs associated with low bone mineral density 32

GIT (ass∧) SNPs associated with risk of cancer in the GIT 37−38

– (ass∧) SNPs associated with activity and termostability 37,39

Selected papers reporting association between SNPs and diseases are reported. Association studies with enzymes involved in steroid signaling but not discusses in the present review

exist (for some references, see Doherty et al., 2005; Freedman et al., 2009; Miller and Auchus, 2011; Mueller et al., 2015).
*Endocr syst: Endocrine system.
**Reprod Endocrin: Reproductive endocrinology.
***PCOS: polycystic ovarian syndrome.
∧ass: association studies, case controls.
∧∧SNP: single nucleotide polymorphism.
#OMIM: Online Mendelian Inheritance in Man. McKusick-Nathans Institute of Genetic Medicine, Johns Hopkins University (Baltimore, MD). (https://omim.org/. Accessed on date:

February 2018).
##CRC: colorectal cancer.
1Miller and Auchus (2011), 2Terry et al. (2010), 3Rodríguez-Sanz et al. (2015), 4Deng et al. (2016), 5Zeng et al. (2016), 6Olson et al. (2007), 7Berstein et al. (2006), 8Kitawaki et al.

(2002), 9Lundin et al. (2012), 10Thompson et al. (2016), 11Gulyaeva et al. (2008), 12Setiawan et al. (2009), 13Zacher et al. (2016), 14Shimodaira et al. (2012), 15Fontein et al. (2014),
16Masi et al. (2001), 17Zhang et al. (2013), 18Cho et al. (2012), 19Shimodaira et al. (2010), 20Yang et al. (2013), 21Andrew et al. (2012), 22Tsuchiya et al. (2005), 23Huber et al. (2005),
24Setiawan et al. (2004), 25Shi et al. (2016), 26Jones et al. (2009), 27Audet-Walsh et al. (2012), 28Loth et al. (2014), 29Alshogran (2017), 30Qin et al. (2006), 31Goodarzi et al. (2006),
32Zarrabeitia et al. (2007), 33Wöhrle et al. (1990), 34Adjei et al. (2003), 35Goodarzi et al. (2007), 36Ashton et al. (2010), 37Lilla et al. (2007), 38Xiao et al. (2014), 39Sun et al. (2005), and
40Mueller et al. (2015).

Bold text indicates the system affected, italics text indicates the name of the disease.

Intratissue Steroid Levels
Endometrial steroid levels were recently profiled by LC-MS. E2
levels differ between tissue and serum during the menstrual cycle,
being up to five-times higher in tissue than in serum during
the proliferative phase and 1.5-fold higher in the luteal period
(Huhtinen et al., 2012a, 2014). T levels were lower in tissue
than in serum with no cyclic changes. The levels P and P5 (and
their 17-hydroxy derivatives) did not vary between serum and
tissue, indicating that, contrarily to estrogens, progestogen intra-
tissue levels are determined by passive diffusion from the blood
(Huhtinen et al., 2014).

Intracrinology and Reproduction
Animal models show not only that intracrine enzymes are
expressed in the endometrium, but also they vary the expression
levels during the endometrial phases and during implantation,
as shown already during the 80’s in rhesus monkeys for the
oxidizing 17βHSD activity (Kreitmann et al., 1979).

In rodents, STS activity measured with [3H]E1-S in 6-days
pregnant rats was lower around the implantation site compared
with non-implantation sites (Loza, 1995). In situ hybridisation
signal of 17βHSD7 mRNA varied spatio-temporally throughout

implantation and early gestation, being initially detected on
luminal epithelium around the implantation site and absent
in decidua (embryonic day, Ed5.5). At Ed8 and Ed9.5,
17βHSD7 expression increased in the decidua capsularis (the
part that interacts with the trophoblast) and later (after E9)
in the junctional zone of the developing placenta and in the
spongiotrophoblasts (Nokelainen et al., 2000).

A brilliant study in mice showed that decidualization is
dependent on local E2 produced through CYP19A1. CYP19A1
expression increased during pregnancy and decidualization was
unaffected by ovariectomy. In contrast, treatment with the
aromatase inhibitor (AI) letrozole impaired decidualization and
decreased decidual marker expression (e.g., PRP, BMP2 and
CX43) (Das et al., 2009).

In human endometrium, 17βHSD2 and SULT1E1 are induced
by P as their expression peaks in the luteal phase (Rubin et al.,
1999; Tseng and Mazella, 2002; Utsunomiya et al., 2004; Dassen
et al., 2007; Huhtinen et al., 2012a; Colette et al., 2013; Piccinato
et al., 2016b). Since both enzymes decrease intra-tissue estrogen
levels, their up-regulation is one of the mechanisms of the uterine
antiestrogenic effects of P. The P-dependency of 17βHSD2 and
SULT1E1 was recapitulated in vitro using explant cultures and
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TABLE 6 | Expression of intracrine enzymes in endometrium–results of the systematic search.

Name Menopausal status

Technique# Pre Post References

StAR mRNA RT-PCR yes yes Bukulmez et al., 2008a; Attar et al., 2009; Sinreih et al., 2017b&

CYP11A1 mRNA RT-PCR yes n.d. Tsai et al., 2001; Rhee et al., 2003; Attar et al., 2009; Sinreih et al., 2013; Huhtinen et al., 2014

RT-PCR no n.d. Rhee et al., 2003

CYP17A1 mRNA RT-PCR yes n.d. Tsai et al., 2001; Attar et al., 2009; Huhtinen et al., 2014

RT-PCR no n.d. Rhee et al., 2003

IHC no no Watanabe et al., 1995

CYP19A1 mRNA RT-PCR yes yes Dheenadayalu et al., 2002; Brosens et al., 2004; Matsuzaki et al., 2006; Pathirage et al., 2006;

Smuc et al., 2006, 2009; Dassen et al., 2007; Bukulmez et al., 2008b; Attar et al., 2009; Smuc

and Rizner, 2009; Lépine et al., 2010; Cornel et al., 2012; Huhtinen et al., 2012a; Delvoux

et al., 2014; Sinreih et al., 2017a

RT-PCR no no Bulun et al., 1993, 1994; Watanabe et al., 1995; Noble et al., 1996, 1997; Kitawaki et al.,

1999; Bacallao et al., 2008; Colette et al., 2009

ISH no n.d. Watanabe et al., 1995

Protein IHC yes yes Maentausta et al., 1990; Kitaoka et al., 2004; Maia et al., 2006, 2007; Hudelist et al., 2007;

Vouk et al., 2011; Miller et al., 2012a

IHC no no Watanabe et al., 1995; Kitawaki et al., 1999; Velasco et al., 2006; Acién et al., 2007; Jeon

et al., 2007; Bukulmez et al., 2008b; Colette et al., 2009

WB N.d. yes Knapp et al., 2013

activity no no Bulun et al., 1993; Watanabe et al., 1995; Noble et al., 1997

activity yes yes Tseng et al., 1982; Yamaki et al., 1985; Taga et al., 1990; Yamamoto et al., 1990a,b, 1993a,b;

Jongen et al., 2005; Purohit et al., 2008

3βHSD1 mRNA RT-PCR yes yes Rhee et al., 2003; Vani et al., 2007; Attar et al., 2009; Smuc et al., 2009; Gibson et al., 2013;

Sinreih et al., 2013

Protein* IHC yes n.d. Rhee et al., 2003; Vani et al., 2007

IHC no no Watanabe et al., 1995

3βHSD2 mRNA RT-PCR yes yes Tsai et al., 2001; Attar et al., 2009; Huhtinen et al., 2014; Osinski et al., 2018

17βHSDs

oxidative

activity

yes yes Tseng and Gurpide, 1974; Pollow et al., 1975a,b, 1976; Polow et al., 1975; Tseng et al., 1977;

Lane, 1990; Kitawaki et al., 2000; Utsunomiya et al., 2001; Delvoux et al., 2007, 2009; Cornel

et al., 2012

reductive

activity

yes yes Maentausta et al., 1990; Delvoux et al., 2007, 2009, 2014; Bacallao et al., 2008

no no Utsunomiya et al., 2001

17βHSD1 mRNA RT-PCR yes yes Zeitoun et al., 1998; Dassen et al., 2007; Smuc et al., 2007, 2009; Bacallao et al., 2008;

Huhtinen et al., 2012a; Colette et al., 2013; Delvoux et al., 2014; Sinreih et al., 2017a; Osinski

et al., 2018

NB yes n.d. Zeitoun et al., 1998

RT-PCR no no Casey et al., 1994; Utsunomiya et al., 2001

Protein IHC yes yes Maentausta et al., 1990&; Mäentausta et al., 1991; Li et al., 2003; Dassen et al., 2007; Colette

et al., 2013; Mori et al., 2015; He et al., 2016; Sinreih et al., 2017a

IHC no no Utsunomiya et al., 2001

17βHSD2 mRNA RT-PCR yes yes Mäentausta et al., 1991; Zeitoun et al., 1998; Kitawaki et al., 2000, 2002; Utsunomiya et al.,

2001; Matsuzaki et al., 2006; Smuc et al., 2006, 2007, 2009; Carneiro et al., 2007; Dassen

et al., 2007; Vani et al., 2007; Bacallao et al., 2008; Hevir et al., 2011b; Huhtinen et al., 2012a;

Colette et al., 2013; Delvoux et al., 2014; Sinreih et al., 2017a; Osinski et al., 2018

NB yes n.d. Zeitoun et al., 1998

Protein IHC yes yes Scublinsky et al., 1976; Ciuffi et al., 1982; Utsunomiya et al., 2001; Dassen et al., 2007; Colette

et al., 2013; Cornel et al., 2017; Sinreih et al., 2017a

17βHSD4 mRNA RT-PCR yes yes Dassen et al., 2007; Smuc et al., 2009; Huhtinen et al., 2012a; Delvoux et al., 2014

NB yes n.d. Möller et al., 1999

17βHSD6 mRNA RT-PCR yes n.d. Huang and Luu-The, 2000; Huhtinen et al., 2012a

17βHSD7 mRNA RT-PCR yes yes Smuc et al., 2007, 2009; Smuc and Rizner, 2009; Lépine et al., 2010; Cornel et al., 2012;

Huhtinen et al., 2012a; Delvoux et al., 2014

(Continued)
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TABLE 6 | Continued

Name Menopausal status

Technique# Pre Post References

17βHSD8 mRNA RT-PCR yes yes Smuc and Rizner, 2009; Smuc et al., 2009

17βHSD10 mRNA RT-PCR yes n.d. Huhtinen et al., 2012a

17βHSD12 mRNA RT-PCR yes yes Smuc and Rizner, 2009; Smuc et al., 2009; Lépine et al., 2010; Cornel et al., 2012; Huhtinen

et al., 2012a; Delvoux et al., 2014

17βHSD14 mRNA RT-PCR yes n.d. Huhtinen et al., 2012a; Sinreih et al., 2017a

AKR1Cs

AKR1C1 mRNA RT-PCR yes yes Rizner et al., 2006; Smuc and Rizner, 2009; Smuc et al., 2009; Hevir et al., 2011b; Sinreih

et al., 2013

AKR1C2 mRNA RT-PCR yes yes Hevir et al., 2011b; Sinreih et al., 2013

AKR1C3/17

βHSD5

mRNA RT-PCR yes yes Penning et al., 2000; Rizner et al., 2006; Vani et al., 2007; Smuc and Rizner, 2009; Smuc et al.,

2009; Hevir et al., 2011b; Cornel et al., 2012; Huhtinen et al., 2012a; Sinreih et al., 2013;

Delvoux et al., 2014

Protein IHC yes yes Pelletier et al., 1999; Ito et al., 2006; Vani et al., 2007; Smuc and Rizner, 2009; Zakharov et al.,

2010

SRD5As

SRD5A1 mRNA RT-PCR yes yes Carneiro et al., 2008; Hevir et al., 2011b; Sinreih et al., 2013; Huhtinen et al., 2014

Protein IHC yes yes Ito et al., 2002; Carneiro et al., 2008; Tanaka et al., 2015

SRD5A2 mRNA RT-PCR yes yes Carneiro et al., 2008; Hevir et al., 2011b; Sinreih et al., 2013; Huhtinen et al., 2014

Protein IHC yes yes Ito et al., 2002; Carneiro et al., 2008; Tanaka et al., 2015

SRD5A3 RT-PCR yes n.d. Huhtinen et al., 2014

Sulphatase

pathway

STS mRNA RT-PCR yes yes Tanaka et al., 2003; Utsunomiya et al., 2004; Smuc et al., 2006, 2007, 2009; Dalla Valle et al.,

2007; Dassen et al., 2007; Bacallao et al., 2008; Smuc and Rizner, 2009; Lépine et al., 2010;

Colette et al., 2013; Huhtinen et al., 2014; Piccinato et al., 2016b; Sinreih et al., 2017a

RT-PCR no no Miki et al., 2002

Comp-RT yes n.d. Yanaihara et al., 2001

Protein IHC yes yes Yanaihara et al., 2001; Utsunomiya et al., 2004; Dassen et al., 2007; Cornel et al., 2017;

Sinreih et al., 2017a

IHC no no Miki et al., 2002

activity yes yes Warren and French, 1965; Prost and Adessi, 1983; Adessi et al., 1984; Platia et al., 1984;

Yamamoto et al., 1990a, 1993a; Tanaka et al., 2003; Bacallao et al., 2008; Purohit et al., 2008;

Delvoux et al., 2009

IHC no no Utsunomiya et al., 2004

SULT1E1 mRNA RT-PCR yes yes Yamamoto et al., 1993a; Miki et al., 2002; Tanaka et al., 2003; Utsunomiya et al., 2004; Smuc

et al., 2006, 2007; Dassen et al., 2007; Bacallao et al., 2008; Smuc and Rizner, 2009; Lépine

et al., 2010; Hevir et al., 2011a, 2013; Colette et al., 2013; Piccinato et al., 2016b; Sinreih

et al., 2017a

NB yes n.d. Rubin et al., 1999

Protein IHC yes yes Miki et al., 2002; Utsunomiya et al., 2004; Hudelist et al., 2007; Cornel et al., 2017; Sinreih

et al., 2017a

activity yes yes Tanaka et al., 2003; Utsunomiya et al., 2004; Bacallao et al., 2008; Purohit et al., 2008

SULT1A1 mRNA RT-PCR yes yes Hevir et al., 2011a, 2013

SULT1A1 NB yes n.d. Rubin et al., 1999***

SULT2A1 NB no n.d. Rubin et al., 1999

SULT2B1 mRNA RT-PCR yes yes Hevir et al., 2011a, 2013

Primary/original references were analyzed and reviews were excluded (and are cited ad hoc in the text). The table report only the enzymes whose expression was assessed in reviewed

studies**.
#Technique abbreviations. For mRNA detection, NB: northern blot; ISH: in situ hybridisation; RT-PCR: reverse transcription semi or quantitative PCR; Comp-RT: competitive RT-PCR.

For protein detection: IHC: immunohistochemistry; WB: western blotting. For enzyme activity measurement: activity.
*Most commercially available antibodies do not distinguish between 3βHSD1 and 3βHSD1.
**No publication was found describing the expression of 17βHSD9, 11, 13, 15, DHRS11 and AKR1C4.
***The same study also detected expression of SULT1A3 (Rubin et al., 1999).

n.d.: not determined.
&Protein level was measured by radioimmunoassay.
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primary cells (Tseng and Mazella, 2002; Dassen et al., 2007;
Piccinato et al., 2016b). Luteal peak expression of other SULTs
(1A1 and 2B1) was also reported (Rubin et al., 1999; Koizumi
et al., 2010). Some reports also suggested that STS expression
increased in the luteal phase (Tanaka et al., 2003; Piccinato
et al., 2016b) with a potential role during decidualization (Tseng
and Mazella, 2002). Mid-luteal phase endometrium shows also
peaking expression of 3βHSD1 (mRNA and protein) (Rhee et al.,
2003; Vani et al., 2007).

Two studies on human ectopic pregnancies explored the
endometrium around the implanted blastocyst. Expression of
3βHSD1 (mRNA and protein) was highest in decidua obtained
from ectopic pregnancies (Rhee et al., 2003) and in a study on 23
tubal pregnancies, 17βHSD1 showed highest immunoreactivity
at the fetal-maternal interface (Li et al., 2003), suggestive for a
role of these enzymes in the nidation site.

Endometriosis
Endometriosis, an estrogen-dependent benign disorder affecting
up to 10% of reproductive-aged women, is associated with pelvic
pain, infertility, decreased life-quality and important health
care/social costs (Simoens et al., 2011, 2012; De Graaff et al., 2013,
2015, 2016; Vercellini et al., 2014). Endometriosis is characterized
by the growth of endometrium-like tissue outside the uterus
(ectopic locations), beside the ovaries (endometrioma), as
peritoneal implants, or as deep-lesions infiltrating peritoneal
organs (deep endometriosis).

The expression of intracrine enzymes in endometriosis was
reviewed in 2012, (Huhtinen et al., 2012b) and among other
studies, 20 papers published between 1996 and 2009 specifically
described the levels of intracrine enzymes in eutopic and ectopic
endometrium from patients and control women. With the
exclusion of one study that included over 100 patients (Colette
et al., 2009), the rest included small study populations, and in
most cases, the various endometriosis types (ovarian, peritoneal
and deep infiltrating) were pooled together. Various techniques
were used (RT-qPCR, immunohistochemistry, enzyme activity
assay). Overall, no clear conclusion could be drawn from
these studies. Comparing endometriosis with controls, CYP19A1
was up-regulated (six studies), unchanged (three studies) and
one study found no expression of this gene. With respect to
oxidative and reductive 17βHSDs, 17βHSD1 was reported up-
regulated (three studies), 17βHSD2 was reported down-regulated
or unchanged and two studies reported an up-regulation of
17βHSD7 and 12 in endometriosis vs. controls (Huhtinen et al.,
2012b).

Subsequent investigations also continued to report
inconsistent results. No change in mRNA (Delvoux et al., 2014)
or increased expression of CYP19A1 in ovarian endometriosis
vs. controls (Huhtinen et al., 2012a) were reported. An increased
expression of CYP19A1 was also described using in vitro
spheroids derived from endometrial stroma cells from patients
compared with controls (Mori et al., 2015).

The mRNA expression of 17βHSD1 was higher in
endometriosis compared with normal tissue using patient
biopsies as well as spheroid cultures derived from endometrial
stroma cells of patients and controls (Delvoux et al., 2014; Mori

et al., 2015). One study assessing the three endometriosis types
separately (60 patients in total) described that the increased
17βHSD1 level was restricted to endometrioma during the
secretory phase of the menstrual cycle (Huhtinen et al., 2012a),
whereas a second study on 79 patients and 41 controls, found no
change in 17βHSD1 level, but described an increased 17βHSD1/2
ratio (Colette et al., 2013).

Regarding 17βHSD2, recent investigations reported both
unchanged (Delvoux et al., 2014) and down-regulated mRNA
in patient biopsies compared with controls (Huhtinen et al.,
2012a; Colette et al., 2013). No variations were found in
17βHSD4, 5, 7 and 12 (Smuc et al., 2009; Delvoux et al., 2014)
but an increased level of 17βHSD6 mRNA was detected in
endometriosis compared with controls (Huhtinen et al., 2012a).

A few studies reported detectable levels of the enzymes
involved in the generation of DHEA from cholesterol (StAR,
CYP11A1 andCYP17A1) in endometriosis (Tsai et al., 2001; Rhee
et al., 2003; Bukulmez et al., 2008a; Attar et al., 2009; Sinreih et al.,
2013, 2017b; Huhtinen et al., 2014), suggesting that, in contrast to
eutopic endometrium, endometriosis is able to produce steroids
from cholesterol. However, it has also been argued that the
presence of paracrine confounders of ovarian origin in studies
using endometriomas could bias the results (Noël et al., 2011).

The contribution of STS, SULT1E1 and other SULTs was
investigated by numerous studies and also in this case,
conclusions are unclear (recently reviewed, Rižner, 2016). A
recent investigation using 78 specimens described increased
STS levels in endometriosis vs. control samples and found
that the overall balance between STS and SULT1E1 differed
between eutopic and ectopic tissue, implying an unbalanced
flux of sulpho-conjugated estrogens in this disease (Piccinato
et al., 2016b). The same research group also described
an aberrant regulation of the enzymes involved in the
estrogen oxidative metabolism in endometriosis (Piccinato et al.,
2016a).

Although the level of the single enzymes in the intracrine
machinery varies with apparently no clear association with the
disease condition, the intracrinological nature of endometriosis
was recently proven by comparison between serum and
tissue levels of steroids in 60 patients (eutopic and ectopic
endometrium) and 16 controls. Although E2 changed cyclically
in eutopic tissue, E2 levels remained constant in the lesions
and inversely correlated with the mRNA level of 17βHSD2 and
17βHSD6 suggesting an impairment in E2 deactivation to E1. P
levels were equal in serum and control tissues, but resulted higher
in patients and correlated with high 3βHSD2 mRNA. T, low in
the tissue of controls, was over 13-times more concentrated at
ectopic locations and correlated with low expression of SRD5A3
(Huhtinen et al., 2012a, 2014).

Endometrial Cancer (EC)
EC is the most common gynecological malignancy in western
society and 80% of all cases are estrogen-driven (Amant et al.,
2005; Morice et al., 2015). Major serum steroids are increased
in patients with EC, including several substrates for intracrine
E2 synthesis (Lépine et al., 2010; Audet-Walsh et al., 2011). In
addition, tissue-steroid levels differ between cancer, normal tissue
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and serum and correlate with the levels of specific intracrine
enzymes (see below) (Tanaka et al., 2015).

A systematic review recently explored all studies published
between 1990 and 2017 assessing the expression of 17βHSD1,
2, STS, SULT1E1, and CYP19A1, with results that describe
unbalanced intracrine regulation and important inter-patient
variability (Cornel et al., 2018). Most studies compared cases with
controls or tumor tissue with adjacent normal endometrium.
Compared with normal tissue (from controls or adjacent to
tumor), 17βHSD1 was found increased in EC (Cornel et al.,
2012), decreased (Smuc and Rizner, 2009; Lépine et al., 2010)
and undetected (Utsunomiya et al., 2001, 2003); 17βHSD2 was
found decreased (Utsunomiya et al., 2003, 2004) or increased
(Lépine et al., 2010; Cornel et al., 2012; Sinreih et al., 2013);
AKR1C3/17βHSD5 was found unchanged (Cornel et al., 2012;
Sinreih et al., 2013), increased (Ito et al., 2016) and decreased
(Zakharov et al., 2010); 17βHSD7 both decreased (Smuc and
Rizner, 2009) and unchanged (Lépine et al., 2010; Cornel et al.,
2012) and 17βHSD12 was unchanged (Smuc and Rizner, 2009;
Cornel et al., 2012) or increased in tumors vs. controls (Lépine
et al., 2010). One recent report described decreased 17βHSD14
levels in tumor compared with adjacent tissue (Sinreih et al.,
2017a). Controversial results apply to CYP19A1, described as
increased (Watanabe et al., 1995; Utsunomiya et al., 2001,
2004; Smuc and Rizner, 2009) and unchanged (Jongen et al.,
2005; Pathirage et al., 2006; Cornel et al., 2012). STS/SULT1E1
expression is also inconsistent in different studies (recently
reviewed in Mueller et al., 2015; Rižner, 2016).

Recent studies exploring the association between enzyme
levels and tumor characteristics found a correlation between STS
with tumor grade and lymphovascular invasion (Sinreih et al.,
2017a) and described an association between high CYP19A1 or
17βHSD1 and poor patient prognosis (Segawa et al., 2005; Cornel
et al., 2017).

Other investigations emphasized the potential antiestrogenic
and protective roles of androgens and P. Formation of DHT
(via conversion of A4 to T by AKR1C3/17βHSD5 and of T to
DHT by SRD5As) has potential antiestrogenic action because
it devoids tissue from T (substrate of CYP19A1 yielding E2)
and because it has direct endometrial antiproliferative effects
via AR (Ito et al., 2016). Similar to the AKR1C3/17βHSD5 data
reported earlier, results on SDR5A expression are inconclusive as
SRD5A2 was down-regulated in a study on 47 tumor specimens
compared with adjacent normal tissue (Sinreih et al., 2013), but
both SRD5A1 and SRD5A2 resulted unchanged in another study
on 122 tumors (although only five controls were studied) (Tanaka
et al., 2015). This last study found however increased androgen
levels (T and DHT) in tissue vs. blood. High DHT levels were
restricted to samples with high SRD5A1 immunohistochemical
staining. In addition, AR and SRD5A1 positivity was associated
with good patient prognosis (Tanaka et al., 2015). The prognostic
value of AR is confirmed by independent investigations (Tangen
et al., 2016).

P is well-known for its antiestrogenic action, PR positivity is
a good prognostic marker (Tangen et al., 2014) and P synthesis
and metabolism are disturbed in EC (Sinreih et al., 2013).
Interestingly, in a study on 47 tumors and adjacent normal

tissues, EC had decreased StAR and CYP11A1 mRNA levels,
indicative of diminished de novo steroid synthesis (Sinreih et al.,
2013, 2017b). At the same time, EC showed decreased SRD5A2
and increased 17βHSD2 indicative of a diminished rate of
conversion of P to 5αDHP and of 20αDHP to 5α-pregnan-20-ol-
3-one, but increased conversion of 20αDHP to P (see Figure 2).

Other Endometrial/Gynecological Disorders
Although literature is scarce, a potential role of intracrinology is
postulated for ovarian cancer (Ito et al., 2016), for adenomyosis
and fibroids (Rižner, 2016), for sarcoma, where CYP19A1
expressionmay have prognostic significance (Kitaoka et al., 2004)
and among infertile women (Brosens et al., 2004).

Intracrine Drug Targets
Endometriosis: blocking the systemic estrogen signaling via P, or
GnRH agonist is standard care (Vercellini et al., 2014). Blocking
the intracrine E2 generation is the future approach with on-going
preclinical/clinical research.

STS inhibition showed promising results. Irosustat (Table 3)
inhibited up to 100% the formation of free steroids using ex-vivo
material from 27 patients (Purohit et al., 2008) and STS inhibition
showed good results in a mouse model of endometriosis, where
decreased size and weight of the lesions was observed (Colette
et al., 2011). A phase-I clinical trial on 24 volunteers proved the
safety of the STS inhibitor E2MATE (PLG2001), which reduced
STS activity by over 90% and induced changes in endometrial
markers (both alone or co-administered with norethindrone
acetate) (Pohl et al., 2014).

Inhibitors of 17βHSD1 are in preclinical phase, and promising
results are described using a primate model of endometriosis,
where decreased behavior/pain symptoms were reported (Arnold
and Einspanier, 2013) and using ex-vivo material from
endometriosis patient (over 70% of the patients showed over 80%
of enzyme inhibition) (Delvoux et al., 2014).

AKR1C3/17βHSD5 inhibition can interfere with E2,
androgen synthesis, and reduce prostaglandin-associated
inflammation/proliferation and an inhibitor has recently
entered a phase II trial for endometriosis (Table 3). Overall,
AIs have limited efficacy for endometriosis (Ferrero et al., 2011;
Dunselman et al., 2014),

EC: only in case of advanced stage/metastatic disease
hormonal care is given (progestogen, tamoxifen or AIs). AIs
alone have limited efficacy with low response rates (Rose et al.,
2000; Ma et al., 2004; Lindemann et al., 2014). Promising data
were obtained using dual regimen (AI and mTOR inhibitor;
Slomovitz et al., 2015) and additional trials on combinatory
regimen are on-going. STS inhibitors showed promising results
in a mouse subcutaneous model of EC, with decreased tumor
growth by 48–67% (Foster et al., 2008b). However, a phase II
trial on advanced stage EC was stopped because of the absence
of added benefit compared with progestogen treatment (Purohit
and Foster, 2012; Pautier et al., 2017).

Preclinical studies on 17βHSD1 inhibitors showed promising
results in a mouse model of endometrial hyperplasia (Saloniemi
et al., 2010; Järvensivu et al., 2015) and in various models of EC
(Konings et al., 2018).
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Endometrium: Conclusions
The ability to synthesize DHEA from cholesterol (reported by
few studies) needs confirmation. However, the endometrium
possesses the enzymatic machinery to metabolize sulphated-
compounds and DHEA and form androgens and estrogens,
(although this contention is wrangled by other authors: Labrie
and Labrie, 2013; Labrie, 2015). Further, the endometrium
can metabolize androgens and progestogens via AKR1Cs and
SRD5As to produce a wide range of compounds, including
estrogens (Table 6 and Figure 3). The morphological changes
during the menstrual cycle are accompanied by cyclic changes
in intracrine steroid and enzyme levels, indicating that steroid
exposure needs to be cyclically regulated to support endometrial
physiology.

Gastrointestinal Tract (GIT) and Digestive
System (DS)
ERα and ERβ are expressed throughout the GIT and DS
(esophagus, stomach, colon, gallbladder, pancreas) and
epidemiological studies show important influence of sex
hormones in DS physiology and disturbances, with a clear
gender-dependency. In the duodenum, estrogens regulate
bicarbonate secretion (Nayeb-Hashemi and Kaunitz, 2009;
Tuo et al., 2011). This is an important defense mechanism
of the mucosa against acids discharged from the stomach,
and men develop duodenal ulcer two/three-times more often
than premenopausal women (Wu et al., 2008). Such estrogen
protective effect is recapitulated in animal studies exposed to
estrogens and anti-estrogens, and is mediated by a rapid action
(i.e., non genomic) of ERα on membrane ion channels (Smith
et al., 2008).

ERα, ERβ and GPER mediate important effects on the
pancreatic beta-cells during adaptation to insulin resistance
periods (e.g., pregnancy, puberty, obesity; Nadal et al., 2011). In
mice, ERα signaling regulates proliferation of beta-cell during
development and after injury (Yuchi et al., 2015).

Men are also more likely than women to develop cancer in the
esophagus, stomach and colon. Accordingly, estrogen treatment
for prostate cancer decreases the incidence of gastric cancer and
menopausal status in women is associated with colorectal cancer
CRC risk (Freedman et al., 2007; Kennelly et al., 2008; Hogan
et al., 2009; Duell et al., 2010). ERβ results oncoprotective at
several GIT sites (Kennelly et al., 2008; Barzi et al., 2013; Caiazza
et al., 2015) and low expression correlate with high CRC stage in
mice and with poor differentiated gallbladder cancer in humans
(Hogan et al., 2009).

The association between estrogens and DS cancer risk is
however controversial. The Women’s Health Initiative and
other large studies showed that combined estrogens plus P
hormone replacement therapy (HRT) decreases CRC risk, but
increases that of gallbladder. In addition, CRC during HRT
has a higher grade (Kennelly et al., 2008; Hogan et al.,
2009; Rennert et al., 2009; Foster, 2013; Mueller et al.,
2015). However, a recent randomized, placebo-controlled trial
enrolling over 10,000 women receiving estrogens alone vs.
placebo found no difference in CRC incidence (Lavasani et al.,

2015). Such complexity is recapitulated in animal studies
where estrogens and androgens can have distinct and opposite
effects on colitis and CRC (Amos-Landgraf et al., 2014;
Heijmans et al., 2014). Overall, the association between DS
disturbances/cancers with estrogens depends on the moment in
life, extent and nature (endogenous or exogenous) of exposure
and is influenced by the relative balance of the receptors (Foster,
2013). Similarly, androgens influence DS pathophysiology via
complex and unclear mechanisms involving classical, membrane
signaling, level of free and SHBG bound T (Roshan et al.,
2016).

The lack of clear conclusion and the fact that the levels of
circulating endogenous estrogens in women do not influence
CRC risk indicates that intracrine steroids may have a
predominant role irrespective of their circulating levels (Sato
et al., 2009; Falk et al., 2015).

Intracrinology in Healthy GIT–Systematic Search
In total, 29 original papers were retrieved that described the levels
of the intracrine enzymes in the GIT, published from the late 80’s
(Table 7 and Supplemental panel: “Systematic Review”).

Stomach intracrinology.
The stomach is an endocrine tissue, and in rodents it produces
steroids starting at birth and throughout adulthood (Kobayashi
et al., 2013). Human gastric mucosa expresses 17βHSD1, 2, 12
and AKR1C3/17βHSD5 (Table 7). The mRNA for 17βHSD2 in
mucosa surface and glandular epithelium inversely correlates
with age in both genders (Oduwole et al., 2003a). Luminal gastric
mucosa has strong AKR1C3/17βHSD5 immunoreactivity that
decreases toward the gastric pits (Chang et al., 2013). Weak
immunoreactivity for 17βHSD12 localizes in the fundic glands
and in the squamous epithelium of the esophagus (Sakurai et al.,
2006).

Sulphatases in parietal cells of the gastric glands have a
protective role in detoxification. Estrogenic SULT1E1 is not
expressed whereas data for SULT2A1 are inconsistent. SULT2A1
was detected in the gastric mucosa in a study on seven subjects
(Tashiro et al., 2000), but it was low/absent in other studies on 39
(Teubner et al., 2007) and 23 subjects (Chen et al., 2003).

Small intestine: duodenum–jejunum–ileum.
Due to its high exposure to food components and harmful
xenobiotics, the duodenum expresses several phase I/II enzymes
including DHEA/estrogenic SULT1E1, 2A1, 1A1 (Table 7).
Protein and enzyme activity of SULT1E1 and 2A1 are present in
human jejunum and ileum but absent in duodenum (Teubner
et al., 2007), mRNA and protein levels vary with no relation
either with age or gender (Her et al., 1996; Nishimura and
Naito, 2006). In a study on 23 subjects, SULT1E1 and 2A1
varied inter-individually and between different intestine tracts
(Chen et al., 2003). The duodenal mucosa expresses 17βHSD2,
but not 17βHSD1 (Casey et al., 1994; Oduwole et al., 2003a)
and shows strong luminal AKR1C3/17βHSD5 (Chang et al.,
2013) and weak 17βHSD12 immunoreactivity (Sakurai et al.,
2006) that decreases toward the Brunner’s gland (Chang et al.,
2013).

Frontiers in Pharmacology | www.frontiersin.org September 2018 | Volume 9 | Article 94032

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Konings et al. Human Intracrinology

FIGURE 3 | Effect of steroids (mainly estrogens) and intracrine networks in central nervous system, lungs, digestive system, uterus and bone. Italics and by brackets

are those metabolism/reactions that need conformation by independent authors (because validated at the mRNA level only or in few studies). * EC, epithelial cells;

**SMC, smooth muscle cells; #Chol, cholesterol. The drawing was kindly generated by Dr. Margaretha A. Skowron (Department of Urology, University Düsseldorf,

Germany) for this review.
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Large intestine: Colon, Cecum, Rectum
The intracrinology of healthy colon mucosa and its relation
to CRC was recently reviewed (Foster, 2013). Studies dating
from 1987 demonstrated the presence of CYP19A1, 17βHSD
reductive and oxidative enzymatic activities, plus the expression
of 17βHSD1, 2, 4, CYP19A1, STS and SULT1E1 (Table 7). Most
17βHSDs tend to have higher levels at the surface than in cryptal
epithelial cells as indicated for 17βHSD2 mRNA (Oduwole
et al., 2002; Foster, 2013), and for the immunoreactivity
of AKR1C3/17βHSD5 (very strong; Chang et al., 2013) and
17βHSD12 (weak; Sakurai et al., 2006).

Pancreas
Radiolabelled substrates demonstrated the presence of CYP19A1
and SRD5A activities in human pancreatic tissue (Iqbal et al.,
1983), which expresses 17βHSD2, 12, STS, SULT1E1 (Casey et al.,
1994; Miki et al., 2002; Sakurai et al., 2006; Dalla Valle et al.,
2007). High levels of AKR1C3/17βHSD5 localized in pancreatic
ductules (acini and islets of Langerhans resulted negative; Chang
et al., 2013).

Association With Diseases
SNPs in genes controlling estrogen synthesis, response and
deactivation are associated with GIT cancers (Freedman et al.,
2009; Cho et al., 2012; Zeng et al., 2016) and AKR1C4 is a
candidate gene in hereditary CRC (Gylfe et al., 2013; Table 5).
Also variations in the expression of these genes associate with
GIT disturbances. Low 17βHSD10 levels are associated with
aberrant butyrate β-oxidation and ulcerative colitis (De Preter
et al., 2012). The epithelial 17βHSD2 level is low in case of
stomach, duodenal cancer and chronic gastritis, though it is high
in regenerating epithelium close to active gastritis and ulcers
(Oduwole et al., 2003a). In a study on 34 gastric tumors and
adjacent healthy tissue, themRNA and protein levels of 17βHSD2
and AKR1C3/17βHSD5 were down-regulated in cancer (Frycz
et al., 2015, 2016). Some studies showed lower oxidative 17βHSD
activity and mRNA level of 17βHSD2 (and 4) in CRC vs.
adjacent normal tissue, suggesting a protective role of estrogen
deactivation. However, another study on 35 women and 39
men found that high 17βHSD2 levels were associated with poor
prognosis in female patients with distal CRC (reviewed in Foster,
2013). Also 17βHSD1 level measured by RT-qPCR and western
blotting in specimens from 52 patients was lower in CRC than
adjacent normal mucosa (Rawłuszko et al., 2011). CRC show also
higher CYP19A1mRNA compared with adjacent normal mucosa
(n= 31) (Sato et al., 2012).

Although no clear target for drugs has been identified in
the intracrine network, intracrine enzymes showed some values
as biomarkers. In CRC, high STS/SULT1E1 ratio correlates
with poor prognosis (Foster, 2013) and AKR1C3/17βHSD5
expression with lymph-node metastasis (Nakarai et al., 2015).
In addition, AKR1C1 and AKR1C3/17βHSD5 associate with
cisplatin resistance in CRC, hence inhibitors of these AKR1Cs
may be used to re-sensitize patients to chemotherapy (Matsunaga
et al., 2013). In a study were the levels of E1, E2 andDHEA-S were
measured in CRC specimens and adjacent normalmucosa ofmen
and women by LC-MS, intra-tumor estrogens were elevated and

(in particular E1) correlated with poor prognosis. In line with
an unfavorable role of intra-tissue estrogens, absence on STS was
associated with long survival (Sato et al., 2009).

GIT: Conclusions
Human GIT/DS is unable to metabolize cholesterol and there
is no clear evidence that it expresses 3βHSDs, hence DHEA
cannot be used to generate androgens and estrogens (Table 7
and Figure 3). Several SULTs are expressed throughout GIT and
involved in detoxification and STS is regulated by estrogen in
vitro via non-classical GPER signaling (Gilligan et al., 2017).

The role of steroids in pathology is complex, with divergent
effects that depend on time, length and extent of exposure.
In line with this, intracrine networks have unclear roles in
pathogenesis. In the GIT these networks are strongly involved in
the metabolisms of fatty acids and bile acids (outside the scope of
this review).

Bone Tissue and Skeletal System
Bones consist of mineralized connective tissue with structural
and supportive functions. The hard exterior part (cortical bone)
and the trabecular and spongy cancellous tissue filling the bone
interior are identical but differ in the level of mineralization.
Osteoblasts, derived from multipotent mesenchymal stem cells,
build the bone tissue through deposition of Type-I collagen and
through the release of ions that combine chemically forming the
bone mineral. Osteoclasts differentiate from hematopoietic stem
cells and cause resorption of the mineralized bone mass. The
balance between osteoblasts and osteoclasts regulates mineral
deposition and resorption. Sex steroid hormones contribute
to control bone development during puberty, contribute to
bone physiology, bone mass maintenance and regulate the rate
of mineral bone deposition and resorption (Svoboda et al.,
2010).

The presence of the ERs as well as other hormone-receptors
in normal osteoblastic cells, osteoclasts and osteoblasts is
documented (Gruber et al., 2002) and estrogens and androgens
stimulate bone formation and inhibit bone resorption in both
males and females. During human puberty and throughout
adulthood, E2 and T induce osteoblast proliferation (Kassem
et al., 1998), which is mediated by IGF and GH (Riggs et al., 2002;
Svoboda et al., 2010). Such human effects are well recapitulated
in animal models. ERα-KO (Vidal et al., 2000) and CYP19A1-
KO mice (Oz et al., 2000) exhibit low BMD in both genders
and E2 treatment rescues the CYP19A1-KO phenotype (Miyaura
et al., 2001). Additionally, ovariectomy stimulates osteoclast
differentiation through (indirect) increased levels of IL-1, 6 and
TNF in osteoblasts and other bone-derived stromal cells (Gruber
et al., 2002; Svoboda et al., 2010).

Accelerated bone loss and increased osteoporotic fractures are
associated with postmenopausal estrogen deficiency and low sex
steroid levels elicit similar manifestations in men (Compston,
2001; Riggs et al., 2002; Syed and Khosla, 2005). Free E2 levels
are associated with low lumbar spine and femoral neck bone
mineral density (BMD) in both genders (Zarrabeitia et al., 2007)
and estrogen therapy reduces bone loss and the risk of fracture in
women with osteoporosis (Gruber et al., 2002).
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TABLE 7 | Expression of intracrine enzymes in the gastrointestinal tract (GIT)-results of the systematic search.

Gene Detection Gastrointestinal tract

Molecule Technique# St* References S.I.* References L.I.* References

CYP11A1 Protein IHC no Saitoh et al., 1992 n.d. n.d.

CYP19A1 Protein Activity n.d. n.d. yes English et al., 2000

CYP19A1 Protein IHC no Saitoh et al., 1992 n.d. yes English et al., 2000

WB no Saitoh et al., 1992 n.d. n.d.

HSD17B oxidative activity n.d. n.d. yes English et al., 1999

HSD17B reductive activity n.d. n.d. yes English et al., 1999

17βHSD1 mRNA RT-PCR no Oduwole et al., 2003a n.d. yes Rawłuszko et al., 2011

NB n.d. no Casey et al., 1994 no Casey et al., 1994

ISH n.d. no Oduwole et al., 2002 no Oduwole et al., 2002

Protein WB n.d. n.d. yes Rawłuszko et al., 2011

17βHSD2 mRNA RT-PCR yes Oduwole et al., 2003a;

Frycz et al., 2015

n.d. n.d.

NB n.d. yes Casey et al., 1994 yes Casey et al., 1994

ISH n.d. yes Oduwole et al., 2002 yes Oduwole et al., 2002,

2003b

Protein IHC n.d. n.d. yes English et al., 2000; Mueller

et al., 2015

WB yes Frycz et al., 2015 n.d. yes English et al., 2000; Mueller

et al., 2015

17βHSD4 mRNA NB n.d. yes Möller et al., 1999 yes Möller et al., 1999

Protein IHC n.d. n.d. yes English et al., 2000; Mueller

et al., 2015

WB n.d. n.d. yes English et al., 2000; Mueller

et al., 2015

17βHSD10 mRNA RT-PCR n.d. n.d. yes De Preter et al., 2012

17βHSD12 mRNA RT-PCR n.d. yes Sakurai et al., 2006 n.d.

NB n.d. yes Sakurai et al., 2006 no Sakurai et al., 2006

Protein IHC yes Sakurai et al., 2006 yes Sakurai et al., 2006 yes Sakurai et al., 2006

AKR1C3 mRNA Comp-RT yes Frycz et al., 2016 n.d. n.d.

NB yes Frycz et al., 2016 yes Lin et al., 1997 yes Lin et al., 1997

Protein IHC yes Miller et al., 2012b; Chang

et al., 2013

yes Chang et al., 2013 yes Chang et al., 2013

SRD5A1 Protein IHC yes Aumüller et al., 1996 yes Aumüller et al., 1996 yes Aumüller et al., 1996

SRD5A2 Protein IHC yes Aumüller et al., 1996 yes Aumüller et al., 1996 yes Aumüller et al., 1996

STS mRNA RT-PCR n.d. no Miki et al., 2002 yes Dalla Valle et al., 2007

RT-PCR – – no Miki et al., 2002

Protein IHC n.d. no Miki et al., 2002 no Miki et al., 2002; Sato et al.,

2009

Protein Activity n.d. n.d. yes Munroe and Chang, 1987

SULT1E1 mRNA RT-PCR no Nishimura and Naito, 2006 yes Miki et al., 2002; Nishimura

and Naito, 2006

yes Miki et al., 2002; Teubner

et al., 2007; Riches et al.,

2009

– – no Nishimura and Naito, 2006

NB n.d. yes Her et al., 1996 n.d.

Protein IHC no Chen et al., 2003; Teubner

et al., 2007

yes Miki et al., 2002; Teubner

et al., 2007

yes Miki et al., 2002; Teubner

et al., 2007; Sato et al.,

2009

WB n.d. yes Her et al., 1996; Chen et al.,

2003; Teubner et al., 2007;

Riches et al., 2009

no Chen et al., 2003

Activity no Chen et al., 2003; Teubner

et al., 2007

yes Teubner et al., 2007 yes Teubner et al., 2007

(Continued)
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TABLE 7 | Continued

Gene Detection Gastrointestinal tract

Molecule Technique# St* References S.I.* References L.I.* References

SULT2A1 mRNA RT-PCR no Nishimura and Naito, 2006 yes Nishimura and Naito, 2006 no Nishimura and Naito, 2006

ISH yes Tashiro et al., 2000 n.d. n.d.

NB n.d. yes Her et al., 1996 n.d.

Protein IHC no Teubner et al., 2007 yes Teubner et al., 2007 yes Teubner et al., 2007

WB yes Tashiro et al., 2000; Chen

et al., 2003

yes Her et al., 1996; Chen et al.,

2003; Teubner et al., 2007;

Riches et al., 2009

yes Chen et al., 2003; Teubner

et al., 2007; Riches et al.,

2009

WB n.d. n.d. no Chen et al., 2003

Activity yes Tashiro et al., 2000 yes Chen et al., 2003; Teubner

et al., 2007

yes Chen et al., 2003; Teubner

et al., 2007

Activity no Teubner et al., 2007 – –

SULT1A1 mRNA RT-PCR yes Nishimura and Naito, 2006 yes Nishimura and Naito, 2006 yes Nishimura and Naito, 2006

Protein IHC yes Teubner et al., 2007 yes Teubner et al., 2007 yes Teubner et al., 2007

WB yes Teubner et al., 2007 yes Teubner et al., 2007; Riches

et al., 2009

yes Teubner et al., 2007; Riches

et al., 2009

Activity yes Teubner et al., 2007 yes Teubner et al., 2007 yes Teubner et al., 2007

SULT2B1 mRNA RT-PCR no Nishimura and Naito, 2006 yes Nishimura and Naito, 2006 no Nishimura and Naito, 2006

NB n.d. n.d. no Meloche and Falany, 2001

Primary/original references were analyzed and reviews were excluded (and are cited ad hoc in the text). The table report only the enzymes whose expression was assessed in reviewed

studies**.
*St: stomach; S.I.: small intestine; L.I.: large intestine.
#Technique abbreviations. For mRNA detection, NB: northern blot; ISH: in situ hybridisation; RT-PCR: reverse transcription quantitative (or semi-quantitative) PCR; Comp-RT: competitive

RT-PCR assay; NB: northern blotting. For protein detection: IHC: immunohistochemistry; WB; western blotting; activity: enzyme activity measurement.
**No publication was found describing the expression of StAR, 3βHSD1, 3βHSD2, 17βHSD6, 7, 8, 9, 11, 13, 14 15, DHRS11, AKR1C1 AKR1C2 and AKR1C4.

n.d.: not determined.

Intracrinology in Healthy Bone–Systematic Search
Bone expresses CYP19A1 and 17βHSD1, and mRNA in situ
hybridisation and immunohistochemistry signals were seen in
lining cells, osteoblasts, chondrocytes of articular cartilage, and
adipocytes adjacent to bone trabeculae in both male and female
tibiae. CYP19A1 mRNA was also widely present in various
bones (ribs, femurs) with inter-individual variability, but no
relation with gender or age (Sasano et al., 1997). STS and
17βHSD activities were demonstrated by recovery of [3H]E1 and
[3H]E2 after incubating femur-head fragments with [3H]E1-S
(15 women and 12 men with osteoarthritis indicated for hip
replacement). No gender-related differences were observed and
E2 formation from androgens was lower than that from E1-
S, indicating a predominant role of the sulphatase pathway in
bone estrogen supply (Muir et al., 2004). Subsequent studies
also demonstrated the presence of CYP11A1, CYP17A1, 17βHSD
reductive and oxidative activity in bone tissues (Table 8). Overall,
however, only six papers describing the level of intracrine
enzymes in bone tissues were retrieved by the systemic search
(Table 8) and most studies on bone intracrinology used in vitro
cell cultures. In vitro studies were not included in our systematic
review, but those on bone are briefly described in the next
paragraph. These studies demonstrate the presence of a complex
intracrine networks.

Bone Intracrinology: In vitro and in vivo

From early ‘90s, various isotopic techniques demonstrated the
presence of CYP19A1, 17βHSD reductive/oxidative, 3βHSD and

STS activities and the mRNA expression of 17βHSD1, 2, 4, STS,
SULT1E1, CYP19A1 and SDR5A in human osteoblastic (e.g.,
HOS, U20S, HTB-96 and MG63) and osteosarcoma cell lines like
CRL-1543 (Purohit et al., 1992; Fujikawa et al., 1997; Jakob et al.,
1997; Dong et al., 1998; Saito and Yanaihara, 1998; Janssen et al.,
1999; Muir et al., 2004; Svoboda et al., 2007; Dias and Selcer,
2014).

In vitro evidence using osteoblastic cells show that E2 has
mitogenic effects, which is blocked by the ERα antagonist
fulvestrant. Since both E1-S and DHEA-S elicit effects similar to
E2, which are blocked by STS inhibition (Selcer and Difrancesca,
2012; Dias and Selcer, 2014), these studies demonstrate that
conjugated steroids are activated and that DHEA is converted
to E2. Studies in rat osteoblast with [14C]T demonstrated that
T is converted by SRD5As and AKR1Cs to 3α/3βDIOLs, which
induce proliferation via activation of ER (and not AR) (Enríquez
et al., 2013).

In vitro models of osteoblast differentiation showed that
various differentiation stages are accompanied by declines in STS,
CYP19A1 and 17βHSD1 (Janssen et al., 1999; Dias and Selcer,
2016).

In rats, during and after sexual maturation, in situ
hybridization showed that ERα and ERβ localize in osteoblasts,
osteoclasts and osteocytes covering the tibia metaphysis
(responsible for elongation of long bones), and co-localize with
STS. Starting at sexual maturation (e.g., 7-week-old), ERs also
co-localize with CYP19A1, 17βHSD1, 2 and SRD5A1 (van
der Eerden et al., 2004). In addition, male transgenic mice
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overexpressing 17βHSD2 show disturbed IGF-I/steroid actions
in bone, with growth retardation, decreased bone formation at
prepuberty and decreased serum levels of IGF-I, osteocalcin and
T (Shen et al., 2008).

Diseases and Treatments
Genetic variants of estrogen and intracrine pathways are
associated with bone disturbances (Table 5). Defects in the
CYP19A1 and ERα are associated with low BMD and other
skeletal disturbances (e.g., high stature, delayed bone age) and
estrogen therapy ameliorates some bone abnormalities caused
by CYP19A1 deficiencies in men (Smith et al., 1994; Morishima
et al., 1995; Carani et al., 1997; Mullis et al., 1997; Bilezikian
et al., 1998). In lumbar vertebrae, CYP19A1 levels correlate with
changes in osteoporotic degree (Sasano et al., 1997).

Inhibitors of 17βHSD2 attracted attention as potential
drugs to oppose the effects of low E2 on BMD, fracture
and osteoporosis. Ovariectomised female macaques receiving a
17βHSD2 inhibitor display desirable bone balance, bone strength
and lower bone resorption compared with untreated controls
(Bagi et al., 2008). Several compounds targeting this enzyme have
been developed and their use and challenges in osteoporosis were
recently reviewed (Soubhye et al., 2015).

In a study on 35 chondrosarcoma biopsies (a malignant bone
cancer occurring inmiddle aged patients), ERα (mRNA and IHC)
and CYP19A1 (mRNA and activity) were demonstrated in the
majority of the samples, and the AI exemestane impaired the E2-
and androgen-induced proliferation of primary chondrosarcoma
cells (Cleton-Jansen et al., 2005). Although AIs were proposed
as novel drugs to treat this condition (Bovée et al., 2005), a
pilot study on six patients with progressive disease showed no
benefit of exemestane in progression-free survival compared with
untreated patients (Meijer et al., 2011).

In a study of 28 osteosarcoma specimens (one of the most
common bone cancers developing at young age) strong ERβ and
PR immunoreactivity was seen in over 80% of the samples (and
also correlated with Ki67). ERα and AR staining was seen in
30% of the samples, whereas CYP19A1 was undetected (Dohi
et al., 2008). In another study, 20 osteosarcoma specimens,
including 11 good responders to chemotherapy and nine poor
responders, were subjected to cDNA microarray and 17βHSD10
resulted unregulated in the poor responder group. Results were
further confirmed by IHC on 69 archival biopsies, hence targeting
17βHSD10 may be a valuable approach for drug (re)sensitisation
(Salas et al., 2009).

Additional intracrine imbalances are described in bone
diseases, such as higher androgen reducing 17βHSD activity in
benign vs. malignant tumors, declines of CYP19A1 from normal
bone to osteosarcoma and expression of SULT1E1 in the majority
of the skeletal benign and malignant lesions, originated in bones
or from primary tumors elsewhere (Svoboda et al., 2007).

Bone Tissue: Conclusions
In vitro, animal and human studies show that intracrinology
controls bone development, benign and malignant conditions,
and offer novel potential drug targets (Table 8 and Figure 3).
Steroids can be synthesized in situ from cholesterol (Rodríguez-
Sanz et al., 2015) and can be recruited from the serum via

the sulphatase pathway. DHEA is substrate for androgen and
estrogen production. The action of androgens is partly mediated
by their conversion to estrogens via CYP19A1 or to estrogenic
3α/βDIOLs (Vanderschueren et al., 2008).

Lungs
Sex steroids play an important role in lung development and
homeostasis. Androgens, progestogens and estrogens are present
and exert genomic and non-genomic actions via their hormone-
receptors. Classical ERs (with ERβ as predominant form) and
membrane GPER are expressed (Couse et al., 1997; Prossnitz and
Barton, 2011; Konings et al., 2017). Sex steroids remain active
in the lungs throughout lifetime and modulate lung function
in both a beneficial or detrimental way, extensively reviewed
(González-Arenas and Agramonte-Hevia, 2012; Townsend et al.,
2012; Sathish et al., 2015).

E2 and P regulate epithelial sodium channel expression in
alveolar epithelial cells (Luo et al., 2015). In alveolar smooth
muscle cells, E2 induces bronchodilation via the reduction of
intracellular Ca2+ (Townsend et al., 2010).

Both human and animal studies support a promoting role for
estrogens and inhibitory role for androgens in lung development
and maturation. During gestation and neonatal period, AR is
expressed in mesenchymal and epithelial cells. Androgens inhibit
the production of surfactants, which starts later in male than in
female neonatal lungs (Carey et al., 2007), but also support the
developing lung during branching morphogenesis (Kimura et al.,
2003).

Lung Intracrinology in Lungs–Systematic Search
Adult human lungs express CYP19A1 and most 17βHSDs (1,
2, 4, 7, 8, 11, 12, 17βHSD5/AKR1C3; Table 8). STS, SULT
and 17βHSD1, 12 and 17βHSD5/AKR1C3 immunoreactivity
localizes in the bronchial epithelium (weak for types 1 and 12,
strong for type 17βHSD5) and alveolar macrophages (Sakurai
et al., 2006; Miller et al., 2012b; Chang et al., 2013; Konings et al.,
2017).

Intracrinology controls lung development and maturation as
shown in various animal models (Boucher et al., 2009) and
intracrine enzymes are expressed already during fetal stages.
Human fetal lungs possess StAR, CYP11A1, 3βHSD1 mRNA
(Pezzi et al., 2003), SULT1E1 activity (Jones et al., 1992) and
show 17βHSD1 and 2 mRNAs expression at 13 and 20 weeks of
gestational age (Takeyama et al., 2000). High mRNA levels of AR,
17βHSD2 and 17βHSD5/AKR1C3 in mid-late gestation period
and adult lungs indicate the present of androgen metabolism
(Simard et al., 2010). Immunoreactivity for 17βHSD11 is detected
in bronchioles of 14 and 31 weeks old fetuses, whereas other
structures are negative (e.g., alveoli, ciliated epithelium, acini
of the trachea). The expression of 17βHSD11 increases during
the second half of pregnancy and maintains similar patterns in
neonatal (14 days) and adult lugs (Brereton et al., 2001).

Intracrinology and Lung Diseases
Altered intracrinology is involved in lung disorders already
from neonatal stages toward adulthood, and SNPs in intracrine
genes are associated with the onset of diseases (Zhang et al.,
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2013). Higher concentration of estrogens were measured by LC-
MS in women with multiple-synchronous-lung adenocarcinoma
compared with single adenocarcinoma (Ikeda et al., 2016)
and in neoplastic tissue compared with adjacent normal lungs
(Niikawa et al., 2008; Verma et al., 2013). Type 1 17βHSD
mRNA, protein and activity are present in various non-small-
cell-lung-cancer (NSCLC) cell lines where the mitogenic effect
of E1 is abrogated by 17βHSD1 knockdown (Drzewiecka and
Jagodzinski, 2012; Verma et al., 2013). In specimens from
48 NSCLC patients, 17βHSD1 expression was associated with
squamous cell carcinoma and stage 3A disease (Drzewiecka
et al., 2015). In another study on 103 NSCLC specimens,
high 17βHSD1 immunoreactivity was associated with low
intratumoural E1 and high E2:E1 ratio, whereas higher 17βHSD2
immunoreactivity was associated with high intratumoural E1.
Multivariate regression analysis also demonstrated that increased
17βHSD1 immunoreactivity in tumors was an independent
negative prognostic factor (Verma et al., 2013).

CYP19A1 is expressed in lung cancer and has potential
therapeutic value (Niikawa et al., 2008; Verma et al., 2011;
Siegfried and Stabile, 2014). A recent IHC study on 335 NSCLC
specimens found an inverse association between CYP19A1
expression with disease specific survival (Skjefstad et al., 2016).
Similar data, although restricted to women only, were confirmed
in an independent study on 150 primary lung adenocarcinoma
specimens, where CYP19A1 was found as the main driver
of local estrogen supply (Tanaka et al., 2016). Another study
on 110 lung adenocarcinoma specimens found an association
between CYP19A1 mRNA (RT-qPCR) and poor prognosis in
females, never-smokers and harboring EGFR mutations (Kohno
et al., 2014). However, a recent mRNA study on 96 NSCLC
patients showed that CYP19A1 in combination with ER is a good
prognostic marker (Aresti et al., 2014).

STS and SULT1E1 immunoreactivity is detected in the
majority of NSCLC cases, and STS is a good prognostic marker
(Iida et al., 2013).

Lymphangioleiomyomatosis (LAM) is a rare, potentially fatal
disease affecting predominantly young women. It is strongly
hormone sensitive and it is hypothesized to originate from
the uterus as lung metastasis (Prizant and Hammes, 2016).
The levels of ERs, PR, AR, CYP19A1, STS, 17βHSD1 and
SRD5A2 were recently assessed among 30 LAM biopsies.
CYP19A1 expression resulted a useful classification marker with
implication for potential therapy (Adachi et al., 2015). A recent
study on specimens from 73 patients with chronic obstructive
pulmonary disease (COPD) and 48 controls described an
association between both CYP19A1 and 17βHSD1 with COPD
(Konings et al., 2017). CYP19A1 is also implicated in interstitial
pneumonia interstitial pneumonia, where local E2 concentration
and CYP19A1 activity and immunoreactivity were elevated in
diseased compared with normal tissue (Taniuchi et al., 2014).

Potential Novel Treatments
Blocking the estrogen signaling showed promising preclinical
results in animal models of lung cancer (Verma et al., 2011).
In humans, antiestrogen treatments (ER antagonists, GnRH,
oophorectomy, P) have been used in LAM (Taveira-DaSilva

and Moss, 2014) and lung cancer patients (Verma et al., 2011;
Kohno et al., 2014). A phase II study on advanced NSCLC
patients non-responsive to platinum-based drugs tested the
dual-regimen mTOR/CYP19A1 inhibitors. Unfortunately, this
study was prematurely terminated due to high toxicity (Singhal
et al., 2015) and one additional trial using ER antagonist plus
AI (fulvestrant and anastrozole) as consolidation therapy in
postmenopausal women with advanced NSCLC (NCT00932152)
was terminated due to poor recruitment.

Better results were obtained using the AI letrozole as single
agent or in combination with rapamycin in a phase II trial
on 17 postmenopausal women with LAM (NCT01353209). AI
treatment was safe and well tolerated also in the dual drug
regimen (Lu et al., 2017).

Lungs: Conclusions
Steroids are involved in lung maturation, development and
in susceptibility to diseases. Most 17βHSDs, STS/SULT1E1,
CYP19A1 are expressed indicating the lung’s ability to metabolize
androgens, estrogens and progestogens. Evidence of 3βHSDs is
limited to fetal tissues (Table 8 and Figure 3). Approaches aimed
at decreasing local estrogens may offer future novel treatments
for various lung diseases.

Brain and Central Nervous System (CNS)
One of the first CNS actions of sex steroids to be described
is the hypothalamus-pituitary-gonadal axes control (Andersen
and Ezcurra, 2014). The identification of steroid-receptors
outside the hypothalamus, like hippocampus (controlling
memory), prefrontal cortex, cerebellum and dopaminergic
system regulation indicated that sex steroids have complex and
widespread effects in the CNS. They control aggressive behavior,
cognitive functions, mood, food intake, appetite, addiction, blood
pressure, fine motor skills, motor coordination, pain circuit
and both estrogens and androgens are neuroprotective (López
and Tena-Sempere, 2015; Soma et al., 2015; McEwen and
Milner, 2017). Estrogen deprivation in animals and humans is
associated with development of metabolic disorders and estrogen
administration has a general catabolic effect (López and Tena-
Sempere, 2015). Animal experiments and KO models show that
ERα mediates the major actions of estrogens in the CNS, like
the metabolic control functions (Musatov et al., 2007) and the
negative-feedback on the hypothalamus-pituitary-gonadal axes
(Couse et al., 2003). However, both nuclear and non-nuclear ERs
are relevant in distinct CNS regions (Almey et al., 2015; López
and Tena-Sempere, 2015; McEwen and Milner, 2017).

Local steroid synthesis in the CNS is demonstrated in animal
studies. CYP19A1-KO mice have increased ischemic damages
compared with ovariectomised wild-type mice, indicating a
local action of CYP19A1 (McEwen and Milner, 2017). Similar
conclusions were drawn for the estrogen protective effects
on stroke, Alzheimer (AD), Parkinson diseases, aggressive
behavior (Soma et al., 2015; McEwen and Milner, 2017) and
mice with ablation in various 17βHSDs show neuronal defects
(Table 4). In rodents, CNS regions like the hippocampus and
the hypothalamus express the enzymes involved in the local
generation of steroids, like StAR, CYP11A1, CYP17A1, 3βHSD1,
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TABLE 8 | Expression of intracrine enzymes in bone, lungs and central nervous system (CNS) – results of the systematic search.

Gene Detection Bone References Lung References CNS References

Molecule Technique#

StAR mRNA RT-PCR n.d. yes∧ Pezzi et al., 2003 n.d.

CYP11A1 mRNA RT-PCR yes Rodríguez-Sanz et al., 2015 yes∧ Pezzi et al., 2003 yes Stoffel-Wagner, 2001

Comp-RT n.d. n.d. yes Beyenburg et al., 1999;

Watzka et al., 1999

Protein WB yes* Rodríguez-Sanz et al., 2015 n.d.

CYP17A1 mRNA RT-PCR yes Rodríguez-Sanz et al., 2015 no∧ Pezzi et al., 2003 yes Stoffel-Wagner, 2001

RT-PCR – – no Steckelbroeck et al., 2004b

Protein WB yes* Rodríguez-Sanz et al., 2015 n.d. n.d.

IHC n.d. n.d. no Steckelbroeck et al., 2004b

Activity n.d. n.d. no Steckelbroeck et al., 2004b

CYP19A1 mRNA RT-PCR yes Oz et al., 2001 yes Pezzi et al., 2003; Aresti

et al., 2014; Kohno et al.,

2014; Konings et al., 2017

yes Sasano et al., 1998;

Stoffel-Wagner et al.,

1998a; Stoffel-Wagner,

2001; Yague et al., 2006

Comp-RT n.d. n.d. yes Stoffel-Wagner et al., 1999a

ISH yes Sasano et al., 1997 n.d. n.d.

Protein IHC yes Sasano et al., 1997; Oz

et al., 2001

yes Verma et al., 2013; Siegfried

and Stabile, 2014; Taniuchi

et al., 2014; Konings et al.,

2017

yes Naftolin et al., 1996; Yague

et al., 2006, 2010

ELISA n.d. yes Aresti et al., 2014; Skjefstad

et al., 2016; Tanaka et al.,

2016

n.d.

Activity yes Schweikert et al., 1995 yes Taniuchi et al., 2014 yes Naftolin and MacLusky,

1982; Stoffel-Wagner, 2001

3βHSD1 mRNA RT-PCR n.d. yes∧ Pezzi et al., 2003 no Stoffel-Wagner, 2001

3βHSD2 mRNA RT-PCR n.d. no∧ Pezzi et al., 2003 no Stoffel-Wagner, 2001

17βHSDs

HSD17B oxidative activity yes Muir et al., 2004 n.d. yes Steckelbroeck et al., 1999,

2003; Stoffel-Wagner, 2001

HSD17B reductive activity yes Muir et al., 2004 n.d. Tsai et al., 2001; Attar et al.,

2009; Huhtinen et al., 2014

yes Steckelbroeck et al., 1999,

2003; Stoffel-Wagner, 2001

17βHSD1 mRNA RT-PCR n.d. yes Takeyama et al., 2000;

Drzewiecka et al., 2015;

Konings et al., 2017)

yes Stoffel-Wagner et al.,

1999a; Stoffel-Wagner,

2001

Comp-RT n.d. n.d. yes Beyenburg et al., 2000

mRNA ISH yes Sasano et al., 1997 n.d. n.d.

17βHSD1 Protein Comp-RT n.d. n.d. yes Stoffel-Wagner et al.,

1999b; Beyenburg et al.,

2000

IHC yes Sasano et al., 1997 yes Verma et al., 2013;

Drzewiecka et al., 2015;

Konings et al., 2017

n.d.

WB n.d. yes Drzewiecka et al., 2015 n.d.

17βHSD2 mRNA RT-PCR n.d. yes Takeyama et al., 2000;

Simard et al., 2010; Konings

et al., 2017

no Stoffel-Wagner, 2001

Comp-RT n.d. n.d. n.d. Stoffel-Wagner et al.,

1999b; Beyenburg et al.,

2000

NB n.d. n.d. no Casey et al., 1994

Protein IHC n.d. yes Verma et al., 2013 n.d.

WB n.d. n.d.

(Continued)
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TABLE 8 | Continued

Gene Detection Bone References Lung References CNS References

Molecule Technique#

17βHSD3 mRNA RT-PCR n.d. n.d. yes Stoffel-Wagner, 2001

Comp-RT n.d. n.d. yes Stoffel-Wagner et al.,

1999b; Beyenburg et al.,

2000

17βHSD4 mRNA RT-PCR n.d. yes Konings et al., 2017 yes Stoffel-Wagner et al.,

1999a; Stoffel-Wagner,

2001; Steckelbroeck et al.,

2003

Comp-RT n.d. n.d. yes Stoffel-Wagner et al.,

1999b; Beyenburg et al.,

2000

NB n.d. yes Möller et al., 1999 yes Möller et al., 1999

17βHSD6 mRNA RT-PCR n.d. yes Huang and Luu-The, 2000;

Steckelbroeck et al., 2003

17βHSD7 mRNA RT-PCR n.d. yes Törn et al., 2003; Konings

et al., 2017

yes Steckelbroeck et al., 2003

17βHSD8 mRNA RT-PCR n.d. yes Ohno et al., 2008 yes Steckelbroeck et al., 2003

17βHSD9 mRNA RT-PCR n.d. n.d. yes Steckelbroeck et al., 2003

17βHSD10 mRNA RT-PCR n.d. n.d. yes Steckelbroeck et al., 2003;

He and Yang, 2006;

Hovorkova et al., 2008

Protein IHC n.d. n.d. yes He et al., 2005b

C-ELISA n.d. n.d. yes Hovorkova et al., 2008

17βHSD11 mRNA RT-PCR n.d. yes Chai et al., 2003 yes Steckelbroeck et al., 2003

mRNA NB n.d. yes Chai et al., 2003 n.d.

Protein IHC n.d. yes Brereton et al., 2001 n.d.

17βHSD12 mRNA RT-PCR n.d. yes Sakurai et al., 2006;

Konings et al., 2017

yes Sakurai et al., 2006

mRNA NB n.d. yes Sakurai et al., 2006 yes Sakurai et al., 2006

mRNA NB n.d. n.d. no Casey et al., 1994

Protein IHC n.d. Yes$ Sakurai et al., 2006 n.d.

AKR1C activity n.d. n.d. yes Steckelbroeck et al., 2010

AKR1C1 mRNA RT-PCR n.d. n.d. yes Penning et al., 2000;

Stoffel-Wagner et al., 2003;

Steckelbroeck et al., 2010

AKR1C2 mRNA RT PCR n.d. n.d. yes Penning et al., 2000

Comp-RT n.d. n.d. yes Stoffel-Wagner et al., 2003;

Steckelbroeck et al., 2004a,

2010

AKR1C3 mRNA RT PCR n.d. yes Simard et al., 2010; Konings

et al., 2017

n.d.

Comp-RT n.d. n.d. yes Stoffel-Wagner et al., 2000,

2003; Steckelbroeck et al.,

2001, 2004a;

Stoffel-Wagner, 2001

NB n.d. n.d. Lin et al., 1997 n.d.

Protein IHC n.d. yes Miller et al., 2012b; Chang

et al., 2013

n.d.

AKR1C4 mRNA RT-PCR n.d. n.d. no Steckelbroeck et al., 2010

Comp-RT n.d. n.d. no Stoffel-Wagner et al., 2000,

2003; Steckelbroeck et al.,

2004a

(Continued)
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TABLE 8 | Continued

Gene Detection Bone Reference Lung Reference CNS Reference

molecule technique#

SRD5A1 mRNA Comp-RT n.d. n.d. yes Stoffel-Wagner et al.,

1998b, 2000, 2003

Protein IHC n.d. yes Aumüller et al., 1996 yes Aumüller et al., 1996

activity n.d. n.d. yes Stoffel-Wagner et al.,

1998b; Steckelbroeck et al.,

2001

SRD5A2 mRNA Comp-RT n.d. n.d. no Stoffel-Wagner et al.,

1998b, 2000

Protein IHC n.d. yes Aumüller et al., 1996 yes Aumüller et al., 1996

STS mRNA RT-PCR n.d. yes Konings et al., 2017 yes Steckelbroeck et al., 2004b

RT-PCR – no Miki et al., 2002 no Miki et al., 2002

Protein IHC n.d. yes Iida et al., 2013 yes Steckelbroeck et al., 2004b

IHC – no Miki et al., 2002 no Miki et al., 2002

Activity yes Muir et al., 2004 yes Milewich et al., 1983;

Munroe and Chang, 1987

yes Platia et al., 1984

SULT1E1 mRNA RT-PCR yes Svoboda et al., 2007 yes Miki et al., 2002; Konings

et al., 2017

yes Miki et al., 2002; Nishimura

and Naito, 2006

RT-PCR n.d. n.d. no Salman et al., 2011

NB n.d. n.d. n.d.

Protein IHC n.d. yes Miki et al., 2002; Iida et al.,

2013

yes Miki et al., 2002

IHC n.d. – no Salman et al., 2011

WB n.d. yes Riches et al., 2009 n.d.

Activity n.d. yes Jones et al., 1992 no Miki et al., 2002

SULT2A1 mRNA RT-PCR n.d. n.d. no Nishimura and Naito, 2006;

Salman et al., 2011 3/4

Table VII continues

Protein IHC n.d. yes Riches et al., 2009 no Steckelbroeck et al., 2004b;

Salman et al., 2011

Activity n.d. n.d. no Steckelbroeck et al., 2004b.

SULT1A1 mRNA RT-PCR n.d. n.d. yes Nishimura and Naito, 2006;

Salman et al., 2011

Protein IHC n.d. n.d. yes Nishimura and Naito, 2006;

Salman et al., 2011

WB n.d. yes Riches et al., 2009 n.d.

SULT2B1 mRNA RT-PCR n.d. yes He et al., 2004, 2005a yes Nishimura and Naito, 2006;

Salman et al., 2011

NB n.d. yes He et al., 2004, 2005a no Meloche and Falany, 2001

NB – no Meloche and Falany, 2001 –

Protein IHC n.d. yes He et al., 2004, 2005a yes Nishimura and Naito, 2006;

Salman et al., 2011

Primary/original references were analyzed and reviews were excluded (and are cited ad hoc in the text). The table report only the enzymes whose expression was assessed in reviewed

studies**.
#Technique abbreviations. For mRNA detection, NB: northern blot; ISH: in situ hybridisation; RT-PCR: reverse transcription quantitative (or semi-quantitative) PCR; Comp-RT: competitive

RT-PCR assay; NB: northern blotting. For protein detection: IHC: immunohistochemistry; C-ELISA: competitive ELISA assay; WB: western blotting; activity: enzyme activity measurement.
*CYP11A1 and CYP17A1 activities were detected in primary cells of bone.
**No publication was found describing the expression of 17βHSD13, 14, 15 and DHRS11.
∧Detected in fetal lung tissue.
$ IHC signal in bronchial epithelium.

CYP19A1, 17βHSD1, SRD5A1 and 2 (mRNA and protein
by immunohistochemistry or western blot), and can produce
pregnenolone, DHEA, androgens and estrogens from cholesterol,
as confirmed by HPLC using radiolabelled substrates and

tissue cultures of brain slices (Mukai et al., 2006; Murakami
et al., 2006). CYP enzymes of rat hippocampus co-localize
in pyramidal neurons (CA1–CA3 regions) and granule cells
(dentate gyrus) (Mukai et al., 2006; Murakami et al., 2006).
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Regulation of intracrine enzymes varies during development and
sexual maturation, as indicated by mRNA expression (RT-qPCR)
of 20 intracrine enzymes analyzed in rat hippocampus post-natal
and throughout early (1 week) development (Kimoto et al., 2010).

Intracrinology in the CNS is particularly relevant because,
beside the traditional pathway via the receptors, several steroids
have neuroactivity and are allosteric modulators of GABAA

receptors (Figure 2). Such actions are possessed also by steroids
that are unable to activate the steroid hormone receptors, such
as 3β- and 3α-hydroxyl sulpho-conjugates (P5-S and DHEA-
S), 5β-reduced steroids (5βAN, etiocholanolone and 5β-THP
isomers; Table 1), which are all GABAA negative modulators (in
contrast to unconjugated 3α-hydroxysteroids) (Stoffel-Wagner,
2001; Belelli and Lambert, 2005; Agís-Balboa et al., 2006; Gibbs
et al., 2006; Reddy, 2010; Steckelbroeck et al., 2010).

Intracrinology in CNS–Systematic Search
Intracrine enzymes are widely expressed in humanCNS (Table 8)
and intratissue concentrations of steroids in distinct regions
differ between regions and from the levels in the blood (Mukai
et al., 2006; Murakami et al., 2006; Jäntti et al., 2010). In
contrast to rodents, however, the presence of the complete steroid
biosynthetic pathway is not clearly demonstrated in the human
CNS and contrasting data were reported (Table 8). CYP11A1
mRNA was detected in the temporal, frontal neocortex and
subcortical white matter of men, women and children (Stoffel-
Wagner, 2001). Low mRNA levels of CYP17A1 were detected
in the hippocampus, amygdala, caudate nucleus, cerebellum,
corpus callosum, spinal cord and thalamus (Stoffel-Wagner,
2001; Yu et al., 2002), but other authors found no expression
of this enzyme (Steckelbroeck et al., 2004b, 2010; MacKenzie
et al., 2008). No 3βHSD1 or 2 was detected in temporal lobes,
hippocampus, thalamus and amygdala (Stoffel-Wagner, 2001;
Steckelbroeck et al., 2010), although other authors detected low
levels in amygdala, caudate nucleus, cerebellum, corpus callosum,
hippocampus, spinal cord and thalamus (Yu et al., 2002).

The temporal lobes (both neocortex and white matter) have
17βHSD oxidative and reductive activities, CYP19A1 mRNA
expression and activity, which is also present in hippocampus
(Stoffel-Wagner et al., 1999a; Stoffel-Wagner, 2001). Temporal
lobe specimens from 10 men to 12 women indicated that
17βHSD estrogen-oxidative and DHEA-reductive metabolisms
are predominant, thus producing E1 and A5, respectively
(Stoffel-Wagner, 2001). Regarding the different 17βHSDs, type
1, 3, and 4 mRNAs (but not type 2) were demonstrated by
competitive reverse transcription-PCR in specimens from 34
women, 32 men and 10 children (Casey et al., 1994; Beyenburg
et al., 2000). Subsequent studies confirmed the expression of types
4, 7, 8, 10, 11 17βHSD and AKR1C3/17βHSD5 in temporal lobes
and hippocampus (Stoffel-Wagner, 2001; Steckelbroeck et al.,
2003). In particular 17βHSD10 is involved in the deactivation of
THP to 5αDHP, and it is an important regulator of neurological
functions (Yang et al., 2016).

Production of 5α-androstane and pregnane neurosteroids is
mediated by the action of SRD5As and AKR1Cs (Figure 2).
SRD5A1 (not type 2) mRNA and enzyme activity were
demonstrated in temporal neocortex and subcortical white

matter, hippocampus, cerebellum, hypothalamus (Steckelbroeck
et al., 2001; Stoffel-Wagner, 2001), and AKR1C4 mRNA was
detected in both hippocampus and temporal lobe (Stoffel-
Wagner, 2001). AKR1C1 and AKR1C2 are widely expressed in
CNS and since no specific inhibitors directed against AKR1C1 to
4 could completely inhibit AKR1C brain activity, the involvement
of an unidentified enzyme is suggested (Steckelbroeck et al.,
2010). Isomeric 5β-neurosteroids require the action of AKR1D1,
and it is unknown whether AKR1D1 is expressed in CNS, or liver
5β-steroids reach peripheral regions via the circulation (Jin et al.,
2011).

The sulphatase pathway in the CNS is relevant because
(although recent studies are revisiting this paradigm; Qaiser et al.,
2017), sulphated-steroids do not cross the blood-brain barrier.
Therefore, sulphated neurosteroids like DHEA-S and P5-S need
to be generated locally, and in line with this, their level in the
CNS is independent from the level in the blood (Rajkowski et al.,
1997) and varies throughout distinct brain regions (especially
hippocampus and hypothalamus) (Jäntti et al., 2010).

STS and SULTs are widely expressed, with no gender-related
differences (Table 8) (Kríz et al., 2008a,b; Mueller et al., 2015).
SULT1A1 has high expression especially in specimens isolated
from cerebellum, occipital and frontal lobes (Salman et al., 2009).
No brain region expresses SULT2A1, whereas contrasting data
exist for SULT2B1 and SULT1E1 (Table 8).

Diseases and Treatments
Steroid metabolism is deviated in schizophrenia (Bicikova et al.,
2013) and aberrations and unbalances of intracrine enzymes are
associated with neurological disorders (Luchetti et al., 2011 and
see Table 5). In a study of 49 patients with AD, prefrontal cortex
mRNA levels of 17βHSD1, CYP19A1 and AKR1C2 increased
at late stages (Luchetti et al., 2011). STS and SULT activities,
measured by radioimmunoassay and GC-MS in 55 human brain
tumor specimens, varied between tumor types (Kríz et al.,
2008b). Immunoreactivity for AKR1C3/17βHSD5 was low in
medulloblastomas (n = 10 analyzed), high in 37 glial neoplasms
and 18 meningiomas and was absent in intracranial schwannoma
(n= 7) (Park et al., 2010). A recent screening of a chemical library
of steroid inhibitors using three low grade pediatric glioma cell
lines found that inhibition of 17βHSD3 blocked cell growth and
induced apoptosis in vitro (Ajeawung et al., 2013)

Type 10 17βHSD is associated with AD and is a potential
target in diseases like AD, Parkinson, and an X-linked mental
retardation, that may arise from the impaired degradation of
branched chain fatty acid, isoleucine or aberrant neurosteroid
(THP) metabolism (Lim et al., 2011; Yang et al., 2016).

STS has been implicated in ADHD and a recent mouse study
indicates that genetic and pharmacological manipulations of
the STS axis influence the inhibitory processes and give rise
to improvements in response control (Davies et al., 2014).
A recent animal experiment using a model of autoimmune
encephalomyelitis showed high SULT1A1 mRNA expression
in laser-captured-micro-dissected white matter astrocytes,
suggesting that deactivation of estrogens (and other phenolic
substrates) may be responsible for the resistance to anti-neuro-
inflammatory treatments in these cells and could be possibly
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used as new treatments to protect CNS from inflammatory
injuries (Guillot et al., 2015).

CNS: Conclusions
CNS can synthesize steroids from cholesterol, although this is
restricted to few brain regions. Steroid metabolism in the CNS
is particular complex due to the formation of both 5α-/β-reduced
and sulpho-conjugated neurosteroids (Table 8 and Figure 3).

Intracrinology in Other Tissues and
Systems
Steroid metabolism is also important in the immune system, skin
and adipose tissue. A thorough review of these systems is outside
the scope of this study, however, a brief mention is given below.

Immune System and Inflammation
Beside corticosteroids, several other steroids affect the immune
system and inflammation. A5 induces white blood cells and
platelets production in bone marrow (Chen et al., 2004);
estrogens and androgens control B-lymphocyte development
in a sex-dependent way and modulate autoimmune diseases
(McCarthy, 2000; Calippe et al., 2010; Sakiani et al., 2013).

Lipopolysaccharide-mediated proinflammatory pathway in
macrophages and NF-κB activation are blocked by estrogens,
which induce T-helper (Th) type 2 responses, whereas androgens
stimulate type 1 responses (Iwasa et al., 2015). DHEA and
DHEA-S also regulate the maturation of Th1 or Th2 cells. It
was shown that plasma Th2 lymphocytes and its major secreted
cytokine IL6 increase with age, and this is reversed in mice
upon administration of DHEA or DHEA-S (Reed et al., 2005).
Such effect was recapitulated in vitro by DHEA but not DHEA-
S implicating the involvement of macrophage STS in lymphoid
tissues where Th cell maturation occurs. In line with this, the
effect of DHEA-S, but not DHEA, was impaired in vivo by an
STS inhibitor (Reed et al., 2005). These data prompted to propose
STS inhibition as a therapeutic approach for diseases associated
with inappropriate immune responses and excess Th1 cytokines
such as rheumatoid arthritis (Reed et al., 2005). Whether the
action of DHEA is secondary to its conversion to androgens or
estrogens is currently unclear. STS activity of peripheral blood
leukocytes is higher in women during the follicular phase of the
menstrual cycle than in women in the luteal phase or in men and
it becomes highest during pregnancy, suggesting a role for P in
regulating STS activity (Reed et al., 2005; Mueller et al., 2015).
In vitro studies also demonstrated that STS activity is induced by
cytokines such as IL6 and TNF (Mueller et al., 2015).

Opposite deregulation of the sulphatase pathway is seen in
other chronic inflammatory diseases/cell types. Vascular smooth
muscle cells show higher STS activity in women with mild
atherosclerosis compared with women with severe disease (and
male), whereas SULT1E1 activity is lower in women with severe
disease (Mueller et al., 2015).

CYP19A1 is also expressed in macrophages (Konings et al.,
2017) and KO mice have increased numbers of peripheral blood
and bone marrow cells and inflammatory renal lesions (Shim
et al., 2004). CYP19A1 inhibitors exacerbate the autoimmune
lesions in a murine model of Sjögren syndrome and estrogen

administration reverses such phenotype (Iwasa et al., 2015; Park
et al., 2015). Opposite effects are observed in prostate, where
elevated intracrine estrogens due to CYP19A1 overexpression
induce inflammation and pre-malignant pathology (Ellem et al.,
2009) as well as in adipose tissue (Reed et al., 2005).

Skin
The skin is the largest human organ and first barrier against
pathogens where important immune functions interconnected
with intracrine steroid metabolism take place (Slominski et al.,
2013). Keratinocytes and sebocytes express ERs, intracrine
enzymes, and the activity of sebaceous glands is influenced by
steroids as indicated by the sebum production at andrenarche
(Slominski et al., 2013). CYP17A1, CYP19A1, 17βHSD1, 2, 3,
4 (and enzymes metabolizing corticosteroid - outside the scope
of this review) are detected in human skin. Some genes are
under the influence of vitamin D and sebocytes can synthesize
T from adrenal precursors (Hughes et al., 1997; Thiboutot et al.,
1998; Slominski et al., 2013). Low 17βHSD oxidative metabolism
characterizes sebaceous glands from skin areas prone to develop
acne compared with other locations, suggesting a protective role
of the oxidative metabolism against androgen excess (Fritsch
et al., 2001). Sulphatase pathway is present in the skin (Reed
et al., 2005; Simard et al., 2005), and genetic variants in STS and
SULTs are associated with skin disturbances, most likely because
of unbalanced steroid accumulation (Table 5).

Adipose Tissue
The adipose tissue is one of the most complex endocrine
organs that besides secreting leptin and adiponectin, is a site
of steroid metabolism, it establishes interaction with the CNS
for glucose and lipid metabolism control, energy homeostasis
and inflammation. The implication of sex steroids in adipose
tissue is demonstrated by the different fat distribution that
characterizes men and women (Mauvais-Jarvis et al., 2013;
Varlamov et al., 2014; López and Tena-Sempere, 2015, 2016;
Palmer and Clegg, 2015). ER-KO and CYP19A1-KO mice
develop obesity with human-like phenotypes (López and Tena-
Sempere, 2015). Estrogens protect against metabolic syndrome
and men lacking endogenous estrogens (CYP19A1 or ER-α
deficiency) develop hypertriglyceridemia, glucose intolerance
and insulin resistance (Kim et al., 2014). In adipose tissue of
men, 17βHSD2 levels and androgen inactivation correlate with
BMI (Fouad Mansour et al., 2015). A mouse study also showed
that increased unsulphated-estrogen availability due to loss of
SULT1E1 improved metabolic function in a model of type 2
diabetes, which leads to speculations about a potential role of
SULT1E1 inhibition for this disease - at least in women (Gao
et al., 2012).

Fat consists of different tissue types (white and brown)
and different regional depots with distinct physiological,
intracrinological characteristics and distinct relations with
pathologies and metabolic disorders (Blouin et al., 2009;
Mauvais-Jarvis et al., 2013). White adipose tissue is mainly
subcutaneous (abdomen) or visceral (surrounding the inner
organs), this last being associated withmetabolic risks. A plethora
of investigations demonstrated the ability of adipose tissue to
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aromatise androgens into estrogens and that the intra-tissue
steroid levels are higher than the levels in blood (Bélanger
et al., 2002). Androgenic and estrogenic 17βHSD activity and
the mRNA for 17βHSD1, 2, 3, 7, 12, AKR1C3/17βHSD5 were
detected in both intra-abdominal and subcutaneous fat (Bélanger
et al., 2002; Quinkler et al., 2004; Bellemare et al., 2009; Wang
et al., 2013).

Both subcutaneous and visceral fat tissue of women expresses
the androgenic 17βHSD3 (generally considered testis specific)
indicating that adipose tissue in women is substantially
androgenic. Such characteristic in the visceral depot increased
with increasing BMI, suggesting a link between central obesity
and metabolic diseases (Corbould et al., 2002).

Additionally, several enzymes (AKR1C2, AKR1C3/17βHSD5,
CYP19A1, STS and SULT1E1) vary throughout adipocyte
differentiation and maturation (Quinkler et al., 2004; Bellemare
et al., 2009; Blouin et al., 2009; Mueller et al., 2015).

CONCLUSIONS AND
RECOMMENDATIONS

Intracrinology consists of a complex and intricate network
of alternative and redundant pathways that generate,
deactivate steroids in peripheral tissues and ultimately
control steroid exposure in a tissue specific manner. A
number of compounds have that ability to bind and activate
more than one nuclear receptors thus exerting multiple
biological actions. Blood steroids represent a reservoir of
substrates that support these intracrine networks. Studies
retrieved by the systematic search demonstrated that most
investigations rely on RT-PCR or IHC to detect enzyme
and protein, and frequently without multiple-technique
confirmation of the data. Since both techniques present
limitations, and antibodies for IHC often perform sub-optimally
(detection limit is not sufficient to detect some intracrine
enzymes, crossreactivity between isoforms) these techniques
are not always suitable to infer the real biological role of a
reaction/enzyme.

However, the recent technological advances in steroid
profiling together with an improved knowledge of intracrine
enzymes and the possibility to validate data using multiple
approaches (RNA, protein, activity, steroid profiling) create today
unprecedented opportunities to expand our understanding of
intracrinology, its relation with endocrinology and to exploit
this knowledge in patient care. Improved multiplex platforms
allowing to profile in peripheral tissues all steroids depicted in
Figure 2 are awaited and will elucidate the relevant tissue-specific
networks. It is envisaged that novel prognostic markers and drug
targets will become of clinical relevance soon.

We should however be aware that the redundant actions of
intracrine enzymes, their substrate promiscuity, the existence of
alternative pathways and the patient-to-patient variability might
result in drug insensitivity. Dual/triple inhibitors will help solving
this problem. In addition, in order to optimize research on novel
drugs, the classical preclinical drug discovery pipelines (safety,
pharmacokinetics and dynamics), should encompass parallel

research lines to learn how to pre-select potentially responsive
patients.

Finally, since we know that steroidal and intracrine drugs
might have profound effects on the CNS, it is desirable to
have in depth research on the neurological effects of potential
novel drugs during the nonclinical phase of drug development.
This will facilitate to select suitable compounds to the clinical
development.
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The steroid hormones progestagens, estrogens, androgens, and glucocorticoids as
well as their precursor cholesterol are required for successful establishment and
maintenance of pregnancy and proper development of the fetus. The human placenta
forms at the interface of maternal and fetal circulation. It participates in biosynthesis
and metabolism of steroids as well as their regulated exchange between maternal and
fetal compartment. This review outlines the mechanisms of human placental handling
of steroid compounds. Cholesterol is transported from mother to offspring involving
lipoprotein receptors such as low-density lipoprotein receptor (LDLR) and scavenger
receptor class B type I (SRB1) as well as ATP-binding cassette (ABC)-transporters,
ABCA1 and ABCG1. Additionally, cholesterol is also a precursor for placental
progesterone and estrogen synthesis. Hormone synthesis is predominantly performed
by members of the cytochrome P-450 (CYP) enzyme family including CYP11A1 or
CYP19A1 and hydroxysteroid dehydrogenases (HSDs) such as 3β-HSD and 17β-HSD.
Placental estrogen synthesis requires delivery of sulfate-conjugated precursor molecules
from fetal and maternal serum. Placental uptake of these precursors is mediated by
members of the solute carrier (SLC) family including sodium-dependent organic anion
transporter (SOAT), organic anion transporter 4 (OAT4), and organic anion transporting
polypeptide 2B1 (OATP2B1). Maternal–fetal glucocorticoid transport has to be tightly
regulated in order to ensure healthy fetal growth and development. For that purpose, the
placenta expresses the enzymes 11β-HSD 1 and 2 as well as the transporter ABCB1.
This article also summarizes the impact of diverse compounds and diseases on the
expression level and activity of the involved transporters, receptors, and metabolizing
enzymes and concludes that the regulatory mechanisms changing the physiological to a
pathophysiological state are barely explored. The structure and the cellular composition
of the human placental barrier are introduced. While steroid production, metabolism
and transport in the placental syncytiotrophoblast have been explored for decades, few
information is available for the role of placental-fetal endothelial cells in these processes.
With regard to placental structure and function, significant differences exist between
species. To further decipher physiologic pathways and their pathologic alterations in
placental steroid handling, proper model systems are mandatory.

Keywords: cholesterol, progestagens, estrogens, glucocorticoids, gestational diabetes mellitus, preeclampsia,
intrauterine growth retardation, oxysterols
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INTRODUCTION

The placenta is a multifunctional organ enabling optimal fetal
growth. Structure and function can adapt to diverse external
stressors. In case of failure of adaptation or inadequate placental
development, fetal survival or fetal growth and development are
endangered and developmental programming of adult diseases
may occur (Barker and Thornburg, 2013; Burton et al., 2016;
Arabin and Baschat, 2017). Moreover, the placenta contributes
to maternal diseases such as preeclampsia, which predispose the
mother to lifelong illness (Bokslag et al., 2016).

Essential placental functions are biosynthesis, metabolism,
and transport of cholesterol, sex hormones and glucocorticoids.
This article summarizes placental handling of these steroids
under physiologic conditions and gives an overview on changes
observed due to maternal diseases and exogenous influences.
Whenever possible, data obtained in human placenta or human
in vitro systems are referenced. We also draw attention to open
research questions.

THE HUMAN PLACENTAL BARRIER AND
PLACENTAL MODEL SYSTEMS

The hemochorial human placenta results from a deep invasion
of embryonic cells during implantation. The mature human
placenta is a disk delimited by chorionic and basal plate
(Figure 1A), which enclose the intervillous space filled with
maternal blood. The basal plate contacts the uterine wall. From
the chorionic plate, both umbilical cord and the branched
chorionic villi originate. The cells of the chorionic villi form the

Abbreviations: 7-DHC, 7-dehydrocholesterol; ABC, ATP-binding cassette;
ACAT, Acyl-coenzyme A:cholesterol acyltransferase; ACTH, adrenocorticotropic
hormone; A-dione, androstenedione; Apo, Apolipoprotein; ART, assisted
reproductive technologies; BCRP, breast cancer resistance protein; CEH,
cholesteryl ester hydrolase; CRH, corticotropin-releasing hormone; CTB,
cytotrophoblasts; CYP, cytochrome P450; DHCR7, 7-dehydrocholesterol
reductase; DHEA, dehydroepiandrosterone; DHEA-S, dehydroepiandrosterone
sulfate; E1, estrone; E2, estradiol; E3, estriol; ER, endoplasmic reticulum;
GDM, gestational diabetes mellitus; GR, glucocorticoid receptor; hCG,
human chorionic gonadotropin; HDL, high-density lipoprotein; HMG-CoA,
3-hydroxy-3-methylglutaryl-coenzyme A; HMGR, HMG-CoA reductase; HPA
axis, hypothalamic–pituitary–adrenal axis; HPEC, (isolated) human placental
epithelial cells; HSD, hydroxysteroid dehydrogenase; HSP, heat shock protein;
HUVEC, human umbilical vein endothelial cells; INSIG, insulin induced
gene; IUGR, intrauterine growth retardation; LDL, low-density lipoprotein;
LDLR, LDL receptor; LRP, LDLR-related protein; LXR, liver X receptor; MTP,
microsomal triglyceride transfer protein; NPC, Niemann-Pick C; OAT, organic
anion transporter; OATP, organic anion transporting polypeptide; OHC,
hydroxycholesterol; OHP, hydroxyprogesterone; ORP, OSB-related protein;
OSBP, oxysterol binding proteins; oxLDL, oxidized LDL; PCOS, polycystic ovary
syndrome; PDI, protein disulfide-isomerase; pFEC, placental-fetal endothelial
cells; PKA, protein kinase A; PM, particulate matter; RCT, reverse cholesterol
transport; ROR, RAR-related orphan receptors; ROS, reactive oxygen species;
RXR, retinoid X receptor; -S, -sulfate; SCAP, SREBP cleavage-activating protein;
SCP, sterol carrier protein; SF, steroidogenic factor; sFlt1, soluble fms-like tyrosine
kinase 1; SLC, solute carrier; SLCO, SLC transporter, SOAT, sodium-dependent
organic anion transporter; SLOS, Smith-Lemli-Opitz syndrome; Sp1, Specific
protein 1; SRB1, scavenger receptor class B type I; SRE, sterol regulatory element;
SREBP, SRE-binding protein; StAR/STARD1, steroidogenic acute regulatory
protein; START, StAR-related lipid transfer; STB, syncytiotrophoblast; STS, steroid
sulfatase; SULT, sulfotransferase; TLR, Toll-like receptor; VLDL, very low-density
lipoprotein; VLDLR, VLDL receptor.

“placental barrier,” which prevents direct contact of maternal and
fetal blood. Biosynthesis, metabolism, and transport of steroids
occur in the chorionic villi (Benirschke et al., 2012).

Chorionic villi are composed of several cell types (Jones
and Fox, 1991; Benirschke et al., 2012). The STB, an epithelial
multinucleated syncytium, covers the surface of the chorionic
villi. The microvillous apical membrane of the STB contacts
maternal blood, while the basal plasma membrane of the STB
is directed toward the stromal core of the villi. Apical and basal
plasma membranes of the STB are often regarded as the most
important membrane barriers in the materno-fetal transport
processes. Nutrients, hormones, or fetal waste products traverse
the STB by different transport mechanisms (Desforges and Sibley,
2010; Brett et al., 2014). Mononuclear CTB are located below
the STB. They proliferate and fuse into the STB, thus supporting
growth and regeneration of this layer. Early in pregnancy,
CTBs form a continuous layer beneath the STB (Figure 1B).
With progressing pregnancy, CTBs transform from a cuboidal
into a flat phenotype. The CTB layer becomes incomplete, but
maintains a functional network due to multiple interconnecting
cell processes (Jones et al., 2008; Figure 1C).

The stromal core of the chorionic villi contains fetal blood
vessels delineated by pFECs (Burton et al., 2009), macrophages
(Reyes et al., 2017) and additional stromal cells (Sati et al., 2007),
which are all embedded in a non-cellular matrix. pFECs are non-
fenestrated endothelial cells. Early placental pFECs are probably
more permeable than term pFECs. Recent years of research have
demonstrated the importance of pFEC function for the fetal
development (Wadsack et al., 2012). Heterogeneity of pFECs
in the macro-circulation (umbilical cord) and microcirculation
(chorionic villi) was shown in situ (Lang et al., 1993) and
in vitro (Lang et al., 2003). Moreover, venous and arterial pFECs,
which differ in their phenotypic, genotypic, and functional
characteristics, have been described (Lang et al., 2008). The term
placenta has a high degree of vascularity (Zhang et al., 2002).
The capillaries closely approximate the villous covering, thereby
forming “vasculosyncytial membranes” that are important for
materno-fetal exchange processes (Burton et al., 2009). Thus,
the term maternal–fetal interface or placental barrier consists
of a thin cytoplasmic layer of STB apposed to a capillary
(Figure 1C). Between the STB and pFEC the extracellular
matrix is reduced to their fused basal laminae. STB and pFEC
actively regulate uptake, metabolism, and transfer/exchange of
molecules, while the non-cellular structures probably act as
filters and provide transient storage capability (Benirschke et al.,
2012).

The placenta undergoes significant anatomical changes in
the course of pregnancy (Kingdom et al., 2000), which are
relevant to maintain appropriate placental function as pregnancy
progresses. Hormones in the fetal and maternal circulations
have an important role in determining the placental phenotype
(Fowden et al., 2015). As a developing organ that constantly
adapts to the maternal environment, not only the structure, but
also the transcriptome changes over time (Cox et al., 2015). In
line with this, expression of various placental genes involved in
biosynthesis, transfer or metabolism of steroids changes during
pregnancy (see below).
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FIGURE 1 | The placental barrier. (A) Schematic depiction of the main structural elements of the human placenta. From the chorionic plate (CP), the umbilical cord
(UC), and the chorionic villi (CV) originate. The umbilical vein carries oxygen- and nutrient-rich blood from the placenta to the fetus, while two arteries transport
deoxygenated blood and waste products from the fetus to the placenta. The intervillous space (IS) is filled with maternal blood that enters this cavity via remodeled
and opened maternal spiral arteries (SA) and leaves via uterine veins (UV). Cells in direct contact with maternal blood are the villous trophoblasts (T). The basal plate
(BP) contains extravillous trophoblasts and decidual cells. (B,C) Schematic representation of first trimester (B) and term trimester chorionic villi (C) depicting the major
cell types and the placental barrier. CTB , cytotrophoblast; M, myometrium of the maternal uterus, pFECs, placental-fetal endothelial cells; STB, syncytiotrophoblast.

The structure of the placenta is species-specific. Thus, no
perfect animal model for the human placenta exists and special
care must be taken with extrapolation of data from one species
to another. Higher order primates including old world monkeys
such as baboons are most closely aligned to humans with
respect to structure as well as regulation of steroidogenesis (Pepe
and Albrecht, 1995; Grigsby, 2016). Species-specific placental
anatomy, endocrine function or advantages and limitations of
relevant animal models to study the function of the human
placenta in health and disease are detailed in various review
articles (Malassine et al., 2003; Carter, 2007; Fowden et al., 2015;
Carter and Enders, 2016; Grigsby, 2016; Hafez, 2017).

Placental functions can also be studied in human ex vivo
models such as the isolated perfused placenta and placental
villous tissue explants. Commonly used in vitro models
are (1) isolated and in vitro cultured placental primary
cells including trophoblasts as well as primary arterial and
venous pFECs; (2) diverse, mainly trophoblastic cell lines
derived by either transfection or spontaneous mutation
including the choriocarcinoma cell lines BeWo, JEG-3, and
Jar; and (3) isolated membrane vesicles (Lang et al., 2008;

Prouillac and Lecoeur, 2010; Orendi et al., 2011; Cvitic et al.,
2013; Myllynen and Vahakangas, 2013; Gohner et al., 2014;
Steinberg and Robins, 2016). Choriocarcinoma cell lines are
the most extensively used cell models. Their disadvantage
is their origin from tumors. GeneChip analysis has revealed
considerable differences between the gene expression patterns of
choriocarcinoma cell lines and primary placental cells (Bilban
et al., 2010). Thus, results obtained in cell lines should always
be interpreted carefully and best be confirmed in other in vitro
or ex vivo models. Over the last years co-cultures of trophoblast
cells with endothelial cells have been established in order to
mimic the entire placental barrier (Levkovitz et al., 2013a,b;
Blundell et al., 2016, 2018). In the future, they may become
attractive models to study transplacental transport processes and
functional interdependence of cells.

CHOLESTEROL

Cholesterol (Figure 2B) is an essential component of cell
membranes influencing their integrity, fluidity, and permeability,
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FIGURE 2 | Structures of the steroid skeleton, cholesterol, and common oxysterols. (A) All steroids have the same basic perhydro-1,2-cyclopentenophenanthrene
skeleton. Letters designate each ring, the carbon atoms are numbered. A slight variation in this skeleton or the introduction of functional groups result in various
classes of steroids. (B) Unesterified cholesterol contains this skeleton with a hydroxyl group, two methyl groups, and a hydrogen tail. In the esterified form, a fatty
acid would be bound to the hydroxyl group by an ester bond. (C) 25-hydroxycholesterol (25-OHC), the most extensively studied oxysterol. (D) Oxysterol
27-hydroxycholesterol (27-OHC). (E) Oxysterol 7-ketocholesterol. Red molecules indicate the positions of hydroxylation (C,D) or oxidation (E) of cholesterol to 25- or
27-OHC, or 7-ketocholesterol, respectively. Oxysterols are intermediates of cholesterol catabolism and act as signaling molecules with regulatory impact on various
cellular processes including lipid metabolism.

equally important for the growing placenta and fetus. The
human placenta needs more than 1 g of cholesterol for tissue
growth (Pratt et al., 1946) and the term human placenta
manufactures approximately 400 mg of sex steroids from the
precursor cholesterol per day (Knopp et al., 1981). Cholesterol
is essential for myelination (Snipes and Suter, 1997) and as
an activator and propagator of the sonic hedgehog-signaling
pathway (Blassberg and Jacob, 2017). Thus, cholesterol is
indispensable for patterning and development of the fetal
nervous system.

Oxysterols are structurally closely related to cholesterol
(Figures 2C–E) and have regulatory functions in cholesterol
metabolism (Schroepfer, 2000; Mutemberezi et al., 2016; Sun
et al., 2018). They are not only generated by enzymes, but also
formed by autoxidation and thus accumulate under increased
oxidative stress (Zarrouk et al., 2014).

According to the WHO, in 2008 the global prevalence of
raised total cholesterol among female adults (≥5.0 mmol/l)
was 40%; thus, hypercholesterolemia became a major
health care problem. Various studies have indicated that
maternal hypercholesterolemia (Napoli et al., 1997, 1999;

Marceau et al., 2005; Catov et al., 2007; Zhang et al., 2017), but
also maternal hypocholesterolemia (Sattar et al., 1999; Edison
et al., 2007) negatively impact pregnancy outcome. Among the
observed consequences are preterm delivery (Marceau et al.,
2005; Catov et al., 2007; Edison et al., 2007), low birth weight
(Marceau et al., 2005), IUGR (Sattar et al., 1999), and changes
in the fetal aorta that determine the long-term susceptibility of
children to fatty-streak formation and subsequent atherosclerosis
(Napoli et al., 1997, 1999). Furthermore, altered mRNA
expression levels of placental lipoprotein receptors involved in
cholesterol uptake were observed (Ethier-Chiasson et al., 2007;
Zhang et al., 2017).

As described below, also diseases of pregnancy and various
endogenous and exogenous compounds can affect the placental
proteins involved in cholesterol biosynthesis, metabolism, and
transport. The long-term consequences for the fetus are hardly
known. Thus, we need to further explore the regulation of
cholesterol-associated pathways in placentas in healthy and
diseased pregnancies in order to understand the correlation
between observed changes in utero and diseases developing
during later lives.
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Cholesterol Biosynthesis and
Homeostasis
Cellular cholesterol homeostasis includes tightly regulated
processes, which are summarized in Figure 3 (Ikonen,
2006; Cerqueira et al., 2016; Soffientini and Graham, 2016).
Intracellular cholesterol synthesis starts from acetyl-coenzyme
A (acetyl-CoA). Lanosterol, the first sterol, feeds into two
pathways, the Bloch (Bloch, 1965) and the Kandutsch–Russell
(Kandutsch and Russell, 1960) pathway that both result in
cholesterol production. The rate-limiting and committed
step is the conversion of HMG-CoA to mevalonate mediated

by HMGR. HMGR is regulated by endogenous molecules
including transcription factor SREBP2 (Shimano and Sato, 2017)
as well as the statin drugs (Lamon-Fava, 2013). Excess cellular
cholesterol gets fatty-acylated by the action of ACAT, to form
cholesteryl esters for storage in cytoplasmic lipid droplets; the
inverse reaction is controlled by, e.g., CEH (Miller and Bose,
2011; Korber et al., 2017).

Cholesterol synthesis and HMGR activity in human (Hellig
et al., 1970; Telegdy et al., 1970; Boguslawski and Sokolowski,
1984) as well as baboon placenta (Khamsi et al., 1972; Shi et al.,
1999) decrease as pregnancy progresses. There are estimates

FIGURE 3 | Important steps in cholesterol synthesis and homeostasis. Cholesterol synthesis occurs via the mevalonate pathway and involves over 20 enzymes. It
starts from acetyl-CoA in the cytosol, but all steps downstream of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) occur in the smooth endoplasmic reticulum.
Lanosterol, the first sterol, feeds either into the Bloch pathway or the Kandutsch–Russell pathway. In these pathways, cholesterol is produced from either
desmosterol or 7-dehydrocholesterol (7-DHC), by the enzymes 24-dehydrocholesterol reductase (DHCR24) and 7-dehydrocholesterol reductase (DHCR7),
respectively. Gene mutations of the enzyme DHCR7 result in Smith-Lemli-Opitz syndrome, SLOS, with increased levels of cholesterol precursors and reduced levels
of cholesterol. In the skin, 7-DHC can be converted to vitamin D by UVB light. Diverse oxysterols are produced enzymatically from cholesterol, its precursors but also
during subsequent steroid hormone synthesis. The rate limiting step in cholesterol synthesis is catalyzed by 3 HMG-CoA reductase (HMGR). Cellular homeostasis of
cholesterol is maintained by three distinct mechanisms (red arrows). (1) Regulation of HMGR activity and levels to control cholesterol biosynthesis occurs by
feed-back inhibition, control of gene expression, rate of enzyme degradation, and phosphorylation–dephosphorylation. For example, the transcription factor sterol
regulatory element-binding protein 2 (SREBP2) positively regulates the gene expression of HMGR. Rising cholesterol and oxysterol levels reduce the rate of
cholesterol biosynthesis by modulating the activities of insulin-induced gene (INSIG) proteins. When activated, INSIG both promotes the ubiquitination and
consequent destabilization of HMGR and inhibits the transcriptional activity of SREBP2 by retaining it in complex with SREBP cleavage-activating protein (SCAP) in
the endoplasmic reticulum. (2) Rising cholesterol levels also activate acyl-coenzyme A:cholesterol acyltransferase (ACAT), which esterifies cholesterol leading to its
sequestration in cytosolic lipid droplets. Through hydrolysis via the cholesteryl ester hydrolase (CEH) enzyme system, the cholesteryl esters can be reused later. (3)
Regulation of cholesterol uptake and export via low-density lipoprotein (LDL)-receptor-mediated uptake and high-density lipoprotein HDL-mediated reverse
transport, respectively. Oxysterols activate liver-X receptor (LXR) transcription factors, which positively regulate the transcription of proteins that drive cholesterol
efflux from the cell (ABC transporter, ABCA1 and ABCG1), and sequester it in lipoprotein particles containing Apolipoprotein E (ApoE) in the circulatory system.
Activation of oxysterol binding protein-related proteins (ORP) by oxysterols negatively regulates cholesterol efflux by promoting ABCA1 ubiquitination and
degradation. Following binding of lipoprotein particles (LDL and HDL) to their respective receptors [LDLR, Scavenger receptor class B type 1 (SRB1)], they are
internalized into endosomes. Alternatively, HDL particles can transfer cholesteryl esters to the plasma membrane (selective lipid uptake) without requirement for
endocytosis. Within endosomes, Niemann-Pick C1 (NPC1) and NPC2 are critical for the egress of internalized cholesterol from endosomes; they act together to
redistribute cholesterol to the ER. Statins are HMGR inhibitors. The net result of statin treatment is an increased cellular uptake of LDLs, since the intracellular
synthesis of cholesterol is inhibited and cells are therefore dependent on extracellular sources of cholesterol.
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that de novo cholesterol synthesis in the term human placenta
provides only 1–2% of the cholesterol required for progesterone
biosynthesis (Simpson et al., 1978). But the extent of cholesterol
synthesis is species-specific; rabbit placentas near term exhibit a
high level of HMGR expression and activity (Montoudis et al.,
2003; Marseille-Tremblay et al., 2007).

Human pregnancy is characterized by maternal
hyperlipidemia especially during the last trimester (Herrera
et al., 2006). High maternal estrogen concentrations and
maternal insulin-resistance stimulate hepatic VLDL production.
Triglyceride and cholesterol concentrations in LDL and HDL
particles rise, providing ample cholesterol fuel for the STB
(Winkler et al., 2000; Herrera, 2002; Weissgerber and Wolfe,
2006). In contrast, maternal serum cholesterol levels in pregnant
rabbits drop significantly compared to the non-pregnant state
(Marseille-Tremblay et al., 2007).

With advancing gestational age, maternal serum-derived
cholesterol replaces endogenously produced cholesterol as
the major substrate of placental progesterone production in
humans and baboons (Baird et al., 1973; Babischkin et al.,
1997a,b; Henson, 1998; Shi et al., 1999). Addition of LDL
to primary trophoblast cultures drastically suppresses de novo
cholesterol synthesis, stimulates progesterone production and
inhibits cholesteryl ester-forming ACAT (Winkel et al., 1980a,b,
1981). Likewise, addition of HDL2 stimulates progesterone
secretion in vitro (Lasuncion et al., 1991). Trophoblasts isolated
from healthy early, mid, and late baboon gestation show an
upregulation of LDLR in mid and late gestation, while HMGR
activity is reduced (Henson et al., 1997). Nevertheless, when
external LDL supply is reduced in vivo or in vitro, human and
baboon trophoblasts continue to produce sufficient progesterone
due to endogenous cholesterol production (Simpson et al., 1978;
Moise et al., 1986; Parker et al., 1986; Henson et al., 1991).
In choriocarcinoma cells, an inverse relationship between the
lipoproteins in the culture medium and the HMGR activity
was demonstrated (Simpson et al., 1978). Together, these data
suggest feedback inhibition of maternal-derived cholesterol on
endogenous cholesterol synthesis and cholesteryl ester formation
in human and baboon STB.

Impact of Exogenous and Endogenous
Factors on Placental Cholesterol
Biosynthesis
Inconsistent with feedback inhibition by cholesterol, maternal
hypercholesterolemia does neither change placental HMGR
protein levels nor change placental cholesterol or cholesteryl ester
content (Marseille-Tremblay et al., 2008).

From other tissues, age- and gender-related dysregulation of
cholesterol metabolism, and specifically of HMGR regulation are
known (Trapani and Pallottini, 2010). A hint for placenta-specific
regulation of cholesterol biosynthesis is the observation that
maternal hypercholesterolemia causes an increase in the placental
expression of the transcription factor SREBP-2 (Marseille-
Tremblay et al., 2008). Scarce information is available on
regulation of the placental SREBP – SCAP – INSIG system
(Figure 3). In the Golden Syrian hamster, suppression of

sterol synthesis by exogenous sterol is blunted in placenta and
other developing tissues when compared to parental tissues.
This lack of response appears to be mediated at least partly
through the SCAP:INSIGs ratio, which is 1.8-fold greater in
the placenta as compared to the adult liver (Yao et al., 2007).
Neither in human nor baboon placenta regulation of these
molecules has been investigated so far, but this topic might
be of relevance in the context of ART, which are increasingly
applied today. Among the observed adverse neonatal outcomes
in pregnancies conceived through in vitro fertilization and
intracytoplasmic sperm injection are low birth weight and small
size for gestational age. Interestingly, a recent study performed
in humans (Lou et al., 2014) found that placenta and fetus
from ART pregnancies showed altered transcript levels of INSIG1
and SREBF1. The enhanced gene expression correlated with
lower methylation rates of INSIG1 and SREBF1. The authors
hypothesized an impact of ART on the placental/fetal cholesterol
metabolism with consequences for the future life of the offspring
(Collier et al., 2009). More research is required to confirm this
theory.

Estrogen production is significantly (3–8 times at term)
increased during pregnancy. The elevated estrogen levels were
suggested to stimulate cholesterol uptake via increased LDLR
expression as well as progesterone production via increased
P450scc enzyme activity in cultured primary trophoblasts (Pepe
and Albrecht, 1995; Grimes et al., 1996). In contrast, activities
of the placental enzymes HMGR, ACAT, or CEH were found
unaffected by estrogen (Babischkin et al., 1997a). This contrasts
with estrogen-influenced HMGR regulation in other species and
tissues (Trapani et al., 2010).

Recently, an impact of GDM on cholesterol synthesis
and esterification in isolated and cultured human placental
endothelial cells (HPECs) has been observed. The authors of
the study suspected that higher intracellular ROS levels in GDM
upregulated HMGR, increased de novo cholesterol biosynthesis
and ACAT1 expression, but the underlying mechanisms remain
to be identified (Sun et al., 2018).

Statins, inhibitors of HMGR, are increasingly prescribed
to women of reproductive age (Forbes et al., 2015), but in
experiments with first trimester placental explants or isolated
first trimester trophoblasts, statins revealed detrimental effects
on trophoblast growth (Forbes et al., 2008). Statins not only
significantly decreased progesterone secretion (Kenis et al.,
2005). They also inhibited proliferation (Forbes et al., 2015)
and migration (Tartakover-Matalon et al., 2007) of trophoblasts.
Isoprenylation, which also depends on HMGR activity (Figure 3),
is required for cell proliferation, migration, metabolism, and
protein glycosylation and thus, proper development of embryo
and placenta. The existing data suggest that statins should be
avoided during the first trimester of pregnancy (Ermini et al.,
2017). On the other hand, there is evidence that statins, due
to their anti-proliferative, anti-invasive, anti-inflammatory, and
anti-angiogenic effects might be useful in treatment of various
obstetric and gynecologic conditions including endometriosis,
PCOS, ovarian cancer, preeclampsia, and antiphospholipid
syndrome (Esteve-Valverde et al., 2018; Zeybek et al., 2018).
Further studies are required to understand the mechanisms of
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action of statins during gestation. Moreover, clinical trials to
investigate the efficacy, safety, and appropriate dosage of different
statins during pregnancy are needed.

In summary, the regulation of placental cholesterol synthesis
requires further characterization, but species-specific placental
structure and function should be considered. Many of the
involved enzymes are regulated at multiple levels (Shi et al.,
1999). Besides total mRNA and protein levels, DNA- and protein
modifications and protein activities should be analyzed to obtain
conclusive information about the mechanism of regulation. Since
placental tissue is a mixture of different cell types, analysis of
purified cell populations should be preferred over total tissue
analysis to decipher cell type-specific regulation of protein
expression (Shi et al., 1999).

Maternal Lipoprotein Particle Uptake by
the STB
Fetuses produce a significant fraction of the required cholesterol
via endogenous synthesis. In humans, genetic defects in de novo
cholesterol synthesis result in severe congenital birth defects.
SLOS is caused by a deficiency of DHCR7 (Figure 3), which
catalyzes the conversion of 7-DHC to cholesterol (Jira, 2013;
Kanungo et al., 2013). SLOS fetuses with null mutations in
DHCR7 exhibit no endogenous cholesterol synthesis, but they
have some cholesterol in tissues and blood at birth indicating
placental cholesterol transfer (Tint et al., 1995).

Amount and period of materno-fetal cholesterol transport
remain under debate. Extrapolation of data from non-human
species is difficult as the quantity of cholesterol derived from
the maternal circulation differs (Connor and Lin, 1967; Pitkin
et al., 1972; Cavender et al., 1995; Woollett, 1996, 2005; Jurevics
et al., 1997; Woollett and Heubi, 2000; Herrera, 2002) ranging
from very low levels in rat (Belknap and Dietschy, 1988; Jurevics
et al., 1997) to more than 40% in the rhesus monkey (Pitkin et al.,
1972). Studies in humans revealed that materno-fetal cholesterol
transfer occurred throughout pregnancy (Plotz et al., 1968; Hellig
et al., 1970; Lin et al., 1977). However, mainly during early
development maternal cholesterol serves as the primary source
of fetal cholesterol (Napoli et al., 1997; Baardman et al., 2012).

Subsequently, we summarize the mechanisms of placental
cholesterol uptake and transport (Figure 4). Cholesterol
transport across the secondary yolk sac that may participate in
nutrition of the human fetus during the first trimester (Burton
et al., 2001) was reviewed elsewhere (Baardman et al., 2013).

In plasma, cholesterol is associated with different types of
lipoprotein particles. Among them, LDLs carry 65–70% of
circulating plasma cholesterol. Lipoprotein particles can interact
with the plasma membrane of target cells via members of the
LDLR family including LDLR, VLDLR, LRP1, LRP2 (megalin),
or LRP8 (apoE receptor 2) (Go and Mani, 2012).

The presence of LDL-specific binding sites was shown
throughout pregnancy in preparations of microvillous
placental membranes, representing enriched apical STB
plasma membranes (Alsat et al., 1982, 1984; Rebourcet et al.,
1986; Naoum et al., 1987). Expression of LDLR mRNA in baboon
STB increases with advancing pregnancy (Albrecht et al., 1995).

Estrogen, but also depletion of cholesterol upregulate LDLR
expression (Henson et al., 1991, 1997; Pepe and Albrecht, 1995;
Grimes et al., 1996; Babischkin et al., 1997a,b). But conflicting
data concerning the regulation of LDLR mRNA levels in
total placental tissue in the course of human pregnancy exist
(Furuhashi et al., 1989; Albrecht et al., 1995; Murata et al., 1996;
Plosch et al., 2010). Additional expression of LDLR in stromal
cells in the chorionic villi (Kamper et al., 2017) and cell-type
specific receptor regulation may account for that discrepancy.

The transfer of lipids between HDL and target cells is
incompletely understood. A number of proteins and receptors
have been described to bind HDL. After receptor binding,
HDL associated lipids are transferred to cells predominantly
without catabolism of the particle. Transfer of cholesteryl esters
to the accepting plasma membrane is known as “selective
uptake” (Linton et al., 2017). An alternative pathway comprising
endocytosis of whole HDL particles followed by resecretion
exists. Neither the connection between HDL endocytosis and
selective lipid uptake nor the physiological relevance of HDL
uptake is fully clarified. SRB1 (in humans also termed CLA-1) is
a multiple ligand receptor able to facilitate uptake of cholesteryl
esters from HDL. SRB1 can also mediate whole HDL particle
endocytosis (Rohrl and Stangl, 2013).

HDL binding-sites as well as SRB1 were found on isolated
placental microvillous and basal plasma membranes of the STB
(Alsat and Malassine, 1991; Lafond et al., 1999). In situ, SRB1
localizes to first and third trimester trophoblasts as well as term
pFECs (Landers et al., 2018). Cultured first trimester trophoblasts
expressed SRB1, exhibited selective cholesteryl ester-uptake from
HDL3, but also displayed considerable HDL endocytosis and
degradation. In term cultured trophoblasts, SRB1 expression was
lower. Likewise, selective uptake as well as HDL degradation
were decreased compared to first trimester cells, but were still
elevated compared to other tissues (Wadsack et al., 2003). In
vitro, SRB1 involvement in selective cholesteryl ester-uptake from
HDL3 was demonstrated (Wadsack et al., 2003). In total placental
tissue highest SRB1 expression levels were observed in term
placenta (Plosch et al., 2010), which might be explained by the
expression of SRB1 in pFECs (Stefulj et al., 2009) and the increase
of the proportion of vessels from 37% in first trimester to 63%
at term (Zhang et al., 2002). In pregnant women with high
serum cholesterol levels, LDLR expression, but not SRB1 protein
expression is down-regulated (Ethier-Chiasson et al., 2007).
Cell-type specific, SRB1 gene transcription can be regulated by
hormones, including hCG and estrogen (Landschulz et al., 1996;
Fukata et al., 2014). Whether and how SRB1 expression in human
STB and pFECs is influenced by these hormones, remains to be
determined.

VLDL binds to term placental microvillous membranes
(Naoum et al., 1987) and the triglyceride-enriched VLDL is
an important fatty acid supplier for the fetus. Hydrolysis of
VLDL-associated triglycerides is mediated by lipases such as
lipoprotein lipase, which are expressed at the apical membrane
of the STB (Bonet et al., 1992; Lindegaard et al., 2005). While
the placenta also expresses several receptors for apolipoprotein
(Apo)E-enriched particles, including VLDLR (Gafvels et al.,
1993; Wittmaack et al., 1995; Murata et al., 1996), LRP1 (Gafvels
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FIGURE 4 | Proposed model for placental uptake of cholesterol from maternal lipoproteins, cholesterol metabolism, and materno-fetal transport of cholesterol. For
detailed information, see text. Solid arrows indicate pathways that have been demonstrated in vitro. Dashed arrows indicate hypothetic routes. Apo, Apolipoprotein;
ABC transporters, ATP-binding cassette transporters; CYPs, cytochrome P-450 enzymes; CTB, cytotrophoblast; pFECs, placental-fetal endothelial cells; HDL,
high-density lipoprotein; HSP, heat shock protein; LDL, low-density lipoprotein; LDLR, low-density lipoprotein receptor; LRP, lipoprotein receptor-related proteins;
LXR, liver X receptor; PDI, protein disulfide isomerase; MTP, microsomal triglyceride transfer protein; RXR, retinoid X receptor; SRB1, scavenger receptor class B type
1; STARD3, StAR-related lipid transfer domain protein 3; STB, syncytiotrophoblast; VLDL, very low-density lipoprotein; VLDLR, very low-density lipoprotein receptor.

et al., 1992; Cao et al., 2014; Kamper et al., 2017), LRP2
(Burke et al., 2013; Kamper et al., 2017), and LRP8 (Kim
et al., 1996; Ulrich et al., 2016), their involvement in cholesterol
uptake by the STB has never been demonstrated. A mutation
in human LRP2 gives rise to severe congenital anomalies in
the offspring (Kantarci et al., 2007). This may indicate an
important role of LRP2 in placental cholesterol transport, but
LRP2 is a multiligand receptor and thus, may serve different
roles in trophoblast biology (Coukos et al., 1994; Go and Mani,
2012).

Impact of Diseases and Exogenous
Compounds on Placental Lipoprotein
Receptor Expression
GDM is a glucose intolerance, which is first recognized during
pregnancy, but usually resolves after birth. In Europe, it has

a prevalence of 5.4% (Eades et al., 2017). The most common
adverse outcome is high fetal birth weight (macrosomia).
Placental abnormalities include increased incidence of villous
immaturity, increased measures of angiogenesis, and higher
placental weight. GDM is also associated with a higher risk of
maternal and fetal complications including development of type
2 diabetes in later life (Huynh et al., 2015; Gallo et al., 2016; Rani
and Begum, 2016). In GDM, altered maternal and neonatal lipid
profiles were observed. Moreover, expression of LDLR and SRB1
was induced (Dube et al., 2013).

IUGR is observed in 5–10% of pregnancies. Due to a
compromised placental function, the fetus does not reach its
intrauterine potential for growth and development. As the second
leading cause of perinatal mortality IUGR is responsible for 30%
of stillborn infants. Long-term health defects include impaired
neurological and cognitive development and cardiovascular or
endocrine diseases in adulthood (Nardozza et al., 2017). IUGR
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is associated with a decreased supply of nutrients and/or oxygen
to the growing fetus. Placental LDLR expression was found
increased, while SRB1 expression was decreased compared to
healthy controls (Wadsack et al., 2007).

Preeclampsia is a multifactorial pregnancy-specific
disease affecting 3–5% of pregnancies. It is defined by de
novo hypertension manifested after 20 weeks of gestation
in combination with either proteinuria (300 mg/day),
maternal organ dysfunction or uteroplacental dysfunction
(Tranquilli et al., 2014). IUGR and premature birth are
clinically relevant complications. In addition, preeclampsia
affects the long-term outcome of both mothers and their
offspring (Bokslag et al., 2016). Serum levels of triglycerides,
LDLs, small dense LDLs that are susceptible to oxidation,
as well as oxLDLs are higher in women with preeclampsia
compared to healthy pregnant women (Chigusa et al., 2013).
Murata et al. (1996) found decreased expression of VLDLR
and LDLR mRNA in third trimester placentas derived from
preeclamptic women. Hentschke et al. (2013) reported no
differences in LDLR, LRP1, SRB1 mRNA levels when comparing
placentas of healthy and preeclamptic women. But they
observed reduced LRP1 mRNA expression in placentas of
preeclamptic mothers delivering small-for-gestational-age
babies compared to healthy controls (Hentschke et al.,
2013).

Maternal exposure to cadmium, which is present in tobacco
smoke, is associated with low birth weight and possibly with
an increased incidence of spontaneous abortion. Cadmium
accumulates in the placenta and reduces progesterone secretion.
Partly, this is related to a down-regulation of LDLR mRNA
(Jolibois et al., 1999; Kawai et al., 2002).

In summary, the human placenta expresses several receptors
for lipoprotein particles. For most receptors, their involvement
in and individual contribution to placental cholesterol uptake
remains unexplored. Moreover, regulation of receptor expression
under physiologic and pathologic conditions of pregnancy has
been barely investigated.

Intracellular Cholesterol Transport in the
STB
After internalization into acidic endosomal compartments,
dissociation of receptor-ligand complexes occurs. The receptors
return to the plasma membrane, while lipoprotein particles
enter the lysosomal route for degradation. Cholesterol
incorporates into the endosomal/lysosomal membranes by
coordinated actions of NPC1 and NPC2. Cholesterol transport
to mitochondria for steroidogenesis is achieved by lipid transfer
proteins including StAR/STARD1 and other members of
the START domain protein family (Elustondo et al., 2017).
Cholesterol transport to other cellular targets, e.g., the plasma
membrane occurs by vesicular and non-vesicular means, the
latter involving cholesterol binding to various proteins (Miller
and Auchus, 2011; Luo et al., 2017). Although expression of some
intracellular cholesterol transporting proteins including NPCs,
NPC1-Like1, ABC-transporters ABCA2, SCP-x, STARD3, and
HSP60 has been demonstrated in human term placenta (Tuckey
et al., 2004; Burke et al., 2009; Monreal-Flores et al., 2017), the

mechanism of intracellular cholesterol transport in STB remains
largely uncharacterized.

Cholesterol Exit From the STB
To eliminate cholesterol, hepatocytes secrete lipoprotein particles
(Sacks, 2015). Secretion requires ApoB and the ER-localized
cofactor MTP. MTP transfers lipids to the forming lipoproteins.
It is a dimer of a 97-kDa protein and PDI (Walsh and
Hussain, 2017). Most other cell types release excess cholesterol
to extracellular lipid acceptors. Mechanisms accounting for
cholesterol efflux include passive diffusion as well as active
pathways mediated by ABCA1, ABCG1, and SRB1. Several
factors including cellular cholesterol status, lipid transporter
activity, and the nature of extracellular acceptors, influence
the efficiency of cholesterol efflux. ABCA1 and ABCG1 are
specifically important for the elimination of cholesterol from cells
and tissues and for the biogenesis of HDL. ABCA1 stimulates
cholesterol efflux to lipid-free apolipoproteins, predominantly to
apoA-I, but also ApoE. In contrast, ABCG1 promotes efflux of
cholesterol and oxysterols to HDL. SRB1 can mediate cholesterol
efflux from peripheral cells to HDL, but not to lipid-free apoA-I
(Phillips, 2014; Favari et al., 2015).

Efflux of cholesterol from the basal side of the STB is unclear.
It may occur via secretion of either lipoprotein particles or
of cholesterol complexed with apolipoproteins. ApoB, MTP
large subunit and PDI are expressed in the STB (Kamper
et al., 2017) and unique lipoprotein particles containing ApoB
and ApoA-I have been isolated from placental tissue (Park
et al., 1988). Furthermore, secretion of ApoB-100-containing
lipoprotein particles was shown from term placental biopsies
(Madsen et al., 2004). More recently, apical and basal secretion
of ApoB in polarized grown BeWo cells was demonstrated
(Kamper et al., 2017). Cholesterol complexed with ApoB or
lipoprotein particles and secreted from the basal membranes
of the STB could provide cholesterol and other lipids not
only to pFECs and consequently to the fetus, but also to
CTBs as well as stromal cells of the chorionic villi given
that these cells express the relevant apolipoprotein receptors.
Indeed, in situ expression of lipoprotein receptors such as
LDLR or LRP1 on placental cells including pFECs or LRP2
on the CTB was shown (Kamper et al., 2017). This would
enable uptake of STB-derived lipoprotein-associated cholesterol.
In support of the idea that intact lipoproteins reach stromal
cells of the villi, a capability to hydrolyze VLDL-triglycerides
has been demonstrated on isolated placental macrophages (Bonet
et al., 1992). However, how placental macrophages or other
stromal cells cover their cholesterol requirements is currently
unknown.

Apical secretion of ApoE from the STB was suggested to
facilitate uptake of maternal non-LDL lipoprotein particles
(Rindler et al., 1991); likewise, apical secretion of ApoB, which
was observed in BeWo cells (Kamper et al., 2017), could be
of relevance for regulation or induction of cholesterol uptake
by trophoblasts. Moreover, apical secretion of apolipoproteins
may enable RCT from the STB via apically expressed ABCA1
or SRB1 (see below). However, these speculations require further
investigation.
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Alternatively, cholesterol can exit the STB via ABCA1 and
ABCG1, which stimulate efflux of cholesterol and oxysterols (Aye
et al., 2009). Both transporters exhibit high expression in the
placenta (Albrecht et al., 2007; Stefulj et al., 2009; Aye et al., 2010;
Bhattacharjee et al., 2010; Nikitina et al., 2011; Bloise et al., 2016).
They localize to apical (ABCA1) and basal membrane (ABCG1)
of the STB and to the luminal surface of the pFEC (Albrecht et al.,
2007; Stefulj et al., 2009; Aye et al., 2010; Baumann et al., 2013),
but contradictory localization data also exist (Bhattacharjee et al.,
2010; Nikitina et al., 2011). In cultured trophoblasts, up- or
down-regulation of ABCA1 and ABCG1 stimulated or reduced,
respectively, cellular cholesterol efflux (Aye et al., 2010). The
presence of SRB1 at the apical and basal membrane of the STB
(Lafond et al., 1999) would allow for bidirectional transport of
liposoluble molecules to and from lipoprotein particles (Cao
et al., 1997). In polarized grown BeWo cells, basal efflux of
cholesterol was highest to HDL, and was suggested to occur
via either SRB1 (Schmid et al., 2003), or ABCG1 (Woollett,
2011). However, expression and subcellular localization of SRB1,
ABCA1, and ABCG1 seem to differ between BeWo cells and
primary trophoblasts (Woollett, 2011). In any way, an efflux of
cholesterol from the basal membrane of the STB via ABCG1 or
SRB1 requires appropriate cholesterol acceptor molecules within
the stroma of the villi. This has not been described.

Cholesterol Transport by pFECs
Uptake of cholesterol by pFECs remains unknown. Efflux of
cholesterol via ABCA1 and ABCG1 to apolipoproteins or HDL
particles, respectively, has been confirmed in isolated term
HPECs, while SRB1 does not contribute to HDL-mediated
cholesterol release (Stefulj et al., 2009; Sun et al., 2018).
Appropriate cholesterol acceptor molecules (HDL and ApoE) are
available in the fetal circulation (Bansal et al., 2005).

Regulation of ABC-Transporters via LXR
in Health and Diseases
LXRs are “sterol sensors” responsible for protecting cells from
cholesterol overload. LXR-activation by oxysterols (see below),
but not cholesterol, induces transcriptional activity of the
LXR/RXR heterodimer. This results in reduced intracellular
cholesterol synthesis as well as cholesterol uptake, but induced
expression of molecules implicated in RCT including ABCA1,
ABCG1, and ApoE (Zhao and Dahlman-Wright, 2010; Soffientini
and Graham, 2016; see Figure 3). Although oxysterols are
generally perceived as endogenous agonists of LXR, some can
act as antagonists (Mutemberezi et al., 2016). Due to their
role in lipid metabolism, LXRs are considered as relevant
drug targets. The synthetic ligands T0901317 and GW3965 are
important tools in biomedical research. Unfortunately, they have
poor LXR subtype selectivity and T0901317 is not only an
LXR ligand, but also displays agonistic effects on farnesoid X
receptor and pregnane X receptor (Zhao and Dahlman-Wright,
2010).

LXR-α and LXR-β as well as RXR can be detected throughout
gestation, with increased expression of LXRs in preterm and term
placentas (Marceau et al., 2005; Plosch et al., 2010). Preeclampsia

or GDM were found to influence expression of LXRs in some
(Weedon-Fekjaer et al., 2010b), but not all studies (Plosch et al.,
2010).

LXR controls expression of ABCA1 and ABCG1 in cultured
trophoblasts (Aye et al., 2010) and HPECs (Stefulj et al., 2009;
Sun et al., 2018). Oxysterols or T0901317 increase cholesterol
efflux, while LXR-inhibitors or siRNA-mediated LXR knock
down decrease cholesterol efflux. As key regulators of the
lipid metabolism, LXRs also play a regulatory role in fatty
acid metabolism in trophoblast cells (Weedon-Fekjaer et al.,
2010a).

Recently, upregulation of ABCA1 and ABCG1 in HPECs
derived from GDM placentas compared to control placentas
was shown. Upregulation was the consequence of GDM-induced
increased ROS-formation, increased ROS-derived oxysterol
levels and subsequent LXR activation. The resulting enhanced
cholesterol efflux protected the cells from cholesterol overload
due to GDM-induced increased cholesterol biosynthesis. Thus,
the LXR-mediated upregulation of ABC-transporters in GDM
appeared to restore cholesterol homeostasis (Sun et al., 2018).
Alterations of expression levels of ABCA1 and ABCG1 in
total placental tissue in case of pregnancy diseases such as
GDM, preeclampsia, hypoxia, or antiphospholipid-syndrome
were reported, but the results are partly inconsistent (Albrecht
et al., 2007; Plosch et al., 2007, 2010; Korner et al., 2012; Baumann
et al., 2013; Chigusa et al., 2013; Dube et al., 2013; Liu et al., 2014;
Huang et al., 2018).

ABCA1 and ABCG1 also efflux oxysterols (Stefulj et al.,
2009; Aye et al., 2010; Sun et al., 2018). In cultured trophoblasts,
both transporters were shown to prevent accumulation
of the oxysterols 25-hydroxycholesterol (25-OHC) and
7-ketocholesterol (Figures 2C,E), which exhibit cytotoxic
potential at higher concentrations (Aye et al., 2010). ABCA1
expression increases during trophoblast syncytialization in vitro
(Keelan et al., 2011). ABCA1 localization at the apical STB
membrane in situ (Figure 4) may ensure efflux and thus
placental elimination of oxysterols into maternal blood.

Oxysterols and Pregnancy
Many different oxysterols have been identified; they are
formed by either free radical oxidation or by enzyme-mediated
mechanisms (Mutemberezi et al., 2016). Oxysterols exhibit
multifaceted functions. Some oxysterols are important regulators
of cholesterol homeostasis (Figures 3, 4). 27-OHC (Figure 2D),
produced from cholesterol by the enzyme CYP27A1, is the
most prominent oxysterol in the bloodstream of human adults
(Bjorkhem, 2002). In vitro, 27-OHC inhibits cholesterol synthesis
by negative feedback regulation of HMGR. 27-OHC is an
agonist of LXR stimulating cholesterol efflux from cells. Increased
CYP27A1 and/or 27-OHC levels might reflect the attempt
to remove excess cholesterol from cells and to limit lipid
peroxidation. Some studies show that diseases of pregnancy
such as preeclampsia are associated with altered expression of
placental CYP27A1 protein and altered levels of 27-OHC in
placenta, maternal, and/or fetal serum. But these studies are
partly contradictory and the mechanism behind the alteration
and the impact of these changes on placental cholesterol
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metabolism remains to be determined (Moon et al., 2014; Mistry
et al., 2017; Winkler et al., 2017).

Oxysterols are major components of oxLDL. They contribute
to the pathophysiology of atherosclerosis, and are found at
increased levels in atherosclerotic lesions (Vejux et al., 2008;
Levitan et al., 2010). OxLDL serum levels rise even during normal
gestation (Belo et al., 2004; Makedou et al., 2011). Elevated levels
of oxLDL and oxysterols have been identified in maternal serum
in preeclampsia, pregnancy-induced hypertension, GDM, and
diabetes mellitus type I as well as in the cord blood of neonates
with IUGR or GDM (Bodzek et al., 2002a,b; Uzun et al., 2005; Qiu
et al., 2006; Kim et al., 2007; Leduc et al., 2011; Moon et al., 2014;
Sun et al., 2018). Overall, the cytotoxic and pro-inflammatory
activities of oxysterols contribute to the development of many
diseases associated with oxidative stress (Vejux et al., 2008;
Zarrouk et al., 2014).

Oxysterols can influence various aspects of trophoblast
function. The oxysterols 25-OHC and 7-keto-cholesterol
(Figures 2C,E), which are present in oxLDLs, reduce trophoblast
invasion via activation of LXR (Pavan et al., 2004; Fournier
et al., 2008). Moreover, 25-OHC inhibits syncytialization of
CTB (Aye et al., 2011). Oxysterols increase the release of soluble
endoglin, a molecule present at elevated concentrations in
the maternal circulation in women with preeclampsia, via
increased expression of matrix metalloproteinase 14 in the
placenta (Valbuena-Diez et al., 2012; Brownfoot et al., 2014).
Oxysterols promote the production of pro-inflammatory
cytokines in placental trophoblasts, via activation of TLR 4
thus providing a mechanistic link between oxidative stress in
pregnancy and placental inflammation. This pro-inflammatory
action of oxysterols predominated over simultaneously observed
anti-inflammatory effects mediated by oxysterols via LXR
activation (Aye et al., 2012). It has been speculated that LXR
activation indirectly supports the repression of TLR target
genes activation. LXR activation results in increased placental
expression of ABCA1 and ABCG1 (Stefulj et al., 2009; Aye
et al., 2010; Sun et al., 2018). This may change cellular oxysterol
levels as well as alter the cholesterol content of the membrane
microdomains required for TLR signaling by promoting
cholesterol efflux.

The dual (pro-inflammatory/anti-inflammatory) role of
oxysterols observed in trophoblast cells (Aye et al., 2012) already
indicates the complexity associated with these molecules. In
addition, a study by Larkin et al. (2014) revealed that the effects
of oxysterols on trophoblasts are concentration dependent.
25-OHC applied at higher (100 µM) concentrations was found
to be cytotoxic, to inhibit differentiation as well as progesterone
secretion of trophoblast cells. In contrast, low (10 µM)
concentrations stimulated differentiation, progesterone secretion
and ABCA1 expression, and reduced SRBP2, LDLR and HMGR
expression (Larkin et al., 2014). To add to the complexity, not all
of these cellular effects are mediated via LXR (Larkin et al., 2014).
Oxysterols are known to interact with many proteins. RORα

and RORγ are other nuclear receptors binding oxysterols. RORs
are transcription activators and RORγ was shown to regulate
hepatic lipid metabolism. Loss of RORγ reduces the expression
of a number of lipid metabolic genes, which in turn reduces

the levels of triglycerides, cholesterol, and bile acids in liver and
blood. 25-OHC is an agonist of RORγ, while other oxysterols
may function as inverse agonists (Mutemberezi et al., 2016;
Jetten et al., 2018). Oxysterols including 25-OHC are able to bind
INSIGs, which induces interaction of INSIGs and SCAP and
consequently inhibits SREBP activation. 25-OHC can regulate
cholesterol synthesis by interaction with NPC1 and 2. Finally,
25-OHC can bind to OSBP and ORPs and modify their function
(Figure 3). ORP8 can modulate ABCA1 expression and thereby
influence cholesterol efflux (Mutemberezi et al., 2016).

To conclude, oxysterols can compromise placental formation,
regeneration, and function, but also are important regulators
of placental cholesterol metabolism and probably other
physiological processes. Their effect may depend on the identity
and concentration of the local oxysterol compound and the
available intracellular binding partners. ABCA1 and ABCG1
were shown to prevent the toxic effects of oxysterols on placental
and fetal development and function, and reduce the risks
associated with diseases of pregnancy such as GDM. But altered
regulation of these receptors or oxysterol binding partners
in the case of pregnancy-associated diseases in combination
with increased levels of oxysterols might (further) compromise
placental function.

Our knowledge of function and regulation of oxysterols
in the context of pregnancy and regulation of cholesterol
metabolism remains limited. We need to explore the types of
oxysterols induced during healthy and diseased pregnancy, and
learn whether they are generated mainly by enzymes or by
autoxidation. It remains to be determined whether they act
primarily early (around implantation) or late in pregnancy.
Published data are often contradictory. This might be related
to problems associated with reliable measurements of oxysterols
that are quite susceptible to autoxidation and the fact that
oxysterol production is influenced by several factors including
cell type, mode of experimentation or circadian variations
(Schroepfer, 2000; Mutemberezi et al., 2016).

STEROID HORMONES

Steroid hormones comprise sex steroids and corticosteroids.
In adults, the sex steroids – progestagens, estrogens, and
androgens – are produced in ovaries and testes, while the
corticosteroids – glucocorticoids and mineralocorticoids – are
released from the adrenal cortex (Miller and Auchus, 2011;
Miller, 2017). During pregnancy, the placental STB becomes
a major source of progesterone (at term around 250 mg/day)
and estrogens (at term around 100–120 mg/day). Fetal organs
(adrenal cortex and liver), in contrast, synthesize corticosteroids
and the androgens DHEA, DHEA-S, 16α-hydroxy-DHEA, and
16α-hydroxy-DHEA-S (Evain-Brion and Malassine, 2003; Costa,
2016; Pasqualini and Chetrite, 2016). These hormones are
transfered between placental and fetal compartment and are
subjected to transformation. Partly, fetus and placenta have
complementary enzyme activities and thus are interdependent.
Moreover, the hormones also reach the maternal compartment.
For more information about steroid hormone exchange between
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fetus, placenta and mother the reader is referred to Pasqualini and
Chetrite (2016). Proper function and interaction of the steroid
producing tissues and the involved enzymes and transporters
is crucial since the intrauterine exposure of the offspring to
abnormal levels of glucocorticoids (Miranda and Sousa, 2018)
or sex steroids (Cardoso et al., 2015; Pluchino et al., 2016)
can negatively impact fetal development. Furthermore, abnormal
concentrations of steroid hormones during pregnancy can
increase the maternal risk for malignant diseases (Schock et al.,
2014). The following chapters summarize the mechanisms of
uptake, synthesis, and transformation of steroid hormones at the
human placental barrier and highlight circumstances that cause
alterations.

Steroid hormones are derived from cholesterol and thus have
closely related structures based on the common steroid skeleton
(Figure 2A). The major classes of enzymes required for the
production of steroid hormones are the CYP heme-containing
proteins (P450 and CYPs) and the HSDs. CYPs important
for steroid hormone synthesis are CYP11A1, which is a
mitochondrial protein, as well as CYP17A1, CYP19A1, and
CYP21A2, all located in the ER. CYPs catalyze the hydroxylation
and cleavage of steroid substrates, while reduction and oxidation
of steroid hormones are effected by isoforms of 3βHSDs and
17βHSDs. Cell-type specific, HSDs localize to the membranes
of either mitochondria or ER (Payne and Hales, 2004; Miller
and Auchus, 2011). The major placental transporter families are
SLCs and the ABC-transporters. SLCOs usually mediate influx
of their substrates. They participate in uptake of hydrophilic
or charged molecules such as sulfated steroids. In contrast,
ABC-transporters mediate the efflux of substrates (Joshi et al.,
2016; Walker et al., 2017).

Sex Steroids and the Placenta
Progesterone
Progesterone (P4) is the major and most relevant progestagen. In
humans, the ovarian corpus luteum secretes progesterone until
week 8 of gestation, thereafter, the placenta completely takes over
the production (Malassine et al., 2003).

Progesterone exerts many functions. Briefly, it is an
intermediate in the production of other steroid hormones
(Figures 5, 6) and a neurosteroid involved in brain function.
Progesterone is crucial for a successful pregnancy as it supports
blastocyst implantation, maintains pregnancy, and prepares
the mammary glands for lactation (Miller and Auchus, 2011;
Halasz and Szekeres-Bartho, 2013; Costa, 2016; Di Renzo et al.,
2016). Progesterone and synthetic progestins are successfully
used for the prevention of preterm birth and for treatment
of various gynecological disorders (Di Renzo et al., 2012,
2016).

The action of progesterone on target tissues is mediated by
two progesterone receptor isoforms (A and B) that function
as ligand-activated transcription factors. Under physiological
conditions, the withdrawal of progesterone receptor-mediated
signaling triggers menstruation and parturition (Wetendorf
and DeMayo, 2012, 2014; Patel et al., 2015). Likewise,
pathologic deregulation of the progesterone-receptor signaling
pathway is associated with preterm delivery (Patel et al., 2015;

Tiwari et al., 2016). For example, poor pregnancy outcome due
to hepatitis E virus infection is related to low expression
of functional progesterone receptors and high expression of
receptor haplotypes exhibiting reduced response to progesterone
(Romano et al., 2007; Bose et al., 2011).

Physiology and Pathophysiology of Progesterone
Synthesis
Synthesis of progesterone starts within mitochondria (Figures 4,
6). Cholesterol has to be loaded into the outer mitochondrial
membrane in a process that is not entirely understood (Miller
and Auchus, 2011; Miller, 2017). In most steroidogenic tissues,
the transport of cholesterol from the outer to the inner
mitochondrial membrane is mediated by StAR, which can be
acutely stimulated by tissue-specific trophic hormones (Miller,
2013); however, StAR is not expressed in human placenta
(Sugawara et al., 1995). Instead, StAR-like protein, STARD3
(or MLN64) (Bose et al., 2000; Tuckey et al., 2004) as well as
HSP60 are involved in mitochondrial cholesterol import in the
placenta (Tuckey, 2005; Olvera-Sanchez et al., 2011; Esparza-
Perusquia et al., 2015; Monreal-Flores et al., 2017). In JEG-3
cells, HSP60 additionally participates in delivery of cholesterol to
the metabolizing enzyme CYP11A1 (Monreal-Flores et al., 2017).
STARD3 action requires a complex multicomponent molecular
machine on the outer mitochondrial membrane, which includes,
among other factors, the translocator protein TSPO. In obese
women (BMI 38.8 ± 6.4 kg/m2), who exhibit altered insulin
sensitivity and leptin level, the serum levels of progesterone as
well as estradiol were significantly reduced. While expression of
key enzymes of placental progesterone and estrogen synthesis
(CYP11A1, 3β-HSD1, and 17β-HSD1) was not altered, the
expression levels of TSPO as well as the cholesterol content in
placental mitochondria were decreased. In vitro, long chain fatty
acids and LPS could reduce TSPO expression (Lassance et al.,
2015).

After mitochondrial import, cholesterol is hydroxylated at
two positions (C-20 and C-22) and the cholesterol side chain
is cleaved off by P450 side-chain cleaving enzyme (P450scc or
CYP11A1; Figures 5, 6; Hochberg et al., 1974; Slominski et al.,
2015b). CYP11A1 is a rate-limiting enzyme of steroidogenesis
and converts cholesterol to pregnenolone, the precursor of
all other steroid hormones (Hanukoglu, 1992; Miller and
Auchus, 2011; Miller, 2013). Moreover, CYP11A1 is also a
metabolizing enzyme for other sterols. It mediates conversion
of 7-DHC to 7-dehydropregnenolone and hydroxylates the side
chain of vitamin D (Slominski et al., 2005, 2006, 2009, 2012,
2015a,b).

CYP11A1 localizes exclusively to the STB (Li et al., 2005; He
et al., 2013). The placental CYP11A1 protein expression level
remain constant from first to term trimester (Henderson et al.,
2008; He et al., 2013). The major regulatory factor for CYP11A1
gene expression in other steroidogenic tissues, SF-1, is absent in
the human placenta. Instead, human placental CYP11A1 gene
expression is tightly regulated by one activator (LBP-1b) and two
repressor proteins (LBP-9 and LBP-32). In analogy to CYP11A1,
these proteins are expressed already very early in pregnancy and
localize to the STB (Henderson et al., 2008).
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FIGURE 5 | Structures and interconversion of the sex-steroids progestagens (green), estrogens (red), and androgens (blue) starting from cholesterol. For detailed
information, see text. Arrows indicate metabolizing processes by respective enzymes (gray). CYPs, cytochrome P-450 enzymes; HSD, hydroxysteroid
dehydrogenase; SULT, sulfotransferase.

CYP11A1 is upregulated at both mRNA and protein level in
placentas of women with severe preeclampsia. Overexpression
of CYP11A1 reduces trophoblastic cell proliferation and induces
apoptosis in the HTR8/SVneo extravillous trophoblast cell
line through activation of caspase-3 expression (Enquobahrie
et al., 2008; He et al., 2013). In line with increased expression
of CYP11A1 during preeclampsia, the level of pregnenolone
(and progesterone) is increased in preeclamptic women (Moon
et al., 2014). CYP11A1 is also involved in lipid peroxidation.
Based on results obtained in isolated placental mitochondria
and JEG-3 cells, it has been speculated that not only
excess progesterone synthesis but also production of lipid
peroxides by increased expression of placental CYP11A1 may
contribute to the pathogenesis of preeclampsia (Zabul et al.,
2015).

In contrast, life style factors like smoking or cocaine may
inhibit progesterone synthesis. Cadmium, which is found in
cigarette smoke, reduces CYP11A1 mRNA expression as well as
progesterone synthesis in human cultured trophoblasts (Kawai
et al., 2002). A study in pregnant rats treated with cocaine
demonstrated significantly reduced maternal serum levels of
pregnenolone and progesterone as well as reduced mRNA and
protein expression of CYP11A1 and STARD3 (Wu et al., 2012).

Pregnenolone is converted to progesterone by 3β-HSD1 in
the ER (Figures 5, 6; Miller and Auchus, 2011; Liu et al., 2016).

3β-HSD1 is exclusively expressed in the placental STB (Ian
Mason, 1993; Li et al., 2005), while 3β-HSD2 is predominantly
expressed in the adrenal gland and gonads (Labrie et al., 1992;
Ian Mason, 1993). Besides pregnenolone, human 3β-HSD1 can
also use 17α-hydroxypregnenolone and DHEA as substrates
(Hanukoglu, 1992). Various endogenous hormones including
estradiol, insulin, insulin-like growth factor, calcitriol, leptin,
and CRH can modulate progesterone synthesis (Costa, 2016).
Unfortunately, also environmental toxins influence activity of
3β-HSD1 and thus progesterone synthesis. Evidence for this
was obtained in the choriocarcinoma cell line JEG-3. Fine PM
(<2.5 µm, PM2.5) is a leading air pollutant and exposure
to PM2.5 during the prenatal period increases the risk of
adverse pregnancy outcome. Exposure of cells to PM2.5 causes
reduced progesterone secretion as well as reduced expression
of 3β-HSD1 and CYP11A1 mRNA and protein (Wang et al.,
2017). The fungicide tributyltin lowers progesterone production
and acts as a moderate inhibitor of 3β-HSD1 (Cao et al.,
2017). Likewise, the insecticides methoxychlor and its metabolite
hydroxychloroquine inhibit progesterone as well as estradiol
production; these substances are potent 3β-HSD1 inhibitors (Liu
et al., 2016). In contrast, ochratoxin A, a common food-borne
mycotoxin, induces the expression of 3β-HSD1, leading to a
significant increase of progesterone production (Woo et al.,
2013).
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FIGURE 6 | Proposed model for placental progesterone and estrogen synthesis. For detailed description, see text. Progestagens are shown in green, estrogens in
red, and androgens in blue color. Solid arrows indicate enzymatic steps that have been demonstrated in human placenta; respective enzymes are shown in gray.
Dashed arrows indicate hypothetic routes of transport of sulfate-conjugated compounds. Dashed purple circles highlight sulfate-conjugated compounds that require
transporters for uptake into (SOAT, OAT4, and OATP2B1) and export (ABCG2) from cells. A-dione, androstenedione; ABC transporters, ATP-binding cassette
transporters; BCRP, breast cancer resistance protein; DHEA, dehydroepiandrosterone; DHEA-S, dehydroepiandrosterone sulfate; CYPs, cytochrome P-450
enzymes; E1, estrone; E1-S, estrone sulfate; E2, Estradiol; E2-S, estradiol sulfate; E3, estriol; E3-S, estriol sulfate; ER, endoplasmatic reticulum; pFEC,
placental-fetal endothelial cell; -OH-, -Hydroxy-; 17α-OHP, 17α-hydroxyprogesterone; HSD, hydroxysteroid dehydrogenase; OAT4, organic anion transporter 4;
OATP2B1, organic anion transporting polypeptide 2B1; SOAT, sodium-dependent organic anion transporter; STS, steroid sulfatase; SULT, sulfotransferase; STB,
syncytiotrophoblast; TES, testosterone.

Estrogens
The group of estrogen steroids comprises estrone (E1),
estradiol, (E2), estriol (E3), and estetrol (E4). Among these,
estradiol is the most abundant estrogen. Estrogen’s multiple
functions have been summarized on several occasions and
include stimulation of utero-placental blood flow, endometrial
growth and differentiation, contraction of the myometrium
and proliferation of the mammary epithelium (Mesiano, 2001;
Costa, 2016). As detailed in the chapter on cholesterol,
estrogens also regulate expression of genes required for placental
cholesterol supply. They exert their effect via different types of
receptors, the nuclear estrogen receptors α and β as well as
membrane-associated receptors. The synthesis of estrogens is
controlled by diverse endogenous hormones such as estradiol,
cortisol, calcitriol, CRH, hCG, insulin, and leptin (Costa,
2016).

Physiology and Pathophysiology of Estrogen
Synthesis
Synthesis of estrogens involves several enzymes and transporters
(Figures 5, 6). CYP17A1 (or P450c17) is a bifunctional enzyme
with 17α-hydroxylase and 17,20-lyase activities that converts
pregnenolone to 17α-hydroxypregnenolone and subsequently
to DHEA. Alternatively, progesterone can be converted to
17α-hydroxyprogesterone (17α-OHP) and then to A-dione
(Escobar and Carr, 2011; Thomas and Potter, 2013). Early
studies in human placentas and choriocarcinoma cell lines
could not demonstrate placental CYP17A1 activity or mRNA
expression (Siiteri and MacDonald, 1966; Bahn et al., 1981;
Voutilainen and Miller, 1986). The concept emerged that the
placenta was unable to convert pregnenolone and progesterone
to the androgen products. Thus, compulsive import of sulfated
fetal C19-androgens, 16α-hydroxylated DHEA-S and DHEA-S,
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which are further processed into estrogens by placental STS,
3βHSD1, CYP19A1 (aromatase), and 17βHSD isoenzymes, was
assumed. However, more recent studies (Pezzi et al., 2003;
Escobar et al., 2011; Noyola-Martinez et al., 2017) demonstrated
placental CYP17A1 mRNA expression, although at a much
lower level as compared to 3β-HSD1, CYP19A1, CYP11A1,
and 17β-HSD3. CYP17A1 protein was detected in placental
STB and JEG-3 cells (Escobar et al., 2011). 17α-OHP synthesis
by CYP17A1 in trophoblasts is regulated by the cAMP/PKA
pathway (Escobar and Carr, 2011). The authors estimated that
20–30% of the estrogen produced during pregnancy could result
from pregnenolone conversion by placental CYP17A1.

While endogenous production of DHEA in the STB occurs,
a large fraction of the sulfo-conjugated C19-estrogen precursors
16α-OH-DHEA-S and DHEA-S is derived from the fetus
(Figure 6); maternal DHEA-S is also used, but to a minor extent
(Kallen, 2004; Pasqualini and Chetrite, 2016). DHEA is produced
in the fetal adrenal gland, which is also rich in SULT activity,
thus generating DHEA-S. 16α-OH-DHEA-S, that is the most
abundant estrogen precursor, is synthesized in the fetal liver by
16α-hydroxylation of DHEA-S via CYP3A7 (Leeder et al., 2005).
Fetal hepatic CYP3A7 expression is detected around day 50 to 60
of gestation (Yang et al., 1994); expression of CYP3A7 in human
placenta remains unclear (Hakkola et al., 1996; Maezawa et al.,
2010). Unconjugated estrogens, synthesized by the placenta, are
released into both the maternal and fetal blood by diffusion. In
part, they get sulfated in the maternal and fetal compartment and
re-enter the placenta by carrier-mediated transport (see below).
Moreover, the human placenta exhibits STS activity as well as
SULT activities (e.g., SULT1E1 and SULT2B1) (Stanley et al.,
2001; Miki et al., 2002; He et al., 2004) and thus can convert
unconjugated estrogens (or other substrates) into sulfated forms
and vice versa, respectively. For more information on the function
of sulfated steroid hormones in reproduction, the reader is
referred to Geyer et al. (2017).

Uptake of conjugated fetal and maternal steroids requires
placental expression of appropriate transport systems (Geyer
et al., 2017). The human SLC family 22 member 11 (SLC22A11)
also known as OAT4, is predominantly expressed in placenta
and kidney (Cha et al., 2000). In placenta, OAT4 was detected
at the basal plasma membrane of the STB as well as on the
CTB in first- and third-trimester placentas (Ugele et al., 2003;
Noguchi et al., 2015; Tomi et al., 2015). Studies using isolated
basal membrane fractions of placental STB, primary trophoblasts,
JEG-3 cells as well as OAT4-transfected cell lines demonstrated
uptake of sulfated steroids, including DHEA-S, 16α-OH-DHEA-S
and sulfated estrogens via OAT4 (Cha et al., 2000; Ugele et al.,
2008; Schweigmann et al., 2014; Tomi et al., 2015). PKA regulates
OAT4-mediated transport of sulfated steroids (Tomi et al., 2014).
The SLC OAT family member 2B1 (SLCO2B1, OATP2B1, and
OATP-B) is also expressed at the basal surface of the STB
and on the CTB (St-Pierre et al., 2002). However, 16α-OH-
DHEA-S is not a substrate of SLCO2B1. SLCO2B1 can transport
sulfated estrogens, while conflicting data exist about whether
DHEA-S is a substrate of this transporter (Grube et al., 2007;
Ugele et al., 2008; Schweigmann et al., 2014). SLCO2B1 activity
is regulated by unconjugated steroid hormones (Grube et al.,

2006). The BCRP (ABCG2) is found on the apical surface of
placental STB (Nakamura et al., 1997). Placental ABCG2 appears
regulated by several endogenous factors (including hormones)
as well as exogenous factors (Hahnova-Cygalova et al., 2011).
In ABCG2/OATP2B1-overexpressing epithelial MDCKII cells,
Grube et al. (2007) obtained evidence that OATP2B1 and
ABCG2 together mediate basolateral-to-apical directed transport
of the steroid sulfates E3-S and DHEA-S (Grube et al., 2007).
Thus the current concept for uptake of fetal sulfated steroid is
that OAT4 can transport sulfo-conjugated estrogens as well as
sulfated C19-steroid precursors for placental de novo synthesis of
estrogens. In contrast, OATP2B1 (in combination with ABCG2)
may rather contribute to the clearance of estrogen sulfates
(as well as DHEA-S?) from the fetal circulation (Ugele et al.,
2003; Grube et al., 2007). SOAT was identified as transporter
for both 16α-OH-DHEA-S and DHEA-S (Schweigmann et al.,
2014). SOAT was detected in the apical membrane of STB
as well as on pFECs in the third trimester of pregnancy
(Schweigmann et al., 2014). This transporter may thus mediate
uptake of fetal 16α-OH-DHEA-S and DHEA-S by pFECs and
maternal DHEA-S by the STB. A mechanism for exit of
sulfated steroids at the abluminal side of pFECs is unknown
(Figure 6).

STS, also known as aryl sulfatase C is responsible for
hydrolysis of steroid sulfates such as DHEA-S, 16α-OH-DHEA-S,
E1-S, E2-S, and E3-S, leading to the production of their
unconjugated active forms (Thomas and Potter, 2013). STS
is expressed in the STB (French and Warren, 1965; Miki
et al., 2002; Suzuki et al., 2003) and STS mRNA and
protein is significantly elevated in placentas from early onset
preeclamptic women (Gratton et al., 2016). In preeclampsia,
anti-angiogenic factors such as soluble fms-like tyrosine kinase
(sFlt)1 disrupt the maternal endothelium by binding circulating
angiogenic factors, which causes the symptomatic second stage
of preeclampsia including dysregulated placental perfusion and
ischemia (Maynard et al., 2003). Silencing of STS in primary
placental trophoblasts resulted in a significant decrease in sFlt1
secretion and a significant reduction in sFlt1 transcription
(Gratton et al., 2016). Thus, it was speculated that high STS
expression could contribute to preeclampsia via altered sFlt1
regulation (Gratton et al., 2016).

3β-HSD1 catalyzes the conversion of DHEA into A-dione,
which is further transformed to estrone by the P450 aromatase
(CYP19A1). CYP19A1 could also convert testosterone into
estradiol (Hanukoglu, 1992; Thomas and Potter, 2013), but
affinity of CYP19A1 for A-dione is much higher (Yoshida
and Osawa, 1991). Placental CYP19A1 expression and function
are diminished in pregnancies complicated by preeclampsia
compared to controls (Perez-Sepulveda et al., 2015). PCOS is a
common endocrinal metabolic disorder, affecting approximately
5–10% of women at reproductive age. It is characterized
by ovulatory/menstrual irregularity, polycystic ovaries, and
hyperandrogenism, including progesterone resistance (Goodarzi
et al., 2011; Piltonen et al., 2015). In placental tissue from
women with PCOS, reduced activities of CYP19A1 and increased
activities of 3β-HSD1 were observed when compared to control
women. Moreover, women with PCOS showed higher A-dione
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and testosterone concentrations compared to normal pregnant
women (Maliqueo et al., 2013).

17β-HSDs are also known as 17-ketosteroid reductases. They
catalyze the reversible conversion of 17-keto and 17β-hydroxy
groups in androgens and estrogens, including A-dione, DHEA,
and estradiol. The direction of the reaction depends on
the substrate (Hanukoglu, 1992; Thomas and Potter, 2013).
17β-HSD1 predominantly catalyzes the NADPH-promoted
stereospecific reduction of estrone to the more active estradiol
(Thomas and Potter, 2013; Herman et al., 2016). 17β-HSD2
shows oxidative activity and is capable of catalyzing the
conversion of estradiol, testosterone, and dihydrotestosterone
to their less-active 17-keto forms, estrone, A-dione, and
5α-androstanedione, respectively (Rantakari et al., 2008). These
two enzymes were found to have different locations in the
placenta. While 17β-HSD1 was detected in the STB already at
week 4 of gestation, 17β-HSD2 was expressed in the pFEC and
detected only after week 12 of gestation. 17β-HSD2 was suggested
to prevent the excessive passage of active estrogens into the fetal
circulation by catalyzing the inactivation of estradiol to estrone
within the pFECs (Takeyama et al., 1998; Bonenfant et al., 2000;
Drolet et al., 2007). Placental expression of 17β-HSD3, which is
involved in testosterone formation, is increased in preeclamptic
women (Shao et al., 2017). 17β-HSD5 protein (Phillips et al.,
2014) and 17β-HSD7 mRNA (Krazeisen et al., 1999) expression
were shown in human placenta.

Estriol is mainly synthesized from 16α-OH-DHEA-S, but,
alternatively, can be converted from estrone or estradiol. This
requires expression of enzymes with 16α-hydroxylase activity
such as CYP1A1 (Duttaroy and Basak, 2015; Figure 6).

Overall, in preeclampsia, and specifically early onset
preeclampsia, several of the placental enzymes involved in
progesterone and estrogen formation and transformation show
altered expression. Moreover, the placental expression levels
of steroid receptors (estrogen receptor α and β, progesterone
receptor) can change in preeclampsia (Park et al., 2018). Whether
the alterations are a consequence of preeclampsia or precede the
disease is not known. Maternal serum progesterone and estrogen
levels are found reduced, while androgen levels are increased
in preeclampsia (Ghorashi and Sheikhvatan, 2008; Hertig et al.,
2010; Bussen and Bussen, 2011; Sharifzadeh et al., 2012; Acikgoz
et al., 2013; Moon et al., 2014; Perez-Sepulveda et al., 2015;
Shao et al., 2017; Shin et al., 2018; Wan et al., 2018). But data
remain partly conflicting, which might be due to diverging
characteristics of the patients selected.

Most of the reports are mainly descriptive without any
analysis of mechanisms causing the underlying changes. One
exception is a recent study describing a significant up-regulation
of microRNA (miR-22) in placentas derived from preeclamptic
women (Shao et al., 2017). MicroRNAs (miRNAs) are small non-
coding RNAs of about 22 nucleotides in length that play a critical
role in post-transcriptional gene regulation (Bartel, 2009). The
authors demonstrated significantly increased testosterone and
reduced estradiol levels in plasma samples as well as increased
placental expression levels of 17β-HSD3 and reduced placental
aromatase expression in women with early onset preeclampsia.
Furthermore, increased levels of the miR-22 were detected mainly

in placental villous and extravillous trophoblasts. JEG-3 cells
were then used to explore the mechanism behind the changes.
Increasing testosterone concentrations repressed the expression
of aromatase and estrogen receptor α and the production of
E2. Testosterone caused increased miR-22 expression, which
directly inhibited estrogen receptor α expression. The altered
estrogen receptor α signaling decreased aromatase expression
and estradiol production. Unfortunately, the question how
17β-HSD3 is induced by preeclampsia remains open. 17β-HSD1
also appears dysregulated – albeit significantly reduced –
in preeclamptic placentas, most likely due to upregulation
of miR-210 and miR-518c, which were confirmed to target
17β-HSD1 (Ishibashi et al., 2012). Dysregulation of miRNAs in
preeclamptic placentas has also been reported by Hu et al. (2009)
and Zhu et al. (2009).

The adrenocortical carcinoma cell line NCI-H295R is
an established cellular model to study adverse effects on
steroidogenesis of numerous substances including heavy metals
such as cadmium (Knazicka et al., 2015) or industry-derived
environmental toxins such as perfluoroalkyl acids (Kang
et al., 2016). Various substances have already been found to
change steroid production and thus it might be expected that
these molecules could also impact placental steroidogenesis.
For cadmium, this has already been demonstrated (Kawai
et al., 2002), but further functional studies are required. In
this context the recently established co-culture models of
choriocarcinoma cells (JEG-3 or BeWo) with H295R cells should
be considered for future analysis. The H295R/BeWo co-culture
model offers the opportunity to evaluate the effects of chemical
exposures on androgen and estrogen biosynthesis, as well as on
various other aspects of feto–placental communication (Hudon
Thibeault et al., 2017; Drwal et al., 2018; Thibeault et al.,
2018).

Glucocorticoids and the Placenta
Glucocorticoids or glucocorticosteroids are produced by the
adrenal cortex in response to cues such as stress or illness
under the control of the HPA-axis. The name glucocorticoid
is derived from their ability to promote gluconeogenesis in
the liver and their synthesis in the adrenal cortex (Castro
et al., 2011). The natural human glucocorticoid is cortisol
(Figure 7). In the adult, these signals stimulate the hypothalamus
to release CRH, which in turn cause the release of ACTH
from the anterior pituitary. ACTH induces synthesis of
glucocorticoids from cholesterol in the adrenal glands, which
exerts a negative feedback on the release of CRH and ACTH
(Figure 8).

Glucocorticoids coordinate many functions such as
inflammatory and immune responses, metabolic homeostasis,
cognitive function, reproduction, and development. At the
cellular level, glucocorticoids exert their effects by binding to
the GR that is almost ubiquitously expressed and induces target
gene transcription. The classical model of GR transactivation
involves GR dimerization and binding at glucocorticoid response
elements (GREs) leading to co-activator recruitment and
activation of transcription from proximate promoters (Pavek
and Smutny, 2014; Whirledge and DeFranco, 2018). GR is
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FIGURE 7 | Interconversion of cortisol and the inactive metabolite cortisone
by 11β-hydroxysteroid dehydrogenases type 1 and 2. 11β-HSD1 exerts
mainly reductase activity in vivo, while 11β-HSD2 metabolizes the conversion
of cortisol to cortisone. In human placenta, conversion from cortisol to
cortisone predominates at all gestational ages, but increasing conversion of
cortisone to cortisol in homogenized human placental tissue toward term
indicates a predominant reductase activity of 11β-HSD1.

expressed in STB and CTB as well as in JEG-3 and BeWo cell
lines (Pavek and Smutny, 2014). Cortisol stimulates productions
of placental hormones such as CRH and hCG (Robinson et al.,
1988; Ni et al., 2009). Increased cortisol levels in the placenta are
linked to the induction of estrogen synthesis, which precedes
the onset of parturition in human. Induction of CYP19A1 in
trophoblast cultures in response to cortisol was shown to occur
via activation of the cAMP/PKA pathway by CRH and hCG
and the subsequent induction of transcription factor Sp1 (Wang
et al., 2012, 2014; Figure 8).

Placental CRH Synthesis and Function
CRH is the major mediator of adaptive response to stressors and
is synthesized by several organs (Koutmani et al., 2013; Slominski
et al., 2013). During pregnancy, the CRH concentration in
maternal plasma increases substantially and reaches levels that
are 1,000–10,000 times that of non-pregnant women. The
major CRH source during pregnancy is the placenta that can
also produce ACTH (Bicknell, 2008; Gangestad et al., 2012;
Thomson, 2013). CRH is synthesized in the STB from first
to third trimester (Riley et al., 1991; Warren and Silverman,
1995). In humans and great apes CRH levels rise exponentially
throughout pregnancy to peak at labor. Rodents, in contrast, do
not exhibit placental CRH production (Heussner et al., 2016).
Placental CRH production may have evolved in primates to
stimulate fetal ACTH release and adrenal steroidogenesis, in
order to guarantee sufficient synthesis of DHEA, a precursor
for placental sex hormone synthesis. Concomitant stimulation
of fetal cortisol and DHEA by placental CRH would couple the
glucocorticoid effects on fetal organ maturation with the timing
of parturition. While glucocorticoids inhibit hypothalamic CRH
synthesis and secretion (Frim et al., 1990), they paradoxically
stimulate placental CRH expression (Robinson et al., 1988; Jones
et al., 1989; Wang et al., 2014).

CRH operates via activation of two receptors, CRH-receptor
type 1 and type 2 (Grammatopoulos and Ourailidou, 2017),
which are expressed in the human placenta (Florio et al.,
2000). Placental CRH exhibits many functions in pregnancy and
parturition. To name a few, CRH modulates placental glucose
transporter expression (Gao et al., 2012) and stimulates estradiol
production by induction of STS, CYP19A1, and 17β-HSD1

expression in trophoblasts (You et al., 2006). CRH impacts
on the expression levels of several other placental hormones
including ACTH (Challis et al., 1995) and prostaglandin (Gao
et al., 2008). Progesterone is an inhibitor of CRH production
(Karalis et al., 1996; Ni et al., 2004; Sfakianaki and Norwitz,
2006) and also a competitive antagonist of cortisol binding to
GR (Majzoub and Karalis, 1999). On the other hand, CRH
inhibits progesterone production by suppression of CYP11A1
and 3β-HSD1 (Jeschke et al., 2005; Yang et al., 2006). CRH is
involved in the timing of birth by regulation of estrogen and
progesterone levels as they control the contractile properties of
the myometrium (Majzoub and Karalis, 1999; Gangestad et al.,
2012; Thomson, 2013).

Placental Cortisol Metabolism and Transport in
Health and Disease
Glucocorticoids are important during pregnancy and for fetal
development. Fetal glucocorticoid synthesis is only partially
influenced by the HPA axis, but instead is primarily regulated by
differential expression of the enzymes required for glucocorticoid
synthesis. Moreover, maternal glucocorticoids can potentially
cross the placenta. To enable pregnancy and ensure proper
fetal development, glucocorticoid signaling occurs during three
period of gestation: early in pregnancy to enable implantation,
between week 7 and 14 to enable fetal-adrenal development,
repress DHEA synthesis and enable female genital development
and finally during the third trimester. Fetal serum glucocorticoid
levels must increase significantly before birth in order to ensure
proper development of the lungs and several other organs
(Busada and Cidlowski, 2017). On the other hand, the fetus
should not be exposed to excessive levels of glucocorticoids; this
can suppress fetal growth and program the fetus for life-long
diseases such as hypertension, glucose intolerance, diabetes, and
strokes (Moisiadis and Matthews, 2014a,b; Konstantakou et al.,
2017).

In the adrenal gland, cortisol synthesis is initiated by
21-hydroxylase (CYP21A2) (Hanukoglu, 1992). CYP21A2
converts progesterone as well as 17α-OH-progesterone, through
a hydroxylation at position C21, into 11-deoxycorticosterone and
11-deoxycortisol, respectively. After catalyzation by CYP21A2,
11β-hydroxylase (CYP11B1), and 11β-HSD are the key molecules
mediating and regulating tissue-specific glucocorticoid actions.
CYP11B1 catalyzes 11-deoxycorticosterone and 11-deoxycortisol
to corticosterone and cortisol, respectively. There has been
no evidence so far of CYP21A2 or CYP11B1 expression in
human placenta. However, 11β-HSD type 1 and 2 isozymes
are expressed in the placenta and the fetal membranes
(Heussner et al., 2016; Yang et al., 2016; Konstantakou
et al., 2017). 11β-HSD2 is an oxidase converting cortisol
to the inactive 11-keto metabolite, cortisone. 11β-HSD1, in
contrast, preferentially acts as a reductase in vivo, mediating
the NADPH-dependent conversion of cortisone to cortisol
(Figure 7). In line with this, Giannopoulos et al. (1982) reported
increasing conversion of cortisone to cortisol in homogenized
human placental tissue toward term, although conversion from
cortisol to inactive cortisone predominated at all gestational
ages.
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FIGURE 8 | Proposed model for placental glucocorticoid (cortisol) function and metabolism. For detailed description, see text. Cortisol can diffuse across cell
membranes and regulate target protein expression directly via glucocorticoid receptor (GR) or indirectly via other transcription factors (e.g., Sp1). Placental
corticotropin-releasing hormone (CRH) is the major mediator of adaptive response to stressors during pregnancy. Cortisol stimulates placental CRH expression,
which regulates placental hormone levels (e.g., hCG, estrogen, progesterone, and 11β-HSD2). Red arrows indicate inhibiting/negative feedback pathways, while
green arrows indicate stimulating pathways. ABC transporters, ATP-binding cassette transporters; ACTH, adrenocorticotropic hormone; CRH,
corticotropin-releasing hormone; DHEA, dehydroepiandrosterone; GRE, glucocorticoid response element; HSD, hydroxysteroid dehydrogenase; hCG, human
chorionic gonadotropin; pFEC, placental-fetal endothelial cell; PKA, protein kinase A; Sp1, specificity protein 1 transcription factor; STB, syncytiotrophoblast.

Cortisol is required during early pregnancy for the
establishment of gestation (Michael and Papageorghiou,
2008). 11β-HSD1 and GR are localized widely in the decidual
stroma and epithelium, while the distribution of 11β-HSD2
is mainly confined to the decidual epithelium and scarcely
observed in the decidual stroma. Furthermore, 11β-HSD1 is
localized only in the fetal blood vessels in the interstitial core
of the villous tissue but not in the extravillous trophoblast,
CTB and STB. 11β-HSD2 expression is mainly restricted to the
STB. The distribution pattern of 11β-HSD1 suggests that higher
concentrations of cortisol are required on the maternal side than
on the fetal side in early pregnancy (Yang et al., 2016).

Cortisol levels in the maternal circulation rise toward term
(Goldkrand et al., 1976). As steroid hormones use free diffusion
to enter target cells, maternal cortisol reaches placental cells.
Overexposure of the fetus to glucocorticoids during pregnancy
reduces birth weight and can be detrimental to fetal development.

In the human placenta, 11β-HSD2 acts as a major “barrier”
to materno-fetal cortisol transfer as shown in the isolated
perfused placenta (Stirrat et al., 2018). 11β-HSD2 is localized
abundantly in the STB (Yang et al., 2016) and generates a
cortisone-to-cortisol-ratio >1 (Heussner et al., 2016). CRH
and cortisol induce the expression of 11β-HSD2 in isolated
trophoblasts (van Beek et al., 2004; Fahlbusch et al., 2012).
Furthermore, cortisol stimulates hCG production in trophoblasts
(Wang et al., 2014) and the upregulation of 11β-HSD2 expression
in trophoblasts by cortisol may be mediated in part by hCG
(Ni et al., 2009). Nevertheless, the conversion of cortisol is
incomplete and a fraction of cortisol remains unmetabolized (Sun
et al., 1999). The energy-dependent drug-efflux pump ABCB1
may mediate export of glucocorticoids from cells (Uhr et al.,
2002). Studies in BeWo cells suggested that this transporter
could contribute to the placental glucocorticoid barrier (Mark
and Waddell, 2006). ABCB1 is expressed at the apical surface
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of the STB (Ni and Mao, 2011). In CTBs, the glucocorticoid
drugs dexamethasone and betamethasone, significantly induce
the expression of ABCB1 (Manceau et al., 2012). 11β-HSD2
and ABCB1 may thus act together to reduce fetal and placental
exposure to maternal cortisol and thereby minimize the growth
inhibitory action on the fetus (Figure 8).

11β-HSD1 and 2 are key molecules in the production
and metabolism of glucocorticoids. Both are expressed in
the human decidua and placenta and both are related to
a number of pregnancy-associated complications. 11β-HSD1
is implicated in the pathogenesis of metabolic syndrome.
11β-HSD1 expression is altered in preeclampsia as well as
IUGR and gene polymorphisms are associated with hypertensive
disorders of pregnancy. Likewise, reduced 11β-HSD2 activity is
related to preeclampsia, IUGR, and adverse pregnancy outcome
(preterm birth). These interesting studies have been extensively
reviewed in a recent publication (Konstantakou et al., 2017).
Many of the underlying mechanisms causing altered expression
of the enzymes remain to be explored, and additionally suspected
correlations between altered enzyme expression and diseases
such as GDM need to be confirmed. In addition, it remains to be
demonstrated whether gene polymorphisms in 11β-HSD2 could
serve as biomarkers for hypertensive disorders of pregnancy.

SUMMARY AND OUTLOOK

Cholesterol, progesterone, estrogens, and cortisol are required
to establish and maintain pregnancy and ensure healthy fetal
development. The human placenta, located at the interface of
maternal and fetal circulation, has an active role in biosynthesis,
metabolism, and transport of these molecules. Many enzymes and
transporters are involved in these processes but our knowledge
concerning their function and regulation is incomplete. The
placental barrier is composed of trophoblast cells and pFECs.

Few studies have addressed the role of pFECs in placental steroid
handling. The functional interdependence of trophoblasts,
pFECs, and fetal adrenal cells is incompletely understood.
The use of co-culture systems may significantly broaden our
understanding.

Diseases, but also external factors such as high fat diet or
smoking alter the placental steroid metabolism. We need to
explore these alterations and their potential consequences for
fetus or mother. It should be kept in mind that the enzymes
and transporters involved are regulated at multiple levels and by
many endogenous molecules. Thus, whenever possible, mRNA
levels, protein levels and posttranslational modifications should
be examined (Hudon Thibeault et al., 2018). Likewise, when
looking for changes in the concentration levels of steroids or
other substances, subcellular fractionation should be considered
in order not to miss important details (Lassance et al., 2015).
Apart from diseases, we are facing an ever-growing number of
toxic substances in the environment. As the steroid metabolism
of the human placenta is crucial for life long health of fetus and
mother, we should be interested to understand their influence on
the function of the human placenta.
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Neurosteroids, comprising pregnane, androstane, and sulfated steroids can alter
neuronal excitability through interaction with ligand-gated ion channels and other
receptors and have therefore a therapeutic potential in several brain disorders. They
can be formed in brain cells or are synthesized by an endocrine gland and reach the
brain by penetrating the blood–brain barrier (BBB). Especially sulfated steroids such as
pregnenolone sulfate (PregS) and dehydroepiandrosterone sulfate (DHEAS) depend on
transporter proteins to cross membranes. In this review, we discuss the involvement of
ATP-binding cassette (ABC)- and solute carrier (SLC)-type membrane proteins in the
transport of these compounds at the BBB and in the choroid plexus (CP), but also
in the secretion from neurons and glial cells. Among the ABC transporters, especially
BCRP (ABCG2) and several MRP/ABCC subfamily members (MRP1, MRP4, MRP8) are
expressed in the brain and known to efflux conjugated steroids. Furthermore, several
SLC transporters have been shown to mediate cellular uptake of steroid sulfates. These
include members of the OATP/SLCO subfamily, namely OATP1A2 and OATP2B1, as
well as OAT3 (SLC22A3), which have been reported to be expressed at the BBB, in
the CP and in part in neurons. Furthermore, a role of the organic solute transporter
OSTα-OSTβ (SLC51A/B) in brain DHEAS/PregS homeostasis has been proposed.
This transporter was reported to be localized especially in steroidogenic cells of the
cerebellum and hippocampus. To date, the impact of transporters on neurosteroid
homeostasis is still poorly understood. Further insights are desirable also with regard
to the therapeutic potential of these compounds.

Keywords: ATP-binding cassette transporters, blood–brain barrier, dehydroepiandrosterone, DHEAS, neuroactive
steroids, pregnenolone sulfate, solute carriers

INTRODUCTION

Neurosteroids are cholesterol-derived compounds categorized in pregnane neurosteroids (e.g.,
allopregnanolone), androstane neurosteroids (e.g., androstanediol), and sulfated compounds
[PregS and DHEAS] (Reddy, 2010). They can be synthesized in the central nervous system,
or the compounds themselves or precursors can be taken up from the systemic circulation
(Baulieu, 1997; Maninger et al., 2009). One of their main functions in the brain is to modulate

Abbreviations: ABC, ATP-binding cassette; BBB, blood–brain barrier; BCRP, breast cancer resistance protein; CP, choroid
plexus; CSF, cerebrospinal fluid; DHEAS, dehydroepiandrosterone sulfate; E1-3-S, estrone-3-sulfate; GABA, γ-aminobutyric
acid; MRP, multidrug resistance protein; NMDA, N-methyl-D-aspartate; OATP, organic anion transporting polypeptide; OST,
organic solute transporter; PregS, pregnenolone sulfate; SULT, sulfotransferase; TRP, transient receptor potential.
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excitability by interaction with membrane receptors and ion
channels (Reddy, 2010). Accordingly, a therapeutic potential
of these compounds or synthetic analogs has been discussed
for a variety of brain disorders (Reddy, 2010). Local steroid
biosynthesis in rodent and human brain has been studied since
1990s (Baulieu, 1997). Expression of key enzymes (e.g., P450 side-
chain cleavage enzyme, P450c17) has been demonstrated in the
principal neurons of several brain areas and in the microglia and
astrocytes (reviewed in: Maninger et al., 2009; Hojo et al., 2011;
Porcu et al., 2016). However, the relative contributions of the
local synthesis and uptake from blood to CNS levels have still
to be clarified and may vary between different neurosteroids. In
contrast to the lipophilic unconjugated compounds, especially
DHEAS and PregS do not diffuse across membranes at a sufficient
rate due to their hydrophilic sulfate moiety. Therefore, this
review focuses on DHEAS/PregS membrane transporters in the
brain. Both compounds play important roles in age-related
memory and learning. They can be formed from the non-sulfated
precursors by SULTs with SULT2B1b as a major isoform in
the human brain (Salman et al., 2011). The ratio of sulfated
versus non-sulfated neurosteroids in the brain may be decisive,
since sulfation can change the direction of the neuromodulating
activity. While for example some non-sulfated neurosteroids such
as allopregnanolone are potent positive modulators of GABA
type A receptors (for review see Chisari et al., 2010; Reddy, 2010),
DHEAS and PregS have been shown to antagonize the GABA
effect on the GABAA receptor (Seljeset et al., 2015) and to be
potent allosteric agonists at NMDA receptors (Wu et al., 1991;
Monnet et al., 1995). Furthermore, PregS has been shown to
directly activate certain TRP channels (Harteneck, 2013).

DHEAS AND PREGS LEVELS IN
PLASMA, BRAIN, AND CEREBROSPINAL
FLUID (CSF) IN HUMANS

While the serum concentrations of the non-sulfated DHEA
and pregnenolone are in the low nM range in men and
women (Labrie et al., 1997; Kancheva et al., 2011), levels of
DHEAS are much higher with a slight difference between men
(2.3–11.5 µM) and women (1.6–6.2 µM). It should be noted
that here total steroid concentrations were measured. Due to
the high plasma protein binding (95% for DHEAS; Wang and
Bulbrook, 1969) the concentration of the unbound steroids is
accordingly lower. Generally, hormone levels decrease with age,
exhibiting a maximum in young men and women (∼20 years;
Labrie et al., 1997). Total PregS serum levels in adolescence
range between 40 and 140 nM, and increase during pregnancy
and at birth (de Peretti and Mappus, 1983; Kancheva et al.,
2011). In contrast to DHEAS and PregS serum levels, less
information is available on their tissue concentrations in the brain
and in the CSF. In the human brain, region-dependent PregS
concentrations between 5 and 40 nmol/kg have been reported
with the highest levels in the striatum and hypothalamus. DHEAS
concentrations were detected in a similar range with the highest
levels in the striatum and cerebellum (Weill-Engerer et al., 2002).
The CSF concentrations of DHEAS and PregS were much lower

compared to the respective serum levels [serum/CSF ratios: 584
(Preg-conjugates), 19849 (DHEA-conjugates); Kancheva et al.,
2011]. These gradients are due to the fact that both compounds
cannot cross the respective barriers by passive diffusion, but
depend on selective uptake and efflux proteins. ABC- and solute
carrier (SLC)-type transporters may not only be relevant for the
transport at the BBB and the blood–CSF barrier in the CP, but
also for secretion of these compounds from neurons and glial cells
(Figure 1).

TRANSPORTERS THAT MAY PLAY
A ROLE IN THE TRANSPORT
OF NEUROSTEROIDS:
ABC TRANSPORTERS

ATP-binding cassette proteins can mediate a unidirectional
primary active transport of a variety of compounds across
membranes. Among the ABC transporters especially ABCG2,
also known as the BCRP, and several ABCC/MRP subfamily
members are known efflux pumps for conjugated steroids (Suzuki
et al., 2003; Haimeur et al., 2004).

BCRP/ABCG2
BCRP/ABCG2 was initially identified as a non-P-glycoprotein
and non-MRP-type resistance factor from drug-selected cell lines
(Doyle et al., 1998; Miyake et al., 1999). Besides anti-cancer
drugs like mitoxantrone, BCRP actively transports sulfated
steroids such as E1-3-S and DHEAS, but not unconjugated or
glucuronidated steroids (Imai et al., 2003; Grube et al., 2007).
The Km value for E1-3-S calculated in isolated membrane vesicles
was in the low µM range (Table 1). In addition, androgens
such as dihydrotestosterone (DHT) have been identified as BCRP
substrates (Huss et al., 2005). In human brain microvessels,
ABCG2/BCRP transcript (Cooray et al., 2002; Warren et al.,
2009) and protein was detected as one of the most abundant ABC
transporters (Shawahna et al., 2011). Immunohistochemistry
showed it primarily localized at the apical (luminal) side of the
endothelial cells (Cooray et al., 2002; Aronica et al., 2005; Warren
et al., 2009). In addition, it was detected in the apical membrane
of the CP epithelium (Roberts et al., 2008a). Hence, BCRP could
be involved in limiting the penetration of peripheral DHEAS and
other steroids into the brain or facilitating the elimination of
brain-derived DHEAS into blood. The apical localization in the
CP, on the other hand, indicate that here BCRP is able to transport
neurosteroids into the CSF.

Members of the MRP/ABCC Family
Anionic conjugates of lipophilic compounds are typical
substrates for several members of the MRP family. As the
founding member, MRP1 (ABCC1) was identified as second
export pump conferring a multidrug resistance phenotype
besides the MDR1/P-glycoprotein (ABCB1) (Cole et al.,
1992). MRP1 was subsequently shown to preferentially
transport amphiphilic anions, especially conjugates of lipophilic
compounds with glutathione, glucuronate, or sulfate (Jedlitschky
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FIGURE 1 | Schematic illustration of ABC and SLC transporters putatively involved in DHEAS and PregS transport and their proposed localization. (A) Structures of
DHEAS and PregS. (B,C) The ABC proteins BCRP (ABCG2), MRP1, MRP4, and MRP8 (ABCC1, ABCC4, and ABCC11), and the solute carriers OAT3 (SLC22A3),
OATP1A2 (SLCO1A2), OATP2B1 (SLCO2B1), and OSTα/ß (SLC51A/B) may be involved in secretion of sulfated steroids from neurons and glial cells and/or in the
transport across the BBB (B) as well as in transport at the blood–CSF barrier in the CP (C). The arrows indicate the directions of substrate transport. Proteins for
which there is little or controversial evidence for expression and localization in the basal or apical membrane are indicated in light orange and by a dashed line.
Concentration gradients of DHEAS and PregS across the BBB and in the CP are schematically indicated at the right side.

et al., 1996; Loe et al., 1996). MRP1 transports in addition certain
cationic or uncharged compounds, but only in co-transport with
reduced glutathione (GSH; Loe et al., 1996). It also mediates the
transport of E1-3-S and of DHEAS in a glutathione-dependent

manner (Qian et al., 2001; Zelcer et al., 2003) and is expressed in
several tissues (Haimeur et al., 2004). It is also expressed in brain
microvessels (Warren et al., 2009); however, the exact localization
and function has not been finally clarified. It was detected to
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TABLE 1 | ABC and SLC transporters possibly involved in neurosteroid transport in the brain.

Transporter CNS expression
(mRNA and protein analysis)

CNS localization
(immunohistochemistry)

Steroid substrates
(Km value)

ABC Transporters

BCRP (ABCG2) mRNA:
− Total brain1

− Isolated brain microvessels (BMV)2,3

Protein:
− BMV (H, M, Mo, R, P)4,5,6,7,8

− Isolated CP9

BBB: apical (luminal) (H, R);
CP: apical (H, R)2,10,11

E1-3-S (6.8 µM)12,13

DHEAS12

DHT14

MRP1 (ABCC1) mRNA:
− Total brain1

− BMV3

− Isolated CP15

Protein:
− Isolated CP (H, R)9,16

BBB: apical (H, B, M),
Basal (abluminal) (R, M);
CP: basal (H, R)17,18,19,20

E1-3-S (+GSH)21

DHEAS (+GSH) (5 µM)22

E2-17βG (1.5 µM)23

MRP4 (ABCC4) mRNA:
− Total brain1

− BMV3

− Isolated CP15

Protein:
− BMV (H, M, Mo, R)4,5,6,7

− Isolated CP9

BBB: apical (H, M, R),
Apical + basal (B);
CP: basal (H, R);
Astrocytes3,11,19,20,24

DHEAS (2 µM)22

E2-17βG (30 µM)22,25

MRP8 (ABCC11) mRNA:
− Total brain1

Neurons (axonal;
cerebellum, cortex)26

E1-3-S (>150 µM)27

DHEAS (13–21 µM)26,27

E2-17βG (63 µM)27

SLC Transporters

OATP1A2 (SLCO1A2) mRNA:
− Total brain1

Protein:
− BMV (M, Mo)5,6

BBB: luminal; amacrine
neurons28,29,30,31

DHEAS (7 µM)32

E1-3-S (16 µM)31

OATP2B1 (SLCO2B1) mRNA:
− Total brain1

Protein:
− Brain capillary cells31

− BMV (M)6

BBB: luminal; CP
(ependymal cells) (R);
amacrine neurons11,29,30,33

E1-3-S (5–21 µM)34,35

DHEAS (9 µM)35 PregS36

OATP3A1 (SLCO3A1) mRNA:
− Total brain1

Protein:
− Isolated CP9

− BMV (P)8

CP; neurons37 E1-3-S38

OAT3 (SLC22A3) mRNA:
− Total brain1

Protein:
− Isolated CP9

− BMV (R)7

BBB: basal (R);
CP: basal (H, R)39,40,11,41

E1-3-S (8.8 µM)42

DHEAS42

OSTα-OSTβ (SLC51A/B) Neurons (cerebellum,
Hippocampus; Purkinje cells)43

DHEAS (1.5 µM)43

PregS (6.9 µM)43

Unless otherwise specified, the data refer to human tissue and transporter protein. B, bovine; BBB, blood–brain barrier (capillary endothelial cells); BMV, isolated brain
microvessels; CP, choroid plexus; DHEAS, dehydroepiandrosterone sulfate; DHT, dihydrotestosterone; E1-3-S, estrone-3-sulfate; E2-17βG, estradiol-17β-glucuronide; H,
human; M, mouse; Mo, monkey; P, pig; R, rat; PregS, pregnenolone sulfate. 1Nishimura and Naito, 2005; 2Cooray et al., 2002; 3Warren et al., 2009; 4Shawahna et al.,
2011; 5 Ito et al., 2011; 6Uchida et al., 2011; 7Hoshi et al., 2013; 8Kubo et al., 2015; 9Uchida et al., 2015; 10Aronica et al., 2005; 11Roberts et al., 2008a; 12Grube et al.,
2007; 13 Imai et al., 2003; 14Huss et al., 2005; 15Niehof and Borlak, 2009; 16Gazzin et al., 2008; 17Rao et al., 1999; 18Wijnholds et al., 2000; 19Nies et al., 2004; 20Zhang
et al., 2004; 21Qian et al., 2001; 22Zelcer et al., 2003; 23Jedlitschky et al., 1996; 24Leggas et al., 2004; 25Chen et al., 2001; 26Bortfeld et al., 2006; 27Chen et al., 2005;
28Gao et al., 2000; 29Bronger et al., 2005; 30Gao et al., 2015; 31Lee et al., 2005; 32Kullak-Ublick et al., 1998; 33Ji et al., 2012; 34Pizzagalli et al., 2003; 35Hagenbuch
and Stieger, 2013; 36Grube et al., 2006; 37Huber et al., 2007; 38Tamai et al., 2000; 39Alebouyeh et al., 2003; 40Kikuchi et al., 2003; 41Mori et al., 2003; 42Burckhardt,
2012; 43Fang et al., 2010.

be luminal in humans, bovine, and murine brain (Nies et al.,
2004; Zhang et al., 2004), but also localization at the basolateral
(abluminal) membrane was described in mice and rats (Kilic
et al., 2008; Roberts et al., 2008a). Some groups did not detect
MRP1 protein in human brain capillaries at all (Rao et al., 1999;
Aronica et al., 2005). Because of the inconsistent and low-level

expression, the relevance of this transporter at the BBB is so
far unclear. It may play a more important role in the CP. Here,
MRP1 mRNA was detected in rat and human tissue (Gazzin et al.,
2008; Niehof and Borlak, 2009) and the protein was localized
at the basolateral membrane (Rao et al., 1999; Wijnholds et al.,
2000; Gazzin et al., 2008). Thus, it may be involved in the efflux
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of conjugated steroids from the CSF into blood. In addition,
MRP1 mRNA was detected in cultured rat and human astrocytes
(Hirrlinger et al., 2001; Spiegl-Kreinecker et al., 2002). However,
the protein could not been detected in human glial cells or
neurons in immunohistochemical studies (Nies et al., 2004;
Aronica et al., 2005). MRP1 and MRP2 (ABCC2) share a similar
substrate spectrum, but MRP2 is mainly expressed in polarized
epithelial cells (Keppler, 2011). Immunostaining at the apical
membrane in brain capillaries was described in rats (Miller
et al., 2000), but was not observed in human and bovine brain
(Nies et al., 2004; Zhang et al., 2004). Similarly, MRP3 (ABCC3)
protein was not detected in human brain (Nies et al., 2004).

A more relevant efflux transporter for conjugated steroids in
the brain may be MRP4/ABCC4, which exhibits a unique broad
substrate specificity. MRP4 shows the remarkable capacity to
transport cyclic nucleotides and MRP4 has been established as an
independent regulator of intracellular cAMP levels in several cell
types (Ritter et al., 2005; Jedlitschky et al., 2012; Belleville-Rolland
et al., 2016). Furthermore, MRP4 transports lipid mediators such
as prostanoids and conjugated steroids. DHEAS is transported
by MRP4 in a glutathione-independent manner and with high
affinity (Km of 2 µM; Zelcer et al., 2003). It is expressed in
several tissues especially in the prostate, kidney, blood cells,
and brain (Kool et al., 1997; Haimeur et al., 2004; Nishimura
and Naito, 2005; Niehof and Borlak, 2009; Warren et al., 2009;
Shawahna et al., 2011). Here, it was localized apically in human,
rodent and bovine capillaries (Nies et al., 2004; Leggas et al.,
2004; Zhang et al., 2004; Roberts et al., 2008a). An additional
detection at the basolateral membrane was only described in
bovine brain (Zhang et al., 2004). MRP4 expression was also
detected in human CP (Niehof and Borlak, 2009; Uchida et al.,
2015) and it was localized to the basolateral membrane in human
and murine tissue (Leggas et al., 2004). Moreover, it is expressed
in glial cells. Immunofluorescence studies in the human brain
revealed staining mainly in astrocytes of the subcortical white
matter (Nies et al., 2004). Since glial cells are able to synthesize
neurosteroids, MRP4 may account for the efflux of DHEAS
and other neurosteroids from these cells for a paracrine action.
Astrocytes play a critical role for the development and function of
neurons and these cells in turn are regulated by steroid hormones
as progesterone and DHEA (Acaz-Fonseca et al., 2016; Arbo et al.,
2016). At the BBB and the CP, MRP4 may contribute to the
transport of sulfated steroids from brain and CSF into blood.

A further member of the MRP family, the MRP8 (ABCC11)
may be relevant with respect to neurosteroid transport. MRP8
was shown to transport DHEAS in isolated membrane vesicles
with a Km value of 13–21 µM, whereas the Km was above
150 µM for MRP8-mediated transport of E1-3-S (Chen et al.,
2005; Bortfeld et al., 2006). In immunofluorescence studies, it
was detected preferentially in the white matter of the cortex
and cerebellum and co-localized with neurofilaments indicating
localization in neuronal axons (Bortfeld et al., 2006). In addition,
weak immunostaining was detected in the gray matter and also in
the axons of peripheral neurons. The axonal localization implies
that MRP8 can mediate presynaptic efflux of neurosteroids
from neurons and thus could directly participate in modulating
postsynaptic neurotransmitter receptors (Bortfeld et al., 2006).

Uptake (SLC) Transporters
Besides ABC-type efflux transporters, neurosteroid
concentrations in the brain may also be modulated by uptake
transporters. Since several members of the SLC superfamily have
been identified as uptake transporters for steroid conjugates in
general, these transporters are interesting candidates for the
transport of neurosteroids. In fact, several SLCs have been shown
to mediate cellular uptake of DHEAS and PregS.

Members of the OATP/SLCO Family
Among the SLC transporters, the OATP (SLCO) family is
probably the most interesting one in this context. In humans, 11
SLCO transporters exist, organized in six families (Hagenbuch
and Stieger, 2013). The physiological substrate profile of the
OATP transporters comprises a wide variety of endogenous
organic anions including bile acids, bilirubin, thyroid hormones,
and prostaglandins (Hagenbuch and Stieger, 2013). In addition,
OATPs transport steroid hormone conjugates like E1-3-S (nearly
all OATPs) or estradiol-17β-glucuronide (OATP1A2, OATP1B1,
OATP1B3, OATP1C1, and OATP4A1) and the neurosteroid
DHEAS (OATP1A2, OATP1B1, OATP1B3, and OATP2B1)
(Hagenbuch and Stieger, 2013). The affinity of these transporters
toward DHEAS was slightly above (OATP1B1 and OATP1B3)
or in the range (OATP2B1 and OATP1A2) (Table 1) of
the physiological plasma concentration (1.6–11.5 µM; Labrie
et al., 1997) indicating an in vivo relevance of these findings.
OATP1B1 and OATP1B3 are almost exclusively expressed in
the human liver. Here, they are responsible for cellular uptake
as a prerequisite for hepatic metabolism and elimination. In
turn, the expression and function of these transporters affect
systemic DHEAS levels as shown by enhanced DHEAS levels
in monkeys and rats after treatment with the unspecific OATP
inhibitor rifampicin (Watanabe et al., 2015; Nishizawa et al.,
2017). Assuming a DHEAS transport/uptake from the blood into
the brain/CSF (Kancheva et al., 2010), changes in DHEAS plasma
concentration might indirectly influence the concentration in
these compartments. Therefore, OATPs localized in the BBB
and/ or the CP are of special interest. Indeed, OATP1A2,
OATP1C1, OATP2B1, and OATP3A1 have been detected in
these structures in humans (Kullak-Ublick et al., 1998; Pizzagalli
et al., 2002; Huber et al., 2007; Roberts et al., 2008b; Ji et al.,
2012). Since OATP1C1 is a thyroid hormone transporter and
the function of OATP3A4 is only poorly understood, at present
OATP1A2 and OATP2B1 are probably the most interesting
members concerning neurosteroid transport in the brain. Both
proteins are expressed in the endothelial cells of the BBB
presumably in the luminal membrane predisposing them as
transporters for uptake into the brain (Gao et al., 2000; Bronger
et al., 2005; Lee et al., 2005). In addition, OATP1A2 and
OATP2B1 are also expressed in other CNS cell types. While
both transporters have been identified in amacrine neurons of
the retina, OATP1A2 was additionally found in hippocampal
pyramidal and granule cells (Gao et al., 2015). Besides DHEAS,
PregS levels in the brain may also be influenced by uptake
transporters in the BBB, even though plasma concentrations
of PregS were up to two orders of magnitude below the
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DHEAS levels (Sanchez-Guijo et al., 2015). Like for DHEAS,
OATP-transporters are interesting candidates in this context.
While PregS significantly inhibits OATP2B1 function (St Pierre
et al., 2002; Grube et al., 2006) first reports indicated no direct
transport of PregS by this transporter (Pizzagalli et al., 2003;
Grube et al., 2006). Interestingly, OATP2B1-mediated transport
of E1-3-S and DHEAS was stimulated by steroid hormones like
progesterone (Grube et al., 2006; Koenen et al., 2012). Under
these conditions, PregS was also transported by OATP2B1 (Grube
et al., 2006). PregS transport by other OATPs has not been
studied so far. With regard to the CP only limited information
is available about OATP expression and function in humans. In
a recent LC-MS/MS-based study examining transporter protein
expression in this structure, only OATP3A1 was detected, while
OATP1A2 and OATP1C1 were below the detection limit and
OATP2B1 was not analyzed (Ji et al., 2012). This finding was
quite surprising, since in animal models several OATPs have been
detected in the CP and shown to be involved in the neurosteroid
transport into the liquor (Asaba et al., 2000; Choudhuri et al.,
2003; Ji et al., 2012). Due to the limited information available, the
significance of OATP3A1 in this context cannot be conclusively
assessed. However, a transport of E1-3-S has also been shown
for the OATP3A1 and two splice variants of the transporter are
selectively expressed in the apical and basal membrane of the
ependymal cells of the CP (Tamai et al., 2000; Huber et al., 2007).

Other Organic Anion Transporters
(OSTα-OSTβ, OATs)
Besides OATPs, an interaction of neurosteroids (mainly DHEAS
and PregS) with several further organic anion transporters
has been reported. For example, both sulfated neurosteroids
have been shown to be transported with high affinity by the
organic solute transporter OSTα-OSTβ [Km: 1.5 µM (DHEAS)
and 6.9 µM (PregS)] (Fang et al., 2010). The heterodimer
OSTα-OSTβ is a relatively new member of the SLC family
(SLC51) and encoded by two genes (SLC51A and SLC51B).
Like OATPs, the transport mechanism is facilitated diffusion;
therefore OSTα-OSTβ-mediated transport is dependent on the
electrochemical gradient of its substrates (Ballatori et al., 2013).
In the human brain, the transporter is expressed in Purkinje cells
and hippocampal neurons (Fang et al., 2010). Both regions are
well known for their function in the process of learning and
memory, and hippocampal neurons have been suggested as a
target site for PregS action (Akwa et al., 2001).

A third group of SLC transporters involved in the CNS
distribution of sulfated neurosteroids are the organic anion
transporters (OATs), which are part of the SLC22A branch
(Burckhardt, 2012). The pivotal role of these transporters is the

excretion of water-soluble organic anions in the kidney. However,
selected members are also present in other organs including the
brain (Burckhardt, 2012). In the brain OAT3, is probably the most
interesting member of this family. The transporter is expressed
in the BBB as well as the CP (Alebouyeh et al., 2003; Kikuchi
et al., 2003; Uchida et al., 2015). In a mouse model, OAT3 was
characterized as the DHEAS transporter in part responsible for
the DHEAS efflux across the BBB (Miyajima et al., 2011). Besides
OAT3, mRNA expression of OAT1 and OAT2 has also been
shown for the human brain (Lopez-Nieto et al., 1997; Alebouyeh
et al., 2003; Cropp et al., 2008); however, protein data for these
transporters are limited.

CONCLUSION AND PERSPECTIVES

The detailed functions of the described ABC and SLC
transporters in brain are still poorly understood. Even data
on the expression and localization, e.g., at the BBB are often
controversial. Knock-out mice of the ABC and some SLC
transporters are available, but have been mainly used to study
the role of these transporters for brain penetration of certain
drugs (Dallas et al., 2006; Chaves et al., 2014). These studies
are in part hampered by overlapping substrate specificities of
several transporters and with respect to neurosteroids by the
fact of negligible levels of sulfated steroids in rodent brain
(Liu et al., 2003; Liere et al., 2009). Furthermore, a number
of functional genetic variants in several transporter genes are
known (Bruhn and Cascorbi, 2014); however, their impact on
neurosteroid transport is so far largely unknown. Variations in
transporter function may affect concentrations and action of
several neurosteroids in brain. Therefore, a better understanding
of these processes is an important aspect also in the context of a
possible therapeutic use of these compounds.
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Endometrial and ovarian cancers predominately affect women after menopause, and

are more frequently observed in developed countries. These are considered to be

hormone-dependent cancers, as steroid hormones, and estrogens in particular, have

roles in their onset and progression. After the production of estrogens in the ovary

has ceased, estrogen synthesis occurs in peripheral tissues. This depends on the

cellular uptake of estrone-sulfate and dehydroepiandrosterone-sulfate, as the most

important steroid precursors in the plasma of postmenopausal women. The uptake

through transporter proteins, such as those of the organic anion-transporting polypeptide

(OATP) and organic anion-transporter (OAT) families, is followed by the synthesis and

action of estradiol E2. Here, we provide an overview of the current understanding of

this intracrine action of steroid hormones, which depends on the availability of the

steroid precursors and transmembrane transporters for precursor uptake, along with

the enzymes for the synthesis of E2. The data is also provided relating to the selected

transmembrane transporters from the OATP, OAT, SLC51, and ABC-transporter families,

and the enzymes involved in the E2-generating pathways in cancers of the endometrium

and ovary. Finally, we discuss these transporters and enzymes as potential drug targets.

Keywords: sulfatase, aromatase, 17beta-hydroxysteroid dehydrogenase, transporters, OATP, ABC-transporter

HORMONE-DEPENDENT CANCERS

Steroid hormones have important roles in human physiology, and the disruption of androgen,
estrogen, and progesterone actions are implicated in the development of hormone-dependent
cancers and benign hormone-dependent diseases. Hormone-dependent cancers include prostate,
breast, endometrial, and ovarian cancers, which comprise more than 20% of all cancers in humans,
and more than 35% of cancers in women (Ferlay et al., 2013). Indeed, in women, breast cancer is
the most frequent cancer in the developed world. In 2012, 1,671,149 new cases of breast cancer
were estimated worldwide, with 521,907 associated deaths. In the developed world, endometrial
cancer is the most common among gynecological cancers. Worldwide, there were 319,605 new
cases and 76,160 deaths from endometrial cancer in 2012 alone (Ferlay et al., 2013). The most
deadly of the hormone-dependent cancers is ovarian cancer. Worldwide, there were 238,719 new
cases and 151,905 deaths from ovarian cancer in 2012 (Ferlay et al., 2013).
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Cancers of the endometrium and ovary predominately affect
women after menopause, and they are more frequently observed
in developed countries. These enormous numbers of patients
and deaths attributed to these hormone-dependent diseases
demonstrate the uttermost importance of detailed understanding
of their pathophysiology, including the roles of the steroid
hormones.

Endometrial Cancer and Steroid Hormones
Endometrial cancer is the fourth most prevalent among all
cancers, and the eighth most deadly cancer in North American
and European women (Ferlay et al., 2013). The incidence of
endometrial cancer is also increasing, with more patients from
the premenopausal and peri-menopausal population (Sanderson
et al., 2017). Based on its histopathology, clinical manifestation,
and epidemiology, endometrial cancer cases can be classified
into two groups. Estrogen-dependent type I endometrial cancer
with endometrioid or mucinous histology includes 70–80%
of all cases. Type II endometrial cancer is characterized by
serous papillary or clear-cell histology, originates from atrophic
endometrium, and develops from intraepithelial carcinoma
(Amant et al., 2005; Ryan et al., 2005). Type II endometrial cancer
includes 20% of all cases, and it is usually considered as estrogen
independent.

Endometrial cancers also differ in their genetic alterations.
Type I tumors are commonly associated with microsatellite
instability and mutations in the PTEN, PIK3CA, K-RAS,
CTNNB1, and FGFR genes (Yeramian et al., 2013). Type II
endometrial cancers are associated with inactivation of the TP53
and TP16 genes, and with amplification of the ERBB, CCND1,
and CCNE1 genes (Yeramian et al., 2013; Murali et al., 2014).
Based on the recent integrated genomic characterization of
endometrial cancer, its classification into four categories has been
suggested: (i) cancers with mutations in DNA polymerase ε; (ii)
hypermutated cancers with microsatellite instability; (iii) cancers
with low frequency of DNA amplifications; and (iv) cancers with
high frequency of DNA amplifications (Kandoth et al., 2013). The
first three groups comprise endometrioid endometrial cancers,
and the last group includes serous and endometriod types of
endometrial cancers (Kandoth et al., 2013). The endometrioid
types have usually been considered as type I endometrial cancers,
while the poorly differentiated endometrioid endometrial cancer
(grade 3) was recently classified as type II endometrial cancer
(Murali et al., 2014).

Epidemiological studies have identified several risk factors for
the development of endometrial cancer, which include obesity
(Jenabi and Poorolajal, 2015), estrogen-only therapy, early
menarche, late menopause, and nulliparity, among others. Recent
studies have shown that both type I and type II endometrial
cancers share several risk factors (Setiawan et al., 2013), and
patients with these cancers show no difference in E2 and
progesterone blood levels, which suggest similar pathogenesis
(Wan et al., 2016). Obesity is an important risk factor for the
development of endometrial cancer. It is associated with higher
levels of circulating estrogens in postmenopausal women, as
adipose tissue can serve as a source of estrogens that are formed
from inactive precursors of adrenal or ovarian origin (Blouin

et al., 2009). Additionally, the high-risk population includes
patients treated with tamoxifen. This is the standard therapy for
the majority of the 1.6 million breast cancer patients identified
yearly worldwide (Ferlay et al., 2013), and also for patients with
Lynch syndrome, with over one million cases in Europe alone
(Hampel and de la Chapelle, 2011).

Most of the risk factors for the development of endometrial
cancer can be explained by the unopposed estrogen hypothesis.
According to this hypothesis, the exposure to endogenous or
exogenous estrogens in the absence of progesterone or synthetic
progestins increases the proliferation of endometrial cells and
the concurrent DNA replication errors. This can result in
somatic mutations and malignant transformations (Henderson
and Feigelson, 2000; Akhmedkhanov et al., 2001). In endometrial
cancer, estrogens drive proliferation via estrogen receptor α

(ERα), which belongs to the superfamily of nuclear receptors
and is encoded by ESR1. The presence of ERα is related to
early-stage cancer, while a shift in the ratio between ERα

and estrogen receptor β (ERβ) or loss of ERα are associated
with shorter disease-free survival (Saegusa and Okayasu, 2000;
Sakaguchi et al., 2002; Hu et al., 2005; Mylonas, 2010; Zannoni
et al., 2013). Progesterone opposes the action of estrogens and
stimulates differentiation, as supported by association of the
genetic variations in genes that encode the PRA and PRB
progesterone receptors with increased risk of endometrial cancer
(Lee et al., 2010).

Epidemiological evidence suggests that also elevated blood
levels of androgens, including testosterone, androstenedione,
and dehydroepiandrosterone-sulfate (DHEA-S), are associated
with greater risk of endometrial cancer (Lukanova et al.,
2004). Significantly increased serum concentrations of DHEA,
androstenedione, and testosterone were seen in patients with
type I endometrial cancer when compared to healthy women
(Audet-Walsh et al., 2011). Interestingly, an epidemiological
study in premenopausal women revealed no associations between
androgens and endometrial cancer (Clendenen et al., 2016).
The importance of androgens as etiological factors has been
supported also by the expression of the androgen receptor and
the presence of androgen-metabolizing enzymes in well and
moderately differentiated endometrial cancer (Gibson et al.,
2014). However, in contrast to epidemiological studies, these
in-vitro reports have suggested protective effects of androgens.
Currently, the role of androgens in endometrial cancer is thus not
well-defined, although higher blood concentrations of androgens
seen in patients with type I endometrial cancer, together with the
presence of the androgen receptor and androgen-metabolizing
enzymes in tissue samples, have suggested that androgens do
not serve only as precursors of estrogens, but probably have
discrete roles in the pathophysiology of this gynecological
cancer.

Ovarian Cancer and Steroid Hormones
Ovarian cancer is a heterogeneous disease that encompasses
five major types of tumors that show different etiologies, risk
factors, origins, molecular features, and clinical behaviors. These
tumors are mainly derived from non-ovarian tissues that have
colonized the ovaries. As much as 90% of all ovarian cancers
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are epithelial ovarian cancers. With a frequency of 70%, the
most common ovarian cancer is high-grade serous carcinoma
(which originates from serous tubal intraepithelial carcinomas
in the Fallopian tubes). This is followed by endometrioid
carcinoma and clear-cell carcinoma (both of which originate
from endometrial cells), at 10% frequency each, and then low-
grade serous carcinoma (which originates from benign lesion
in the ovary) and mucinous carcinoma (which originates from
gastrointestinal tissue), at 5% of all epithelial cancers (Binder
et al., 2015; Prat, 2015; Ramalingam, 2016). High-grade serous
ovarian carcinoma carries TP53 mutations, while low-grade
serous ovarian carcinoma has wild-type TP53, but mutations in
K-RAS, B-RAF, and other oncogenes (Rojas et al., 2016). Most
patients with ovarian cancer are diagnosed with advanced stage
disease and consequently have poor prognosis. Only 46% of these
patients survive for 5 years, and compared to other cancers, the
overall survival has not increased significantly in the last 40 years
(Bast, 2011).

Data from epidemiological studies suggest that ovarian cancer
depend on estrogens, although the precise roles of estrogens
have not yet been defined (Chura et al., 2009a). Epidemiological
studies (Women’s Health Initiative and Million Women Study)
(Anderson et al., 2003; Beral et al., 2007, 2015) have indicated
that both estrogen only and combined estrogen–progestin
hormone replacement therapies increase the risk of serous and
endometrioid ovarian cancer, but not of other types. Also, genetic
susceptibility studies have supported estrogens in the etiology of
ovarian cancer, as a single nucleotide polymorphism (SNP) in
the ESR2 gene, which codes for ERβ, and which is considered
a tumor suppressor, is associated with significantly increased
risk of ovarian cancer (Lurie et al., 2011). Moreover, in clinical
samples of ovarian cancer, ERα is widely expressed, while the
levels of ERβ expression are progressively lost during ovarian
cancer progression toward metastatic tumors (Rutherford et al.,
2000). Estrogens have also been reported to stimulate ovarian
cancer proliferation and to increase metastatic potential (Bai
et al., 2000; Park et al., 2008).

The observed beneficial effects of pregnancy and
increased incidence of ovarian carcinoma among women
with progesterone deficiency (Diep et al., 2015) imply that
progesterone and progestins might prevent the development
of ovarian cancer (Modan et al., 1998; Ho, 2003; Modugno
et al., 2012; Jeon et al., 2016). Protective effects of progesterone
have also been supported by the reduced PRA levels in ovarian
carcinoma compared to benign ovarian tissue (Ho, 2003). On
the other hand, a SNP in the PGR gene that influences the
levels of the encoded PRA and PRB does not affect the risk
of ovarian cancer (Pearce et al., 2008; Modugno et al., 2012).
Some epidemiological studies have indicated that circulating
androgens might also have roles in ovarian cancer, while other
studies have not supported androgens as an etiological factor (for
review, see Modugno et al., 2012).

The epidemiological data on the involvement of steroid
hormones in the etiology of ovarian cancer are thus currently
inconclusive, and in some cases contradictory. As ovarian cancer
predominately affects women after menopause, it might be
explained by a greater importance of steroid biosynthesis from

adrenergic precursors and their actions in tumor tissue compared
to the circulating hormone levels (Modugno et al., 2012). This is
supported by the presence and activity of androgen and estrogen
biosynthetic enzymes in epithelial ovarian cancer (Chura et al.,
2009b).

INTRACRINE ACTIONS OF STEROID
HORMONES

In higher primates and humans, steroid hormones act in
endocrine, paracrine, autocrine, and intracrine manners. In these
species, steroid hormones are formed in the endocrine glands
and also in peripheral tissues, from inactive precursors of adrenal
origin or de-novo from cholesterol. The biosynthesis and actions
of steroid hormones in humans thus differ importantly from the
situation in animal models, where steroid hormones are formed
exclusively in the endocrine glands and act in the target tissues
(Luu-The and Labrie, 2010). In humans, steroid hormones thus
act in the same (i.e., intracrine, autocrine) or the neighboring
(i.e., paracrine) cell(s) where they are formed. Steroid hormones
that are formed in a particular cell can activate the corresponding
intracellular receptors of the nuclear receptor superfamily, which
act as transcription factors. The activated receptor dimer then
binds to the hormone-responsive elements of DNA, which is
followed by binding of co-activators/co-repressors and other
indispensable components of the transcription machinery. In
this manner, steroid hormones regulate the expression of the
target genes over a time period of hours or days (for review,
see Hewitt et al., 2016). As genes that encode steroid hormone
receptors have several transcripts and splice variants, this brings
additional complexity to their mechanisms of action (for review,
see Prossnitz and Barton, 2011; Thomas and Gustafsson, 2011;
Hattori et al., 2016).

Steroid hormones can also activate membrane-bound
receptors, in terms of the covalently modified, palmitoylated
classical receptors of the nuclear receptor superfamily
(Levin, 2011), or G-protein-coupled receptors (Prossnitz
et al., 2008), or newly identified membrane receptors
(Romero-Sánchez et al., 2008). In this manner, they
activate intracellular signaling pathways, and can thus have
rapid effects that occur in the time frame of minutes or
hours.

It has been known for more than 30 years that steroid
hormones can be formed from inactive steroid precursors
in target peripheral tissues. The terms intracrine action
and intracrinology were coined by Labrie to describe the
mechanism of action where steroids are formed in the same
cell in which they exert their action (Labrie, 1991). Active
androgens and estrogens can be formed from inactive or less
active precursor steroid hormones, mainly DHEA, DHEA-S,
androstenedione, and estrone-sulfate (E1-S). The local formation
of steroid hormones thus has major roles in both normal
tissues, such as breast, muscle, skin, and bone (Suzuki
et al., 2005), and also in hormone-dependent tumor tissues,
which comprise up to 20% of all cancers (Ferlay et al.,
2013).
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DHEA-S as a Precursor for Androgen and
Estrogen Formation
Humans and other primates are unique in that their adrenal
glands (zona reticularis) produce large quantities of the inactive
steroid precursors DHEA, DHEA-S, and androstenedione, which
can be metabolized in peripheral tissues into active androgens
and estrogens. These reactions depend on the presence of
androgen and estrogen forming and inactivating enzymes (Labrie
et al., 1998, 2015). In this manner peripheral target tissues can
control and adjust the formation and inactivation of steroid
hormones according to local requirements.

Labrie et al. (1998) estimated that 30–50% of androgens
in men in their 50 and 60 s are formed in peripheral tissues
from inactive precursors from the adrenal gland, mainly as
DHEA and DHEA-S. In women after menopause, intracrine
formation is even more important, with up to 100% of estrogens
formed from the adrenal precursors DHEA and DHEA-S,
and de-novo synthesis of the androgen androstenedione from
cholesterol in the ovaries (Labrie et al., 1998; Fogle et al.,
2007).

Serum concentrations of DHEA change through life, with
production of DHEA andDHEA-S increasing during adrenarche,
after the age of 6–8 years. These increased circulating levels
of DHEA and DHEA-S are then maintained for two decades,
before they start to decline after the third decade of life (Labrie
et al., 1997). The levels of DHEA thus regress with advanced
age, where the rate of this regression differs among races; e.g.,
lower decreases in circulating DHEA-S levels have been reported
in Japanese women compared to Caucasians (Crawford et al.,
2009). In spite of this decline, the plasma concentrations of
DHEA andDHEA-S in adult men andwomen are still 200–3,000-
fold higher than those of testosterone, 2,000–20,000-fold higher
than those of 5α-dihydrotestosterone (5αDHT), and 30,000–
800,0000-fold higher than those of estradiol (E2) (Labrie et al.,
1998; Audet-Walsh et al., 2011; Giton et al., 2011) (Table 1), with
large inter-individual variability seen. Interestingly, increased
concentrations of DHEA-S have been reported for menopausal
transition, which might be related to the rise of luteinizing
hormone (Yasui et al., 2012).

In postmenopausal women, the daily production of DHEA
is 6–8 mg, with about 50% of this originating from the adrenal
gland, 20% from the ovarian theca cells, and the remaining 30%
from the circulating DHEA-S, through the action of sulfatase
(Yasui et al., 2012). In these women, plasma concentrations of
DHEA and DHEA-S are relatively high; at approximately 6.6
nM and 1.6 µM, respectively (Table 1). In contrast, plasma
concentrations of E1 and E2 are much lower, at 60 and 12–15
pM, respectively. DHEA and DHEA-S can serve as sources for
the local formation of androgens and estrogens. In peripheral
tissues, E2 can be synthesized from adrenal DHEA and DHEA-
S, and also from adrenal or ovarian androstenedione (Figure 1).
Androstenedione formed from DHEA or DHEA-S can be
further activated to testosterone, by the action of 17-ketosteroid
reductase type 5, which is better known as aldo-keto reductase
1C3 (AKR1C3). Testosterone can also be further activated to the
most potent androgen 5α-DHT, by 5α-reductases type 1 and 2
(Figure 1). In patients with endometrial cancer, plasma DHEA,

and androstenedione concentrations are increased (Audet-Walsh
et al., 2011) and are related to increased risk of endometrial
cancer (Potischman et al., 1996; Lukanova et al., 2004). Also, a
strong association between DHEA-S and breast cancer risk has
been reported (Key et al., 2002), while no association with DHEA
or androstenedione was seen for ovarian cancer (Modugno et al.,
2012).

Estrone Sulfate as a Precursor for
Estrogen Formation
Estrone-sulfate (E1-S) represents the most abundant estrogen
in the peripheral blood and an important steroid precursor
for estrogen formation after activation by sulfatase (STS)
and 17-ketosteroid reductases (HSD17B1, HSD17B7, or
HSD17B12) (Figure 1), with relatively high concentrations
in postmenopausal women (0.5–0.6 nM). E1-S levels are
associated with high body mass index (Jasonni et al., 1984),
which implies that E1-S originates mainly from adipose tissue.
Indeed, high concentrations of E1-S have been reported for
visceral adipose tissue as compared to blood, where local
concentrations are up to 60-fold higher compared to serum
(Labrie, 2003).

About 3-fold higher E1-S plasma concentrations were
reported for postmenopausal patients with endometrial cancer
type I, compared to control healthy women, while no significant
difference was seen between endometrial cancer type II and
healthy women (Audet-Walsh et al., 2011). This suggests that in
type I endometrial cancer, E1-S might represent a source for local
E2 formation, or might reflect increased metabolism of estrogens
in cancer tissue. The levels of E1-S are significantly decreased in
patients with endometrial cancer with less-differentiated tumors
and in patients with myometrial invasion and lympho-vascular
space invasion. On the other hand, the circulating levels of E1-S
are 2-fold higher in recurrent cases compared to non-recurrent
cases (Audet-Walsh et al., 2011). Also, in ovarian cancer, E1-
S may serve as a precursor for biosynthesis of E2. Chura et al.
(2009a) reported that the great majority of epithelial ovarian
cancer samples show E1 sulfatase activity and 17-ketosteroid
reductase activity, which promote the activation of E1-S to the
most potent estrogen E2. Additionally, ovarian cancer cell lines
have capacity for metabolism of E1-S to E1 and E2 (Ren et al.,
2015).

DHEA-S and E1-S can serve as precursors for active
steroid hormones. Although the levels of DHEA-S and E1-
S decrease after menopause, serum concentrations of these
precursors in postmenopausal women are sufficient for the
local formation and actions of steroid hormones. To reach the
sites of intracrine or paracrine action, DHEA-S and E1-S have
to cross several biological membranes. First, they have to be
extruded from their site of synthesis, and when they reach
the peripheral tissue, they have to be taken up by individual
cells.

Transporters for DHEA-S and E1-S
The key determinants of the efflux and uptake of
DHEA-S and E1-S are the membrane proteins known as
ATP-binding-cassette (ABC)-transporters (Ween et al., 2015),
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organic anion-transporting polypeptides (OATPs) (Obaidat
et al., 2012; Roth et al., 2012), organic anion transporters (OAT)
(Burckhardt and Burckhardt, 2011), and transporters encoded by
the members of solute carrier family 51 (SLC51) (Ballatori et al.,
2013) (Table 2). In peripheral tissues, these uptake transporters
have crucial roles in providing the steroid precursors for local
androgen and estrogen formation.

Organic Anion-Transporting Polypeptides
The OATPs are encoded by genes of the solute carrier for
organic anions (SLCO) family, where this OATP/SLCO family
comprises 11 members in humans. OATPs have been detected
in various cells and tissues of the human body (Roth et al.,
2012). Some OATPs, like OATP1A2, OATP2B1, and OATP4A1,
are ubiquitous, while OATP1B1 and OATP1B3 are restricted
to hepatocytes (Hagenbuch and Stieger, 2013). However, under
pathological conditions, such as in cancers, the OATP expression
pattern is changed (Obaidat et al., 2012). OATPs are anion
exchangers that mediate the cellular uptake of large (>300 Da)
organic, mostly negatively charged, molecules in a Na+- and
ATP-independent manner (Roth et al., 2012). Their physiological
substrates are bilirubin, bile acids, prostaglandins, thyroid
hormones, and conjugated steroid hormones, such as DHEA-
S and E1-S. OATP1A2, OATP1B1, OATP1B3, and OATP2B1
mediate the uptake of DHEA-S, while OATP1A2, OATP1B1,
OATP1B3, OATP2B1, OATP4A1, and OATP4C1 catalyze the
uptake of E1-S (Table 2). At least four members of the family (i.e.,
OATP1A2, OATP1B1, OATP1B3, OATP2B1) transport various
clinically applied drugs, in addition to endobiotics. Therefore,
these proteins are also key determinants of drug absorption,
distribution, and excretion (Kovacsics et al., 2016).

Organic Anion Transporters
The OATs are anion exchangers that are encoded by members
of the SLC22 gene family. Most OATs are polyspecific, as they
can transport structurally diverse, relatively hydrophilic, low
molecular mass (<500 Da) compounds. Several members of
the SLC22 gene family, including OAT1 and OAT3, are well-
established determinants of renal clearance, intestinal absorption,
and hepatic elimination of drugs (Burckhardt and Burckhardt,
2011; Koepsell, 2013). On the other hand, OATs are also
important in neurotransmitter homeostasis in the brain, and at
least four members of this family (i.e., OAT2, OAT3, OAT4,
OAT7) transport E1-S, while OAT3, OAT4, and OAT7 transport
DHEA-S (Koepsell, 2013) (Table 2). OAT2 is expressed in the
liver and kidney (Koepsell, 2013), and in adipose tissue (Human
Protein Atlas). OAT3 is expressed in the kidney, and also in the
blood-brain barrier (Burckhardt and Burckhardt, 2011), while
OAT4 localizes to the kidney, and is also present in the placenta,
where it mediates the uptake of DHEA-S that is crucial for
placental estrogen synthesis (Ugele et al., 2003).

Transporters Encoded by Solute Carrier
(SLC) 51 Gene Family (OSTα, OSTβ)
The human SLC51 gene family has only two members, SLC51A
and SLC51B, which are also known as organic solute transporter
(OST)α and OSTβ (Ballatori et al., 2013). OSTα and OSTβ are
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FIGURE 1 | Formation of active steroid hormones from DHEA-S and E1-S. In peripheral tissues, dehydroepiandrosterone sulfate (DHEA-S), and estrone-sulfate (E1-S)

serve as precursors for formation of active steroid hormones. DHEA-S can be activated to estradiol (E2) via androstenedione by the actions of sulfatase (STS),

3β-hydroxysteroid dehydrogenases type 1 and 2 (HSD3B1, HSD3B2), aromatase (CYP19A1), and the reductive 17β-hydroxysteroid dehydrogenases (HSD17B1,

HSD17B7, 17HSD12) or aldo-keto reductase (AKR1C3). E2 can also be formed from estrone sulfate (E1-S) by the action of sulfatase (STS) and reductive HSD17B.

DHEA-S can be activated to active androgens. The most potent androgen 5α-dihydrotestosterone can be formed from DHEA-S by the actions of STS and HSD3B1,

or HSD3B2 and AKR1C3, and 5α-reductases types 1 and 2 (SRD5A1, SRD5A2).

TABLE 2 | Characteristics of the most relevant E1-S and DHEA-S transporters.

Family Protein Gene Km for E1-S (µM) Reference Km for DHEAS (µM) Reference

OATPs 1A2 SLCO1A2 16–59 Lee W. et al., 2005 7 Kullak-Ublick et al., 1998

1B1 SLCO1B1 0.3–45 Tamai et al., 2001; Roth et al.,

2012

22 Kullak-Ublick et al., 2001; Roth

et al., 2012

1B3 SLCO1B3 58 Gui et al., 2008 >30 Cui et al., 2001

2B1 SLCO2B1 21 Tamai et al., 2001; Pizzagalli et al.,

2003

9 Pizzagalli et al., 2003

4A1 SLCO4A1 n.d. Tamai et al., 2000 – –

4C1 SLCO4C1 26.6 Yamaguchi et al., 2010 – –

OATs OAT2 SLC22A7 n.d. Kobayashi et al., 2005 – –

OAT3 SLC22A8 2.2 and 21.2 Burckhardt and Burckhardt, 2011 13 Nozaki et al., 2007

OAT4 SLC22A11 1.01 and 21.7 Burckhardt and Burckhardt, 2011 0.63 and 29.2 Burckhardt and Burckhardt, 2011

OAT7 SLC22A9 8.7 Burckhardt and Burckhardt, 2011 2.2 Burckhardt and Burckhardt, 2011

ABC ABCC1/MRP1 0.9 Conrad et al., 2002 5 Zelcer et al., 2003

ABCC4/MRP4 – 2 Zelcer et al., 2003

ABCC11/MRP8 – Arlanov et al., 2016 21 Bortfeld et al., 2006

ABCG2/BCRP 6.8 Imai et al., 2003 – Lee Y. J. et al., 2005

SLC51 OSTα/β SLC51A/B n.d. Ballatori et al., 2005 n.d. Ballatori et al., 2005

n.d.: not measured
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obligate heterodimers that transport bile acids and conjugated
steroids; i.e., E1-S and DHEA-S. OSTα and OSTβ act down the
concentration gradient of their substrates, and therefore they
may be involved in both efflux and uptake processes (Ballatori
et al., 2013, 2008). In humans, the SLC51A and SLC51B mRNAs
have been reported for many tissues, including intestine, kidney,
liver, testes, ovary, uterus, prostate, adrenal, and mammary gland
(Seward et al., 2003).

ATP-Binding-Cassette Transporters
There are 48 distinct ABC-transporters in humans, which
have been grouped into seven subfamilies, from ABC-A to
ABC-G (Ween et al., 2015). The ABC-transporters mediate
the active transport of various compounds across extracellular
and intracellular membranes, with the energy derived from
hydrolysis of ATP. Many ABC-transporters work as efflux
pumps, to extrude their substrates from cells. ABC-transporters
recognize a large variety of endogenous substances, and
also chemically distinct molecules, including clinically applied
drugs (Sarkadi et al., 2006). Overexpression of polyspecific
ABC-transporters in tumors results in increased extrusion of
drugs and can lead to resistance against multiple anti-cancer
agents, termed as multi-drug resistance (MDR) (Schinkel and
Jonker, 2003). The three major ABC-transporters implicated
in MDR are ABCB1 (Pgp, P-glycoprotein) (Sharom, 2014),
ABCC1, which is better known as MDR-associated protein
1 (MRP1) (Cole, 2014), and ABCG2, which is also known
as breast cancer resistance protein (BCRP) or mitoxantrone
resistance protein (MXR) (Ishikawa and Nakagawa, 2009). The
multispecific MDR transporters are proven determinants of
drug absorption, distribution, and excretion (Szakacs et al.,
2008).

Members of ABC-transporter family C (i.e., ABCC1,
ABCC4, ABCC11, ABCG2) transport large, negatively charged
molecules. ABCC1 (MRP1) is ubiquitous in the body, and
its main physiological substrates are leukotriene C4, and
various glutathione-conjugated, glucuronidated, or sulfated
compounds, including E1-S (Bodo et al., 2003; Cole, 2014).
ABCC4 (MRP4) is found throughout the human body and
transports molecules that are involved in cellular signaling,
such as cyclic nucleotides, eicosanoids, and conjugated steroids
(Slot et al., 2011). ABCC11 (MRP8) is found in brain, breasts,
lungs, liver, kidney, placenta, prostate, testes, and apocrine
glands, as well as in cancerous tissues (Kruh et al., 2007). Its
substrates are lipophilic anions, as well as cyclic nucleotides and
anticancer drugs (Bortfeld et al., 2006; Matsumoto et al., 2014).
ABCC1, ABCC11, and ABCG2 transport E1-S, while ABCC1,
ABCC4, ABCC11, and ABCG2 mediate excretion of DHEA-S
(Table 2).

Concerted (and possibly co-regulated) actions of OATPs,
OATs, transporters encoded by the SLC51 gene family, ABC-
efflux pumps, and biotransformation enzymes are needed
for the handling of potentially toxic endogenous (e.g., bile
acids) and exogenous (e.g., drugs) compounds (Sarkadi et al.,
2006). Similarly, united actions of these transporters and the
intracellular enzymes are required for maintenance of normal
steroid hormone homeostasis.

DISTURBED TRANSPORT AND ESTROGEN
ACTIONS IN GYNECOLOGICAL CANCERS

Changes in Uptake and Excretion of
Steroid Conjugates
Altered expression of OATPs (usually as up-regulation) has been
documented in different types of cancers. As these transporters
serve as mediators of the uptake of nutrients for tumor growth
and survival, and as they also bring anticancer agents into cancer
cells, they may have significant impact on cancer therapies (Li
and Shu, 2014). High levels of the steroid transporting OATPs
(i.e., OATP1A2, OATP2B1, OATP1B3, OATP4A1, OATP4C1)
have been suggested for breast cancer cells, as compared to
normal tissue (Pizzagalli et al., 2003; Al Sarakbi et al., 2006;Meyer
zu Schwabedissen et al., 2008; Wlcek et al., 2008). OATP1B3
has also been observed in endometrial carcinoma, where high
levels significantly correlated with type I tumors and longer
disease-free survival (Ogane et al., 2013) (Table 3). High levels of
OATP1B3 and lower levels of OATP1B1 have also been reported
in ovarian cancer samples (Arakawa et al., 2012; Furihata et al.,
2015; Thakkar et al., 2015) and cancer cell lines (Cho et al.,
2009; Chay et al., 2010; Svoboda et al., 2011; Lancaster et al.,
2013) (Table 3). In addition to OATP1B3 and OATP1B1, also
OATP2B1, OATP3A1, and OATP4A1 have been detected at the
mRNA level in ovarian cancer samples (Tamai et al., 2000).

Among the transporters encoded by the SLC22 genes, OAT2
has been detected in colorectal cancer (Tashiro et al., 2014), while
to date there are no studies on the expression of the SLC22 genes
that encode the OAT2, OAT3, OAT4, and OAT7 proteins, nor on
the transporters from the OST/SLC51 family in endometrial and
ovarian cancers.

ABC-transporters are commonly up-regulated in
chemoresistant cancers, and increased expression and
activity of these drug efflux pumps results in reduced cellular
accumulation of drugs (Ween et al., 2015). In endometrial
cancer, chemoresistance is the major problem in advanced and
recurrent cases (Chaudhry and Asselin, 2009). However, the data
on expression of ABC-transporters in endometrial cancer are
very limited. Among the steroid-transporting ABC-transporters,
ABCG2 has been observed at the mRNA and protein levels
in CD133+ Ishikawa endometrial cancer cells, which have
characteristics of cancer stem cells (Nakamura et al., 2010,
2014), (Ween et al., 2015). Expression of ABCC4 was detected
in the HEC-1A endometrial cancer cell line, where the mRNA
levels were suppressed by down-regulation of transcription
factor KLF9. Decreased expression of KLF9 has previously been
observed in endometrial cancers of stages II to IV (Simmen et al.,
2008).

In ovarian cancer, chemoresistance is typically observed
after initial sensitivity to platin-based and taxol-based therapies.
The great majority of patients with advanced ovarian cancer
develop MDR due to the overexpression of the ABC-transporters
(Auner et al., 2010). In ovarian cancer, expression of ABCC1
has been observed at the mRNA and protein levels in serous,
mucinous, clear-cell, endometrioid, and undifferentiated ovarian
cancer tissues (for recent review, see Ween et al., 2015). Across
multiple studies, positive immunohistochemical staining for
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TABLE 3 | DHEA-S and E1-S transporters and estrogen biosynthetic enzymes in endometrial cancer.

Gene Level Cell line Tumor tissue

Regulation Reference Regulation Reference

OATP1B3 Protein Cancer/adjacent tissue ↑ Ogane et al., 2013

ABCC4 mRNA β HEC-1A after down-regulation of

KLF9

Simmen et al., 2008

ABCG2 mRNA CD+133 Ishikawa cells, Expressed Nakamura et al., 2014

Protein CD+133 Ishikawa cells, Expressed Nakamura et al., 2014

HSD3B1 mRNA HHUA, Expressed Sugawara et al., 2004 Cancer/adjacent tissue ≈ Sinreih et al., 2013

HIEEC, Ishikawa, HEC-1A

Expressed

↑ HEC-1A/HIEEC

Hevir-Kene and Rižner, 2015

HSD3B2 mRNA HOUA, Expressed Sugawara et al., 2004 Cancer/adjacent tissue ≈ Sinreih et al., 2013

HIEEC, Ishikawa, HEC-1A

Expressed ↑ HEC-1A/HIEEC

Hevir-Kene and Rižner, 2015

CYP19A1 mRNA HHUA, HOUA, No expression Sugawara et al., 2004 Cancer/adjacent tissue, Low

expression, ≈

Pathirage et al., 2006; Smuc and

Rizner, 2009; Lépine et al., 2010;

Cornel et al., 2012

HIEEC, Ishikawa, HEC-1A Low

expression ↑ HEC-1A/Ishikawa

Hevir-Kene and Rižner, 2015

Protein Cancer/pre-/post-menopausal

endometrium, No staining

Human Protein Atlas

Activity HEC-1, HEC-1B, RL-95, Ishikawa;

No activity

Fournier and Poirier, 2009

HIEEC, Ishikawa, HEC-1A, No

activity

Hevir-Kene and Rižner, 2015

HSD17B1 mRNA HIEEC, Ishikawa, HEC-1A

Expressed, ↑ HEC-1A/HIEEC

Hevir-Kene and Rižner, 2015 Cancer/adjacent tissue, Low

levels

Smuc et al., 2006; Lépine et al.,

2010; Cornel et al., 2012

Decreased Smuc and Rizner, 2009; Lépine

et al., 2010

Increased in G1, ERα Cornel et al., 2012

Protein Cancer/pre-/postmenopausal

endometrium: 9% Cancer,

weak/negative/negative

Human Protein Atlas

HSD17B7 mRNA HIEEC, Ishikawa, HEC-1A

Expressed, ↑ HEC-1A/HIEEC

Hevir-Kene and Rižner, 2015 Cancer/adjacent tissue

Decreased

Smuc and Rizner, 2009; Lépine

et al., 2010

Unchanged Lépine et al., 2010; Cornel et al.,

2012

Protein Cancer/pre-/postmenopausal

endometrium: 45% Cancer,

weak/weak/weak

Human Protein Atlas

HSD17B12 mRNA HIEEC, Ishikawa, HEC-1A

Expressed, ↑ HEC-1A/HIEEC

Hevir-Kene and Rižner, 2015 Cancer/adjacent tissue,

Unchanged

Smuc and Rizner, 2009

No significant difference Cornel et al., 2012

EC type 2; Increased Lépine et al., 2010

Protein Cancer/pre-/postmenopausal

endometrium: 45% Cancer,

weak/weak/weak

Human Protein Atlas

(Continued)
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TABLE 3 | Continued

Gene Level Cell line Tumor tissue

Regulation Reference Regulation Reference

HSD17B2 mRNA HIEEC, Ishikawa, HEC-1A

Expressed ≈

Hevir-Kene and Rižner, 2015 Cancer/adjacent tissue, EC type

2; Increased

Lépine et al., 2010

EC type 1; ≈ Increased in G2 Cornel et al., 2012

EC type 1 postmenopausal;

Increased

Lépine et al., 2010; Sinreih et al.,

2013

Protein Cancer/pre-/postmenopausal

endometrium; Moderate/

moderate/moderate

Human Protein Atlas

AKR1C3 mRNA HIEEC, Ishikawa, HEC-1A

Expressed, ↑ Ishikawa,

HEC-1A/HIEEC

Hevir-Kene and Rižner, 2015 Cancer/adjacent tissue;

Increased in individual patients

Rizner et al., 2006

No sign. difference Smuc and Rizner, 2009

Cancer/adjacent tissue;

Increased trend in G2/G3 EC

Cornel et al., 2012

Protein Cancer/pre-/post-menopausal

endometrium: 45% Cancer

moderate/strong/strong

Human Protein Atlas

STS mRNA HIEEC, Ishikawa, HEC-1A

Expressed

Hevir-Kene and Rižner, 2015 Cancer/adjacent tissue; ≈ Smuc and Rizner, 2009

Increased Lépine et al., 2010

Protein Cancer/pre-/postmenopausal

endometrium: 82% Cancer

weak-moderate/weak/weak

Human Protein Atlas

Activity

E1-S

HEC-1A, HEC-1B, RL-95,

Ishikawa; Low activity in whole

cells, higher activity in

homogenates

Fournier and Poirier, 2009

AC-258 Milewich and Porter, 1987

SULT1E1 mRNA Control HIEEC, Ishikawa, HEC-1A

Expressed ≈

Hevir-Kene and Rižner, 2015 Cancer/adjacent tissue type 1

and 2; Borderline increase

Lépine et al., 2010

Cancer/adjacent tissue type 1 ≈ Hevir et al., 2011

Protein Cancer/pre-/postmenopausal

endometrium: Not detected,

Negative/moderate/negative,

Not detected

Human Protein Atlas

SULT2B1 mRNA HIEEC, Ishikawa, HEC-1A

Expressed, ↑ Ishikawa and

HEC-1A/HIEEC

Hevir-Kene and Rižner 2015 Cancer/adjacent tissue;

Increased

Hevir et al., 2011

Protein Cancer/pre-/postmenopausal

endometrium: Moderate/

moderate/moderate

Human Protein Atlas

Endometrial cancer cell lines: HHUA, Ishikawa, well differentiated cell lines; RL-95, moderately differentiated cell line; HOUHA, HEC-1A, HEC-1B poorly differentiated cell line; HIEEC:

control cell line of normal endometrium (pre-menopausal).

ABCC1 (MRP1) has been seen in 22–68% of paraffin sections
from ovarian cancers (for review. see Ween et al., 2015), with
association with higher tumor grade reported (Bagnoli et al.,
2013). Also ABCC4 is expressed in ovarian cancers. In a study
that included 127 patients with ovarian cancer, ABCC4 (MRP4)
was associated with shorter progression-free survival (Bagnoli
et al., 2013; Ween et al., 2015). Finally, ABCC11 and ABCG2
have also been detected in ovarian cancers; the ABCG2 as a

marker of side-populations of ovarian cancer cells that show
stem-cell characteristics (Ween et al., 2015). In the ABCG2 gene,
several SNPs with functional consequences have been described,
although controversial data have been reported considering their
association with the outcome of ovarian cancers (for review, see
Ween et al., 2015). ABCG2 was induced in patients after their
chemotherapy, and also by estrogens in the PA-1 ovarian cancer
cell line after stable transfection with the gene encoding ERα (for
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FIGURE 2 | Uptake, intracrine action, and excretion of steroid hormones. The major players in intracrine estrogen action are depicted, with the additional data on the

levels of OATP, OAT, and ABC-transporters in endometrial (red arrows) and ovarian cancers (blue arrows).

review, seeWeen et al., 2015). Recent systematic genomic analysis
and biological properties of ovarian cancer cell lines showed that
many commonly used “ovarian cancer” cell lines are unlikely
to originate from high-grade serous ovarian cancer (Domcke
et al., 2013; Haley et al., 2016). Therefore, novel cancer cells lines
recently established will provide better models (Kreuzinger et al.,
2015).

Analysis of The Cancer Genome Atlas data for the SLCO
and SLC22 genes in endometrial and ovarian cancers (cbioportal;
http://www.cbioportal.org) (Cerami et al., 2012; Gao et al., 2013)
has provided further information. The SLCO1A2, SLCO1B1,
SLCO1B3, SLCO1C1, SLCO2B1, and SLCO4A1 genes were
amplified in <1% of patients, but showed mutations (as
mainly missense mutations), in 3.1–5.6% of 240 patients
with endometrial cancer. A similar trend was seen for the
SLC22 genes. Mutations were detected in all four SLC22A
genes (i.e., SLC22A7, SLC22A8, SLC22A11, SLC22A9), in 2.6–
5.1% of all patients. Among the ABC genes, there were
mutations in all four genes involved in the efflux of steroid
conjugates (i.e., ABCC1, ABCC4, ABCC11, ABCG2), in 5.7–
8.3% of patients with endometrial cancer. In contrast, the
SLCO1A2, SLCO1B1, SLCO1B3, SLCO1C1, SLCO2B1, and
SLCO4A1 genes were amplified in 4.7–7.4% of a total of
316 patients with serous ovarian cancer, with concurrent
amplification of SLCO1A2/1B1/1B3/1C1 and SLCO1B1/1B3/1C1,
and also SLCO1B3/1C1. Among the SLC22 and ABC genes,
SLC22A7 and ABCC1 were amplified in 3.5 and 2.5% of patients,
respectively, with serous ovarian cancers.

Although, the current knowledge on transporters in
endometrial cancer are scarce, the currently available data
suggest that E1-S and DHEA-S might enter cancerous cells via
OATP1B3, which is present mainly in type I tumors (Ogane
et al., 2013) (Table 3, Figure 2). This uptake might be affected

by the missense mutations seen in 5.1% of patients (cbioportal;
http://www.cbioportal.org). On the other hand, excretion of
steroid conjugates can be catalyzed by ABCC4, a high affinity
DHEA-S transporter that shows down-regulated expression in
advanced stages of cancer (III-IV) (Simmen et al., 2008) (Table 4,
Figure 2). Similarly, increased levels of ABCG2 were observed in
CD133+ Ishikawa cells (Nakamura et al., 2014). Again, further
regulation is achieved by mutations of ABCC4 and ABCG2, in
6.2 and 5.7% of patients, respectively (cbioportal; http://www.
cbioportal.org).

The published data reveal that in ovarian cancer, E1-S and
DHEA-S can enter cancer cells via higher levels of OATP1B3,
and also other OATPs might contribute, such as OATP1B1
(Table 2). Uptake of these steroids might be further regulated
by SLCO gene amplification (cbioportal; http://www.cbioportal.
org). This uptake is opposed by the excretion that is catalyzed
by ABCC1, ABCC4, and ABCG2, where ABCC1 and ABCG2
have the highest affinities for E1-S and DHEA-S, respectively.
Amplification of genes such as ABCC1 and ABCG2 further
modulate the excretion (cbioportal; http://www.cbioportal.org).

Altered Formation of Androgens and
Estrogens
In endometrial and ovarian cancers, several genes that encode
the enzymes for local androgen and estrogen formation from
precursor steroid conjugates are expressed, and some are
differentially regulated (Tables 3, 4).

Expression of the individual estrogen and androgen
biosynthetic genes in endometrial cancer has been studied
by several groups (for review, see Rižner, 2013). Expression of
STS, which is required for the hydrolysis of E1-S and DHEA-S,
was seen to be high and unchanged (Smuc and Rizner, 2009)
or increased (Lépine et al., 2010) in cancer tissues compared
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TABLE 4 | DHEA-S and E1-S transporters and estrogen biosynthetic enzymes in ovarian cancer.

Gene Level Cell line Tumor tissue

Regulation Reference Regulation Reference

OATP1B1 mRNA ↑ Serous epithelial

adenocarcinoma/control tissue

Svoboda et al., 2011

OATP1B3 mRNA IGROV1, OVCAR-3, OVCAR-4,

OVCAR5, OVCAR-8, SK-OV-3,

Expressed

Lancaster et al., 2013 Cancer/control tissue ↑ Lancaster et al., 2013

OVCAR-3, SK-OV-3, Expressed,

↑ OVCAR-3/SK-OV-3

Svoboda et al., 2011 ↑ Serous epithelial

adenocarcinoma/control tissue

Svoboda et al., 2011

OATP2B1 mRNA ↑ Serous epithelial

adenocarcinoma/control tissue

Svoboda et al., 2011

OATP4A1 mRNA ↑YDOV-151 (mucinous

adenocarcinoma), SK-OV-3/HOSE

Cho et al., 2009 ≈ Serous epithelial

adenocarcinoma/control tissue

Svoboda et al., 2011

↑YDOV-139 (serous carcinoma) Chay et al., 2010

OATP4C1 mRNA ≈ Serous epithelial

adenocarcinoma/control tissue

Svoboda et al., 2011

ABCC1 mRNA Expressed in serous, mucinous,

clear cell, endometrioid,

undifferentiated cancer

Reviewed by (Ween et al.,

2015)

Protein Positive IHC in 22–68% of ovarian

cancers

Reviewed by (Ween et al.,

2015)

ABCC4 Protein 127 OC patients; association with

shorter progress free survival

Bagnoli et al., 2013

ABCG2 Protein Induced in PA-1 OC cell line

transfected with ESR1

Ee et al., 2004 Expressed in OC, a marker of of OC

stem cells

Zhang et al., 2008

↑ resistant OC (carboplatin +

paclitaxel)

Ween et al., 2015

STS mRNA ≈ EOC (9–10)/OSE (17) Ren et al., 2015

Protein 70% clear cell (32/45); 33% serous

(6/18); and 50% mucinous

adenocarcinoma (4/8)

Okuda et al., 2001

Expressed EOC and OSE Ren et al., 2015

17% Cancer low/moderate, Normal

ovary low (stromal cells)

Human Protein Atlas

Activity E1-S ↑ SKOV-3, PEO-1 vs. OSE Ren et al., 2015 ↑ STS ↓ progression-free survival,

epithelial OC (48), serous OC (34)

Chura et al., 2009a,b

OC-117 Milewich and Porter,

1987

SULT1E1 mRNA ↓ EOC (9–10)/OSE (17) Ren et al., 2015

Protein Expressed EOC and OSE Ren et al., 2015 17% Cancer moderate/normal ND Human Protein Atlas

Expressed Ren et al., 2015

Activity E1 ↑ SKOV-3, PEO-1 vs. OSE Ren et al., 2015

HSD17B1 Activity

E1→E2

↑ SKOV-3, PEO-1 vs. OSE Ren et al., 2015

HSD17B2 mRNA ↓ EOC (9–10)/OSE (17) Ren et al., 2015

Protein Expressed Ren et al., 2015

Activity E2 Epithelial OC (48), serous OC (34) Chura et al., 2009b

(Continued)
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TABLE 4 | Continued

Gene Level Cell line Tumor tissue

Regulation Reference Regulation Reference

AKR1C3 mRNA ↓ EOC (9–10)/OSE (17) Ren et al., 2015

Protein Expressed Ren et al., 2015

Activity T Epithelial OC (48), serous OC (34) Chura et al., 2009b

HSD3B1/2 Activity DHEA Epithelial OC (48), serous OC (34) Chura et al., 2009b

EOC, epithelial ovarian carcinoma; OSE, ovarian surface epithelia; OCCA, ovarian clear-cell adenocarcinoma, IGROV1, OVCAR-3, OVCAR-4, OVCAR5, OVCAR-8, SK-OV-3, AC-258,

OC-117, PEO-1; ovarian cancer cell lines.

to control endometrial tissue. SULT1E1 opposes the action of
STS. However, the expression data for SULT1E1 mRNA are
controversial, with low and increased (Lépine et al., 2010) or
unchanged (Hevir et al., 2011) expression reported for cancer
tissue, as compared to control endometrium. In model cell lines
for well (Ishikawa cells), moderately (RL-95 cells), and poorly
(HEC-1A, HEC-1B cells) differentiated endometrial cancer (see
Supplementary Table 1) sulfatase activity was detected in whole
cells and in cell homogenates (Fournier and Poirier, 2009).
There was no difference in the expression of SULT1E1 between
the HIEEC control endometrial cell line and the HEC-1A
endometrial cancer cell line (Supplementary Table 1) (Hevir-
Kene and Rižner, 2015). Among the enzymes that catalyze the
activation of E1 to E2 (Figure 1), the mRNA levels of HSD17B1
were low (Smuc et al., 2006; Lépine et al., 2010; Cornel et al.,
2012), decreased (Smuc and Rizner, 2009; Lépine et al., 2010),
or increased in ERα-positive G1 cancers (Cornel et al., 2012).
The expression of HSD17B7 was unchanged (Lépine et al., 2010;
Cornel et al., 2012) or decreased (Smuc and Rizner, 2009), and
the expression of HSD17B12 was unchanged (Smuc and Rizner,
2009; Cornel et al., 2012) or increased (Lépine et al., 2010), in
endometrial cancer. In model cell lines, theHSD17B1,HSD17B7,
and HSD17B12 genes were up-regulated in HEC-1A vs. HIEEC
cells (Hevir-Kene and Rižner, 2015).

HSD17B2 catalyzes the oxidation of E2 back to the less potent
E1, and expression of the corresponding gene HSD17B2 was
increased in endometrial cancer (Lépine et al., 2010; Cornel
et al., 2012; Sinreih et al., 2013), while there was no difference
in expression of HSD17B2 among control and cancer cell lines
(Hevir-Kene and Rižner, 2015). The CYP19A1 gene encodes
aromatase and is responsible for the biosynthesis of E2 via
androstenedione or testosterone; this was weakly expressed in
cancer tissue, with no significant differences seen between cancer
and control endometrium (Pathirage et al., 2006; Smuc and
Rizner, 2009; Lépine et al., 2010; Cornel et al., 2012). In the
HHUA and HOUAmodel cell lines, CYP19A1 was not expressed
(Supplementary Table 1) (Sugawara et al., 2004), and there was
low expression in HIEEC, Ishikawa, and HEC-1A cells (Hevir-
Kene and Rižner, 2015). In tissue samples, several reports showed
immunohistochemical staining for CYP19A1 in paraffin sections
of endometrial cancer, where both stromal and epithelial cells
were stained, and several reports have shown a lack of specific
staining (for review, see Rižner, 2013). Together with our current
experimental data (Sinreih et al., in review to Frontiers in

Pharmacology Research Topic), it appears that in endometrial
cancer the sulfatase pathway has a more important role in E2
formation.

Among enzymes that catalyze local androgen formation
from DHEA-S, in addition to STS, genes encoding HSD3B1,
and HSD3B2 showed no differences in expression between
endometrial cancer and control tissue (Sinreih et al., 2013)
(Figure 1). Also in the HHUA, HOUA, Ishikawa, HEC-1A, and
HIEEC model cell lines (Supplementary Table 1), these two
genes HSD3B1 and HSD3B2 were expressed, with higher mRNA
levels in the HEC-1A cells as compared to the control HIEEC
cells (Sugawara et al., 2004; Hevir-Kene and Rižner, 2015).
Additionally, the gene that encodes AKR1C3, which catalyzes
the activation of androstenedione to testosterone, was expressed
in cancer tissue, but with no significant difference seen between
cancer and adjacent control tissue, although with particularly
increased levels in individual patients (Rizner et al., 2006).
There was also a trend for increased expression of AKR1C3 in
G2/G3 cancers compared to G1 cancers (Cornel et al., 2012),
but there were also decreased levels of AKR1C3 reported in
cancer compared to control endometrium (Zakharov et al.,
2010). Interestingly, AKR1C3 was up-regulated in Ishikawa and
HEC-1A cells vs. the control HIEEC cells (Hevir-Kene and
Rižner, 2015). These data thus supports the capacity of cancerous
endometrium for formation of androgens from DHEA and
DHEA-S.

In ovarian cancer, STS is expressed at the mRNA and protein
levels in primary cell cultures, tissue samples, and model cell
lines (see Supplementary Table 2) (Ren et al., 2015; Okuda
et al., 2001), with no significant differences seen between
ovarian carcinoma and ovarian surface epithelial cells. Using
immunohistochemistry, STS was detected in 70% of clear cells,
and in 33% of serous and 50% of mucinous tumors (Okuda
et al., 2001). High STS activity was detected in epithelial ovarian
cancer tissue (Chura et al., 2009a), and also in the SKOV-3 and
PEO-1 ovarian cancer cell lines (Supplementary Table 2). STS
activity was higher in the model cell lines than in control ovarian
surface epithelia cells (Ren et al., 2015). Significantly decreased
expression of SULT1E1 was seen at the mRNA level in epithelial
ovarian cancer cells compared to ovarian surface epithelial cells
(Ren et al., 2015).

In addition to STS activity, other enzymatic activities that are
also necessary for local formation of androgens and estrogen
have been observed in tissue samples of ovarian cancer, including
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conversion of DHEA to androstenedione, and conversions
between E2, E1, testosterone, and androstenedione (Chura et al.,
2009b). The enzymes that catalyze these reactions (i.e., HSD17B2,
AKR1C3, SULT1E1) were detected by immunohistochemistry in
ovarian cancer tissue samples (Ren et al., 2015). The importance
of the local formation of E2 via the sulfatase pathway is supported
by high levels of STS and significantly down-regulated SULT1E1
together with metabolism of E1-S to E1 (Milewich and Porter,
1987; Chura et al., 2009a) and E2 (Ren et al., 2015) in tissue
samples and model cell lines of ovarian cancer. In ovarian cancer
samples, androstenedione can be formed from DHEA (Chura
et al., 2009a), although Ren et al. (Ren et al., 2015) found no
evidence for further formation of estrogens via the aromatase
pathway or activation of androstenedione to testosterone and
5α-dihydrotestosterone, as also supported by down-regulation of
AKR1C3. However, in other studies, CYP19A1 was expressed in
stroma cells of ovarian cancers (Manna et al., 2016), and has been
considered a target for an endocrine therapy (Langdon et al.,
2017).

PHARMACOLOGICAL INTERVENTIONS
THAT TARGET INTRACRINE ACTIONS

Endometrial and ovarian cancers are considered to be hormone-
dependent cancers. As they develop mainly in postmenopausal
women, they depend on local formation of active estrogens,
while the roles of androgens are currently not fully understood.
After menopause, the intracrine production of estrogens from
the steroid precursors E1-S and DHEA-S in cancer cells can
theoretically be blocked in a number of ways, including: (i)
prevention of transporter-mediated uptake of E1-S and DHEA-
S from the circulation; (ii) inhibition of enzymes in the intracrine
pathway for the formation of active estrogens by the so-called
selective intracrine modulators; (iii) prevention of estrogen
actions via ERα; and (iv) induction of estrogen inactivation
and excretion from cancer cells via the ABC-efflux pumps,
which will decrease their intracellular concentrations. Strategies
for targeting transporters, receptors and enzymes in intracrine
pathways in endometrial and ovarian cancers are discussed in
more detail in the following sections, with comparisons also from
several studies in breast cancer.

Sulfatase and 17-Ketosteroid Reductase
Type 1 as Novel Drug Targets
Previous studies have suggested that in the endometrium
and ovary of postmenopausal women, hydrolysis of sulfated
precursors is the major pathway for the generation of active
estrogens. Indeed, STS inhibitors have been successfully tested
in preclinical and animal models of hormone-dependent
cancers (for an extensive review on E1 sulfatase inhibitors
and their efficacy in animal and human tumor models, see
Thomas and Potter, 2015; Rižner, 2016). Irosustat (STX64)
is a potent tricylic coumarin-based sulfamate that irreversibly
blocks STS activity, and it has been examined in phase II
clinical trials for the treatment of patients with advanced
hormone-dependent breast and endometrial cancers (Stanway
et al., 2007). Although the breast cancer data have not yet

been published (ClinicalTrials.gov Identifier: NCT01662726)
https://clinicaltrials.gov/ct2/show/NCT01662726), the effects in
endometrial cancer were not as good as the effects of
medroxyprogesterone acetate, which is in clinical use for cases
of advanced/ recurrent cancer (Pautier et al., 2012).

Estrone formed by the sulfatase pathway has to be activated
by reductive HSD17B enzymes, where HSD17B1 has the highest
catalytic efficiency (Rižner, 2013). The inhibitors of reductive
HSD17B1 enzymes can block the conversion of E1 to E2,
and have potential for application to hormone-sensitive cancer
therapy. Although the mRNA and protein levels of HSD17B1
are very low, this approach might be interesting for treatment
of endometrial cancer, as recent reports have shown correlations
between increased HSD17B1 mRNA levels and poor prognosis
(Cornel et al., 2017). This approach might also be useful in
ovarian cancer, as increased reduction of E1 to E2 has been seen
in ovarian cancer cells (Ren et al., 2015). Indeed, compounds have
been developed that show promising inhibition of E2 formation
from E1 in vitro (Brozic et al., 2008; Mazumdar et al., 2009),
although none of these have been studied in clinical trials to date.
Most likely they will not be highly effective as mono-therapeutic
agents, because they prevent the conversion of a weak estrogenic
E1 to the most potent estrogen E2 only, but they might be
useful in combination with other inhibitors, such as inhibitors
of STS.

Even if the production of E2 via the sulfatase pathway exceeds
that of the aromatase pathway, blocking one enzyme might up-
regulate the others. Such a mechanism was recently reported
for ERα-positive breast cancer cell lines, where resistance to
aromatase inhibitors was associated with up-regulation of STS
and E1-S transporting OATPs (Higuchi et al., 2016). Therefore,
as a consequence of inhibition of STS, the low expression levels
of CYP19A1 in endometrial and ovarian cancers (Manna et al.,
2016) might be up-regulated as well. In this case, a combination
of inhibitors for STS and CYP19A1 might be useful. After
the introduction in around 1980 of aminoglutethimide as the
first aromatase inhibitor with documented anti-cancer efficacy
(Samojlik et al., 1980), the third-generation aromatase inhibitors
letrozole and anastrozole, and exemestane, are currently used
for treatment of postmenopausal breast cancer (Smith and
Dowsett, 2003). However, in endometrial cancer, aromatase
inhibitors have shown only weak effects (Bogliolo et al., 2016).
For recurrent ovarian cancer their application has been suggested
as well and remarkably positive effects were reported for a
patient with endometrioid ovarian cancer (Pan and Kao, 2010).
Dual CYP19A1-STS inhibitors have also already been designed,
where the sulfatase inhibitory pharmacophore was integrated
into an established aromatase inhibitor (sulfamate derivatives
of letrozole and anastrozole), or vice versa (Woo et al., 2010;
Harrelson and Lee, 2016). In a similar manner, dual HSD17B1/
STS inhibitors also represent a plausible approach in future drug
discovery.

For further drug development, compounds from natural
sources with dual aromatase and sulfatase inhibitory activities
might also be of interest, such as a traditional Chinese
herbal formula (Shu-Gan-Liang-Xue decoction) that is used for
treatment of patients with breast cancer in traditional Chinese
medicine (Zhou et al., 2014).
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Estrogen Receptor α as a Drug Target
The activation of ERα by estrogens can be prevented by
antagonists or selective estrogen receptor modulators (SERMs).
There is an important difference between these compounds, as
antagonists block estrogen action in all tissues, while SERMs can
act as agonists in certain tissues, and as antagonists in other
tissues, where their actions depend on the availability of co-
activators and co-repressors (Traboulsi et al., 2017). The best
studied SERM is tamoxifen, which has been successfully applied
in the treatment of hormone-receptor-positive breast cancer
for more than 40 years (see Scharl and Salterberg, 2016). In
endometrium, tamoxifen has estrogenic effects and stimulates
cell proliferation, which leads to hyperplasia, and eventually, to
endometrial cancer (Ellis et al., 2015). Only recently has concern
arisen that tamoxifen might also increase the risk of ovarian
cancer, as it promotes lesions in the fallopian tubes and ovaries
(Chene et al., 2014). Novel SERMs have been developed to
combat estrogen-dependent cancers, including toremifene and
raloxifene, together with the selective ER down-regulators, such
as selective receptor downregulator fulvestrant (for reviews, see
Bogliolo et al., 2017; Traboulsi et al., 2017). Further clinical
studies on patients with endometrial and ovarian cancer are
currently awaited.

OAT, OATP, and ABC-Transporters as Novel
Drug Targets?
The E1-S– and DHEA-S–transporting OATPs are up-regulated
in endometrial and ovarian cancers. To prevent OATP-mediated
uptake of steroid hormone precursors into tumor cells, blocking
OATP transport would be required. Inhibition of OATP-
mediated uptake has been studied extensively using synthetic and
natural inhibitors of OATP1B3 andOATP1B1 to block the uptake
of statins and other substrates of these OATPs, both in vitro and
in animal studies. However, blocking the function of these two
liver-specific OATPs can change the hepatic clearance of drugs,
which can result in their altered pharmacokinetics (i.e., elevated
plasma levels of drugs are usually expected). This may cause
serious adverse reactions, such as statin-induced myotoxicity, as
has been demonstrated by co-administration of cyclosporine-
A and gemfibrozil with statins (for review, see Kalliokoski and
Niemi, 2009; Maeda, 2015).

Moreover, studies in breast cancer have revealed that
prevention of the expression of a single OATP is not sufficient to
inhibit steroid hormone uptake (Higuchi et al., 2016). Therefore,
simultaneous blocking of various OATPs would be required.
However, this would also influence the physiological functions
of OATPs, and would disturb the metabolic homeostasis and
protection against toxins. Therefore, the clinical application
of such a simultaneous block is questionable (Stieger and
Hagenbuch, 2014). Furthermore, in general, this block would
only work with the particular isoforms of the transporters that are
restricted to the cancerous tissues (Thakkar et al., 2015). To date,
only one cancer-specific isoform (cancer-type OATP1B3) has
been identified, although only in colon and pancreatic cancers
(Furihata et al., 2015). As the SLCO and SLC genes are amplified
in a subset of patients with ovarian cancer, their targeted

inhibitionmight be considered. Also mutations in SLCO and SLC
in endometrial cancer patients might allow the development of
mutation-specific inhibitors.

However, the evaluation of OATP and OAT transporters as
drug targets is currently precluded by the lack of complete
information about their biological functions, substrate
specificities, and mechanisms of action, and the importance
of the corresponding SLCO and SLC gene amplifications and
mutations in patients with endometrial and ovarian cancers.

Another option would theoretically be to limit the
concentrations of steroid precursors in tumor cells by increasing
steroid hormone efflux via ABC-transporters. Many ABC-
proteins are expressed at physiological barriers where they
protect cells and tissues against toxic compounds, which include
anticancer drugs (Chen et al., 2016). Some of these ABC proteins
are associated with drug resistance in ovarian and endometrial
cancers. For example, overexpression of ABCC1 and ABCG2
in serous ovarian cancer reduces the cellular accumulation of
anticancer drugs, and this leads to the development of MDR
and poor prognosis (Kunicka and Soucek, 2014; Elsnerova et al.,
2016). Furthermore, ABCC1 is associated with higher tumor
grade, and ABCC4 with reduced progression-free survival of
patients with ovarian cancer (Ween et al., 2015). Moreover,
in endometrial cancer, ABCG2 is expressed in the Ishikawa
model cell line, which is enriched in CD133 and has cancer
stem cell characteristics (Nakamura et al., 2010). Inhibitors of
ABC-transporters have thus been included in several clinical
studies that have targeted mainly ABCB1, and also ABCC1
and ABCG2 (for extensive review, see Ween et al., 2015).
However, these have not shown sufficient efficacy to block
ovarian cancer progression. Higher expression of these ABCs
should also lead to increased extrusion of steroid hormone
conjugates from the cancer cells. However, in terms of the
usually negative correlation between the expression levels of
these ABC-transporters and patient prognosis (see above), the
benefit of targeting these ABC-transporters with concurrent
decreased hormone levels will not counterweigh the MDR
induced.

Current Status and Future Prospects
In patients with advanced endometrial and ovarian cancers,
targeting ERα or enzymes for estrogen activation has not proven
to be successful to date (Secky et al., 2013; Mueller et al.,
2015). As a small subgroup of patients (∼20%) still responds
to estrogen-deprivation therapy, better stratification of patients
for menopausal status, hormone receptor status, and presence
of estrogen biosynthetic enzymes, among other factors, could
select a subpopulation that would most likely benefit from
estrogen-deprivation therapy. The development of resistance
to estrogen-deprivation therapy may be of major concern,
and therefore a combination of drugs instead of monotherapy
with one agent may extend the period of sensitivity to these
therapeutics. In this respect, dual STS/CYP191 inhibitors might
be important, as drugs also targeting ERα (ERα antagonists)
might be given together with STS and/or HSD17B1 inhibitors.
Very promising data have been reported for breast cancer, where
a combination of aromatase inhibitors and novel agents that
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target overexpressed kinases has led to enhanced therapeutic
responses (Zhao and Ramaswamy, 2014; Daldorff et al., 2017).
Elucidation of such novel approaches for endometrial and
ovarian cancer-specific pathways in combination with the
use of selective intracrine modulators or selective estrogen-
receptor modulators may lead to the development of novel
therapeutic approaches to improve the success of cancer
chemotherapy.
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Snježana Frković Grazio 3 and Tea Lanišnik Rižner 1*

1 Institute of Biochemistry, Faculty of Medicine, University of Ljubljana, Ljubljana, Slovenia, 2 Institute of Clinical Chemistry and

Biochemistry, University Medical Centre, Ljubljana, Slovenia, 3Division of Obstetrics and Gynecology, Department of

Pathology, University Medical Centre, Ljubljana, Slovenia

Endometrial cancer (EC) is the most common estrogen-dependent gynecological

malignancy in the developed World. To investigate the local formation of estradiol (E2),

we first measured the concentrations of the steroid precursor androstenedione (A-dione)

and the most potent estrogen, E2, and we evaluated the metabolism of A-dione,

estrone-sulfate (E1-S), and estrone (E1) in cancerous and adjacent control endometrium.

Furthermore, we studied expression of the key genes for estradiol formation via the

aromatase and sulfatase pathways. A-dione and E2 were detected in cancerous and

adjacent control endometrium. In cancerous endometrium, A-dione was metabolized

to testosterone, and no E2 was formed. Both, E1-S and E1 were metabolized to

E2, with increased levels of E2 seen in cancerous tissue. There was no significant

difference in expression of the key genes of the aromatase (CYP19A1) and the sulfatase

(STS,HSD17B1,HSD17B2) pathways in cancerous endometrium compared to adjacent

control tissue. The mRNA levels of CYP19A1 and HSD17B1 were low, and HSD17B14,

which promotes inactivation of E2, was significantly down-regulated in cancerous

endometrium, especially in patients with lymphovascular invasion. At the protein level,

there were no differences in the levels of STS and HSD17B2 between cancerous and

adjacent control tissue by Western blotting, and immunohistochemistry revealed intense

staining for STS and HSD17B2, and weak staining for SULT1E1 and HSD17B1 in

cancerous tissue. Our data demonstrate that in cancerous endometrium, E2 is formed

from E1-S via the sulfatase pathway, and not from A-dione via the aromatase pathway.

Keywords: aromatase, 17β-hydroxysteroid dehydrogenases, aldo-keto reductase 1C3, sulfotransferases,

sulfatase

INTRODUCTION

Endometrial cancer (EC) is the fifth-most-common cancer in women in Western Europe and the
USA, with the majority of cases arising after menopause (Colombo et al., 2016; Morice et al., 2016).
EC can be classified into estrogen-dependent type I, which comprises 80% of all cases, and the
poorly differentiated, more aggressive, type II. Although, type II EC was considered to be estrogen
independent (Inoue, 2001; Samarnthai et al., 2010), experimental data suggest involvement of
estrogens (Berstein et al., 2003; Wan et al., 2016).

Local estrogen formation has an important role in the development of EC and increased
estradiol (E2) concentrations have been detected in cancerous, as compared to normal
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endometrium (Berstein et al., 2003). Locally, E2 can be formed
either via the so-called aromatase pathway from androstenedione
(A-dione), which originates from dehydroepiandrosterone-
sulfate (DHEA-S) and DHEA, or from testosterone (T), by
the actions of aromatase and the reductive 17β-hydroxysteroid
dehydrogenases (enzymes 17β-HSD, HSD17B; Figure 1). These
are NADPH dependent enzymes, which due to high intracellular
concentration ratio NADPH/NADP+ act preferentially as
reductases in a cellular context (Agarwal and Auchus, 2005). The
most potent estrogen, E2 can also be formed from estrone-sulfate
(E1-S) via the sulfatase pathway by the actions of sulfatase (STS)
and the reductive enzymes HSD17B (Figure 1).

The aromatase pathway depends on availability of A-dione
or T. A-dione, with 1–8 nM concentrations in blood, originates
mainly from adrenal gland (zona reticularis), from ovaries in
premenopausal women and also from conversions of DHEA-S
and DHEA in peripheral tissues. Aromatase (CYP19A1) converts
A-dione and T into estrone (E1) and E2, respectively (Krekels
et al., 1991). As the plasma concentrations of A-dione in
postmenopausal women are ∼4-fold higher than those of T
(Simpson, 2002; Keefe et al., 2014), aromatase mainly converts
A-dione to E1. Currently, the data on aromatase expression in
EC are controversial, with everything from high levels, to no
significant differences between diseased and normal tissues, to
no expression being reported (Yamamoto et al., 1993; Watanabe
et al., 1995; Berstein et al., 2005; Jongen et al., 2005; Segawa et al.,
2005; Lanišnik Rižner et al., 2006; Pathirage et al., 2006; Smuc
and Rizner, 2009; Takahashi-Shiga et al., 2009; Lepine et al., 2010;
Cornel et al., 2012).

E1 formed from A-dione should be further activated by the
reductive estrogenic 17β-HSD type 1 (HSD17B1), to form E2.
Although, several groups have failed to detect expression of
HSD17B1 in normal and cancerous endometrium, others have
seen low mRNA levels in both tissues (Casey et al., 1994; Zeitoun
et al., 1998; Utsunomiya et al., 2001; Lanišnik Rižner et al.,
2006; Smuc and Rizner, 2009) with decreased mRNA levels in
EC compared to adjacent control endometrial tissue (Smuc and
Rizner, 2009; Lepine et al., 2010). In contrast Cornel et al. (2012)
showed increased mRNA levels of HSD17B1 in ERα positive
grade 1 EC compared to control tissue.

In addition to HSD17B1, three other reductive estrogenic 17β-
HSDs, types 7 and 12 (HSD17B7 and HSD17B12), and type
5 (aldo-keto reductase 1C3, AKR1C3), that can form E2 from
E1, albeit with lower catalytic efficiencies, can contribute to E2
formation. Also the expression of these genes in EC is rather
controversial as has been reviewed (Rižner, 2013). There were
no significant differences in mRNA levels of AKR1C3 (Rizner
et al., 2006; Smuc and Rizner, 2009; Cornel et al., 2012), the
expression of HSD17B7 was reported as decreased (Smuc and
Rizner, 2009) or unchanged (Lepine et al., 2010; Cornel et al.,
2012) and expression of HSD17B12 was unchanged (Smuc and

Abbreviations: A-dione, androstenedione; AKR, aldo-keto reductase; DHEA,

dehydroepiandrosterone; DHEA-S, dehydroepiandrosterone sulfate; EC,

endometrial cancer; E1, estrone; E1-S, estrone sulfate; E2, estradiol; ER, estrogen

receptor; HSD, hydroxysteroid dehydrogenase; qPCR, quantitative real-time PCR;

STS, sulfatase; SULT, sulfotransferase; T, testosterone.

Rizner, 2009; Cornel et al., 2012) or increased (Lepine et al., 2010)
in EC compared to control tissue.

The expression of the oxidative NAD+ dependent estrogenic
17β-HSDs, types 2, 4, 8, and 14 (HSD17B2, HSD17B4, HSD17B8,
and HSD17B14), can also affect local E2 concentrations. These
enzymes catalyze inactivation of E2 to E1. Previous studies by
Lepine et al., and our group revealed increased mRNA levels of
HSD17B2 (Lepine et al., 2010; Sinreih et al., 2013) in EC, while
Cornel et al. found no significant difference in ERα positive grade
1 EC (Cornel et al., 2012). ForHSD17B4 andHSD17B8we saw no
changes in gene expression in EC compared to adjacent control
tissue (Smuc and Rizner, 2009), while expression of HSD17B14
has not yet been studied in EC.

E2 can also be formed via the sulfatase pathway from E1-
S by the actions of STS and the reductive enzymes HSD17B1,
HSD17B7, HSD17B12, and also AKR1C3. Unchanged (Smuc and
Rizner, 2009), and increased (Lepine et al., 2010) expression
of STS have previously been reported in EC. Sulfotransferase
SULT1E1 catalyzes conjugation of estrogens and our previous
studies show that gene encoding this enzyme is not differentially
expressed in EC as compared to adjacent control tissue (Hevir
et al., 2011b), while Lepine et al., reported borderline increased
mRNA levels in cancer tissue (Lepine et al., 2010).

There is a great need for a better understanding of the local
formation of E2 in cancerous endometrium, which may reveal
novel targets for treatment of this most common gynecological
malignancy. The aims of the present study were thus to
investigate E2 formation in paired samples of EC and adjacent
control endometrium at different levels. Our goals were: (i) to
determine concentrations of steroid precursor A-dione and the
most potent estrogen E2, (ii) to examine capacity for formation
of A-dione, E1-S and E1; (iii) to re-examine the mRNA levels
of individual genes involved in the aromatase pathway and the
sulfatase pathway of E2 formation, (iv) to evaluate protein levels
of the key players in the sulfatase pathway, STS, SULT1E1,
HSD17B2, and HSD17B1 and their prognostic potential.

MATERIALS AND METHODS

Endometrial Tissue
The specimens of EC and paired adjacent control endometrium
were obtained from 55 patients undergoing hysterectomies for
histologically proven EC (Table 1, Supplementary Table 1). The
study was approved by the National Medical Ethics Committee of
the Republic of Slovenia with written informed consent required
from all subjects involved. The patients were all treated in the
Department of Gynecology and Obstetrics at the University
Medical Centre Ljubljana, from 2003 to 2010. The samples used
for steroid concentration measurements, metabolism studies,
qPCR,Western blotting and immunohistochemical staining have
been selected chronologically.

Steroid Concentration Measurements
Ten paired samples of EC and adjacent control tissue were
frozen in liquid nitrogen and ground to a fine powder. Prior
to extraction, 100–200mg of homogenate was suspended in
0.1 M sodium phosphate buffer (pH 7.4). The extraction was
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FIGURE 1 | Estrogen biosynthesis. Formation of estrogens via the aromatase pathway from androstenedione and testosterone, by the actions of aromatase

(CYP19A1), and the reductive 17β-hydroxysteroid dehydrogenases types 1, 7, and 12 (HSD17B1, HSD17B7, HSD17B12) and type 5 (AKR1C3). Formation of

estrogens via the sulfatase pathway from estrone-sulfate, by the action of sulfatase (STS), and the reductive HSD17B1, HSD17B7, and HSD17B12. The oxidative

17β-HSD types 2, 4, 8, and 14 (HSD17B2, HSD17B4, HSD17B8, HSD17B14) catalyze the inactivation of estradiol to estrone and sulfotransferase (SULT1E1)

catalyzes conjugation of estrone.

performed three times with 4 mL of diethyl ether; the extracts
were pooled and evaporated under a stream of nitrogen.
Before analysis, the samples were resuspended in phosphate
buffer. The levels of A-dione were measured using a double
antibody radioimmunoassay with interassay CV < 10%, which
uses a [125I]-labeled tracer (Diagnostic Systems Laboratories,
Webster, TX, USA). E2 was determined using an automated
chemiluminescent immunoassay (Liaison, Diasorin, Saluggia,
Italy) with interassay CV < 14%. Concentrations were calculated
as pmol/g powdered tissue. The limit of detection was 0.1 pmol/g
for A-dione and 0.4 pmol/g for E2.

RNA Isolation and qPCR
Total RNA was isolated from tissue samples using the Tri
Reagent (Sigma Aldrich, St. Louis, MI, USA), according to the
manufacturer instructions. The quality of the RNA samples
was determined using an Agilent 2100 Bioanalyzer where they
showed an average RIN of 7.7. The total RNA was reverse
transcribed using SuperScript R© VILOTM cDNA Synthesis kit
(Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA).
One microgram of total RNA was converted into cDNA (20
µL) according to the manufacturer instructions, and then
stored at −20◦C. CYP19A1, STS, HSD17B1, and HSD17B14
mRNA expression levels were determined with the exon-
spanning hydrolysis probes (FAM or VIC dye labeled) that
are commercially available as “Assay on Demand” (Applied
Biosystems, Foster City, CA, USA). The qPCR analysis
was performed in 27 samples of EC and adjacent control
endometrium for STS and HSD17B1, in 22 paired samples for
CYP19A1 and 21 paired samples for HSD17B14. PPIA, HPRT1,
and POLR2A were selected as the most stable reference genes,

as described previously (Hevir et al., 2011a). The assay details
are shown in Supplementary Table 2. The gene expression for
each sample was calculated from the crossing point value (Cp)
as E−Cp, divided by the normalization factor and multiplied
by 1014. For HSD17B14 and CYP19A1, only PPIA was used
as the reference gene for the relative quantification with the
comparative Ct method. Expression levels were multiplied by
1014.

Western Blotting
Proteins were isolated from samples of EC tissue and the adjacent
control endometrial tissue previously used for RNA isolation,
following the Tri Reagent instructions. Protein concentrations
were determined by Bradford assay and protein aliquots of 30µg
were separated by SDS PAGE on 10% Tris-glycine gels. The
proteins were transferred from gels to polyvinylidene difluoride
membranes (Millipore Corporation, Billerica, MA, USA) and
incubated with 5% non-fat milk in Tris Buffered Saline buffer,
with 0.1% Tween R© 20 (TTBS) or with 5% BSA in TTBS, both for
2 h, when evaluating STS. The membranes were then incubated
with antibodies against STS, HSD17B2, SULT1E1, and HSD17B1
and GAPDH, as normalization control, using antibodies and
protocols described in Supplementary Table 3 (Dibbelt and Kuss,
1986; Dibbelt et al., 1989). Protein extracts from model cell
lines of control endometrium (HIEEC), EC (HEC-1A), and liver
cancer (HepG2) were used as controls.

SupersignalTM West Pico Chemiluminiscence Substrate
(Thermo Fischer Scientific, Life Tecnologies, Carlsbad, CA,
USA) was used for detection of the bound antibodies, according
to the manufacturer instructions, using a Fujifilm LAS4000
image reader (Fujifilm, Tokyo, Japan). Detection of GAPDH was
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TABLE 1 | Demographic and histopathological characteristics of the endometrial

cancer patients.

Characteristics Patient sample size Mean ± SD

Age (years) 55 62.0 ± 13.7

Weight (kg) 53 82.2 ± 18.2

Height (cm) 49 163.1 ± 5.2

BMI (kg/m2) 49 30.9 ± 7.0

MENOPAUSAL STATUS

Premenopausal 16

Postmenopausal 38

NA 1

Endometrioid adenocarcinoma 45

Papillary serous carcinoma 6

Carcinosarcoma 1

Dedifferentiated 3

GRADE

G1 32

G2 8

G3 5

INVASION OF MYOMETRIUM

<50% 39

≥50% 14

NA 1

PRESENCE OF LYMPHOVASCULAR INVASION

No 39

Yes 13

NA 2

FIGO STAGE

IA 37

IB 11

II 1

III 3

IV 2

NA 1

G1–G3 endometrioid adenocarcinoma; NA, data not available.

used as the normalization control. Quantification of the Western
blotting was carried out with ImageJ (National Institutes of
Health, USA) or the Multi Gauge software (Fujifilm software,
Fujifilm, Tokyo, Japan).

Steroid Hormone Metabolism Studies
A-dione Metabolism
From 60 to 85mg of homogenized tissue from seven paired
samples was resuspended in 470µL of 50 mM sodium
phosphate buffer pH 7.4 with protease inhibitor cocktail
(Sigma Aldrich, St. Louis, MI, USA) added. This mixture
was incubated with 80 nM androst-4-ene-3,[1,2,6,7-3H(N)]-
,17-dione in the presence of 2 mM NADPH in a reaction
volume of 500µL, for 20 h at 37◦C. The steroids were
extracted with ethyl acetate (3 × 500µL), dried, resuspended
in 40µL ethyl acetate, and applied to Whatman Partisil R©

LK6DF silica gel TLC plates. The chromatograms were
developed in cyclohexane/ethyl acetate (1:1, v/v), followed

by autoradiography using Kodak BioMax MS-Films and LE
Intensifying Screen (Sigma Aldrich, St. Louis, MI, USA) with
incubation at −80◦C for 6 days. The bands were identified
by co-migration with authentic standards. Samples were next
re-extracted from silica gel with ethyl acetate (3 × 500µL),
dried, resuspended in 40µL ethyl acetate, applied to new silica
gel TLC plates, and developed in cyclohexane/ethanol (95:5,
v/v).

Additionally, 24mg of homogenized tissue from three paired
samples were incubated with 8 nM androst-4-ene-3,[1,2,6,7-
3H(N)], 17-dione in 50mM sodium phosphate buffer, pH
7.4, with protease inhibitor cocktail (Sigma Aldrich, St. Louis,
MI, USA) and 2.6mM NADP+, 5mM Glucose-6-Phosphate,
and 2.5 U of GAPDH. After 20 h incubation at 37◦C the
steroids were extracted from the medium with ethyl acetate
(3 × 500µL), dried in a SpeedVacTM, and resuspended in
50% acetonitrile in water. The samples were then analyzed
by HPLC using a Kinetex 2.6µ XB-C18 column (150 ×

4.6mm; Phenomenex; Aschaffenburg, Germany) equipped with
a Securityguard guard column and Securityguard cartridges
(C18; 4 × 3.0 mm; Phenomenex, Aschaffenburg, Germany).
The mobile phase was acetonitrile: water, 1:1, and the
flow rate was 0.7 mL/min. The column temperature was
38◦C. Conversion rates were obtained after integration of
chromatograms and calculations to determine the percentages of
transformation.

E1 and E1-S Metabolism
From 17 to 35mg of homogenized tissue from 12 paired
samples was resuspended in 50 mM sodium phosphate buffer
(pH 7.4), with protease inhibitors (one tablet of CompleteTM

[Roche Molecular Biochemicals, Basel, Switzerland]/10 mL
buffer). The tissue suspensions were incubated with 10 nM
estrone, [2,4,6,7-3H(N)]- and 6 mM NADPH in a reaction
volume of 500µL for 19 h at 37◦C. The reaction was
stopped with the addition of 100µL 0.5 M ascorbic acid/1%
acetic acid in methanol, and the mixture was centrifuged
at 15,800 × g for 5min. The supernatant was cleaned
with solid phase extraction using Strata C-18E cartridges
(Phenomenex, Aschaffenburg, Germany), according to the
producer instructions, from which it was eluted with 2 ×

350 µL methanol. The samples were then analyzed by HPLC
(Beckman Coulter, Brea, CA, USA) using an Allure R© Biphenyl
Column [50 × 2.1mm, particle size 3µm (Restek Cooperation,
Bellefonte, PA, USA)], with 55% (v/v) pure methanol mixed
with 10% methanol, for 60 min at a flow rate of either 200 or
220µL/min. Conversion rates were obtained after integration
of chromatograms and evaluation with 24 Karat software
(Beckman-Coulter, USA).

Additionally 24mg of homogenized tissue from five paired
samples was incubated with 16 nM 3H E1-S in 50 mM phosphate
buffer, pH 7.4 using the same procedure as described above for
A-dione.

Immunohistochemistry
Pairs of tissue microarrays (TMA) with 3 mm cores of
tumor and adjacent control endometrium were prepared
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from formalin-fixed, paraffin embedded tissues from 44
hysterectomy specimens. Five micrometers thick TMA
sections were prepared, de-waxed in xylene and rehydrated.
Immunohistochemical stainings for HSD17B2 and STS
were performed on a fully automated Ventana BenchMark
GX System (Ventana Medical Systems, Inc., Tuscon, AZ,
USA). Protocol included a pretreatment step using Cell
Conditioning Solution 1 (48 min at 37◦C; Tris-based buffer
pH 8.5) and incubation in H2O2 to block endogenous
peroxidase. The anti-HSD17B2 (Solvay Pharmaceuticals,
1:100/Ventana diluent) and anti-STS antibodies (donated
from prof. Dr. Gerhard Schuler 1:2,000/Ventana diluent;
Supplementary Table 3) were added manually and
the primary antibody incubation was set for 2 h. The
Optiview DAB Detection Kit was used according to the
manufacturer instructions. Placenta was used as a positive
control.

Staining for SULT1E1 and HSD17B1 was done manually with
Novolink Polymer Detection System (Leica Biosystems, Wetzlar,
Germany) according tomanufacturer instructions. For HSD17B1
detection two different antibodies were used (Supplementary
Table 3). Antigen retrieval was performed with Tris-EDTA
buffer (pH 9) in a pressure cooker for 20 min and TMA
sections were incubated with anti-HSD17B1 polyclonal and
monoclonal antibodies (Solvay Pharmaceuticals, 1:4,000, 1 h,
room temperature and ab51045 EP1682Y; Abcam; Cambridge,
UK, 1:70 in 1% BSA/PBS, overnight, 4◦C). For SULT1E1
(Supplementary Table 3) antigen retrieval was done in citrate
buffer (pH 6) in a pressure cooker for 20 min. The TMA sections
were incubated with anti-SULT1E1 antibodies (HPA028728,
R28328, Sigma Aldrich, Germany, 1:100, overnight, 4◦C).
DAB chromogen solution was used to detect the bound
antibodies.

The immunohistochemical staining was assessed by a
pathologist (SFG) based on the staining intensity (scored
as: 1, weak; 2, moderate; 3, strong) and the percentage
of stained cells. The immunohistochemical scores were
calculated by multiplying the percentage of positive cells
(P) by the intensities (I) (SCORING = P × I; maximum =

300).

Statistical Evaluation
The differences in expression levels of the selected genes
were analyzed at the mRNA and protein levels in the
cancerous endometrium, as compared to the adjacent
control endometrium, using Wilcoxon matched-pair tests.
Depending on the normality of sample distribution,
the steroid concentration measurements in cancerous
and control tissue were evaluated with either paired
t-test or Wilcoxon matched pairs test. The statistical
tests were two-tailed. Stratification analyses were done
using repeated measures ANOVA. The differences in p-
values of <0.05 were considered to be significant. The
statistical calculations and tests were performed using
GraphPad Prism software, version 5.00 (San Diego,
CA, USA).

TABLE 2 | Androstenedione (A-dione) and estradiol (E2) concentrations in the

cancer (Tumor) and adjacent control tissues (Control).

Sample A-dione (pmol/g*) E2 (pmol/g*)

Control Tumor Control Tumor

49 0.63 0.41 2.24 3.47

50 5.08 6.54 13.00 4.71

51 <0.10 0.88 5.72 32.40

52 2.18 1.34 2.03 1.94

53 3.50 3.20 1.88 <0.40

54 17.19 9.22 3.76 3.06

55 1.69 0.30 <0.40 <0.40

56 0.20 <0.10 2.98 <0.40

57 5.27 1.45 11.73 7.67

58 1.53 1.34 0.78 0.97

Median 2.18 1.34 2.98 3.47

p-value 0.193 0.375

*pmol/g of powdered tissue.

RESULTS

A-dione and E2 Are Present in Both
Cancerous and Adjacent Control
Endometrium
We measured A-dione and E2 concentrations in 10 paired
samples of EC and adjacent control endometrium using
radioimmunoassay and chemiluminescent immunoassay,
respectively, which are still in routine clinical application for
measuring blood concentrations (Table 2). A-dione was detected
in 9 out of 10 samples, and E2 in seven of these samples. The
variability in A-dione and E2 levels between patients was large
and we found no significant differences in A-dione and E2 levels
(p = 0.193 and 0.375, respectively) between EC and adjacent
control tissue.

A-dione Is Metabolized to T in Cancerous
and Adjacent Control Endometrium
A-dione formed locally in EC or A-dione from circulation might
serve as precursor for E2 formation. We thus examined the
ability of EC tissue for aromatization.We studied the metabolism
of 80 nM 3H labeled A-dione in seven paired samples of EC
and adjacent control endometrium. In all of these samples, only
conversion to T and much lower levels of 5α-androstanedione
were detected by autoradiography after TLC in the first mobile
phase (Figure 2A), while in the second mobile phase, 5α-
dihydrotestosterone (5α-DHT) was also seen in two EC samples
(Figure 2B). Aromatase activity was observed only in the control
tissue, human placenta, where A-dione was metabolized to T,
E1, and E2 (Figures 2A,B). As the first experiment included
relatively high concentration of A-dione, we also examined the
metabolism of 8 nM 3H labeled A-dione in the presence of the
NADPH regeneration system in three paired samples of EC and
adjacent control endometrium. In this experiment the products
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FIGURE 2 | A-dione metabolism in the cancer and adjacent control endometrium. (A) Identification of the reaction products by autoradiography (TLC developed in

cyclohexane/ ethyl acetate [1:1, v/v]) showing conversion of 3H labeled A-dione (80 nM) to testosterone (T) and 5α-androstanedione (5α-A) in cancer, T, and

corresponding control, C, tissues. In placenta, P, A-dione was metabolized to T, E1, and E2. (B) Autoradiography of the same samples that were extracted from silica

gel and developed in cyclohexane/ ethanol (95:5, v/v), confirming the presence of 5α-dihydrotestosteone (5α-DHT) in two EC samples. (C) HPLC profiles

demonstrates metabolism of 3H labeled A-dione (8 nM) to T in control tissue and matched tumor tissue. (D) Formation of T (fmol/mg powdered tissue).

were separated by HPLC, where T was the major metabolite in
all paired samples (Figure 2C) with increased formation of T
seen in EC (Figure 2D). This is in agreement with our previous
study in nine EC samples where 10 nM 3H labeled A-dione was
metabolized mainly to T with no E2 seen (Vouk and Rizner,
Unpublished data; Supplementary Figure 1).

E1-S Is Metabolized to E2 in Cancerous
and Adjacent Control Endometrium with
Increased Formation of E2 Seen in Cancer
Tissue
Since no E2 were formed by metabolism of A-dione in EC
specimens, we next studied the ability of this tissue for
metabolism of the major circulating estrogen, E1-S. This study
was performed in five paired samples of EC and adjacent control
tissue. Sixteen nM E1-S was metabolized to E1 and E2 in both,
EC and adjacent control tissue, with significantly higher levels of
E2 formed in cancerous tissue (p = 0.0085; Figures 3A,B,D). In
addition to E2 and E1 also several unidentified polar metabolites
were formed (Figure 3C). The metabolism of 10 nM E1 was
further examined in 12 paired samples of EC and adjacent control
endometrium. The formation of E2 was detected in all of the
samples (Figures 4A–C); with a 2-fold, but non-significantly
increased median levels seen in cancerous tissue (p = 0.151;
Figure 4A). In seven samples of EC there was an increased
E2 formation, in one sample there was no difference and in
four samples of EC originating from one patient with serous
EC and three patients with well-differentiated EC (G1) there

was a decreased E2 formation as compared to adjacent control
endometrial tissue (Figure 4A).

Genes for Local Formation of E2 via the
Aromatase and Sulfatase Pathways Are
Expressed in Cancerous Endometrium
Genes that are involved in local E2 formation from A-dione or
E1S (Figure 1) are expressed in cancerous and adjacent control
tissue. In the same cohort of EC patients, we previously reported
no statistically significant differences in the expression of the
majority of the genes involved in E2 formation: CYP19A1,
STS, HSD17B4, HSD17B8, HSD17B12, and SULT1E1; however,
HSD17B1, and HSD17B7, which promote E1 activation to E2,
were down-regulated, and HSD17B2, which has the opposite
role, was upregulated in the EC samples (Smuc and Rizner,
2009; Sinreih et al., 2013). In the present study, we re-examined
the mRNA levels of CYP19A1, STS, and HSD17B1 on a larger
cohort of samples and found very low and unaltered mRNA
levels of CYP19A1 and HSD17B1. The mRNA levels of STS were
about 1,000-fold higher than the levels of HSD17B1, but still
unchanged in the EC and control tissues (Figure 5). With an
arbitrary threshold of 1.2 for the ratio of mRNA levels in pairs
of EC and adjacent control tissue we saw increased ratios in 8 out
of 22 pairs for CYP19A1, 10 out of 27 pairs for STS and 9 out of
27 pairs for HSD17B1. We also investigated the mRNA levels of
the oxidative HSD17B14, which has not yet been studied in EC
and found high, but statistically significantly decreased levels (p
< 0.0001) in cancer tissue, compared to control tissue.
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FIGURE 3 | E1-S metabolism in the EC and adjacent control endometrium. (A) Table for the conversion of E1-S to E1 and E2 (fmol/mg powdered tissue) in control

and corresponding EC. (B) Histogram with logarithmic scale demonstrates increased tumor/ control tissue ratio for E2 formation in all paired samples. (C) HPLC

elution profiles shows the formation of E2 and E1 from 3H labeled E1-S (16 nM) for the representative samples of control (C64) and corresponding cancer (T64)

tissues. Rf of E1-S and formation of several unidentified polar metabolites is also shown. (D) Before-and-after graph demonstrates levels of E2 formed in control

endometrium (Control) and the corresponding EC (Tumor) for samples 61, 63, 64, 65, and 66.

Further, stratification according to clinical data (menopausal
status and vital status of the patients’ and FIGO stage) and
histopathological data (histological type and grade of the tumor,
depth of myometrial invasion, and presence of lymphovascular
invasion) revealed differences in STS, SULT1E1, and HSD17B14
expression (Table 3). STS was significantly downregulated (p
= 0.0439) only in high grade tumors (G3) while in lower
grade tumors (G1 and G2) STS levels did not differ between
cancer and adjacent control tissue. The expression of SULT1E1
was significantly downregulated (p = 0.0392) in cancer tissue
from premenopausal women, with significantly lower levels seen
in cancer and adjacent control tissue from postmenopausal
women as compared to premenopausal women. The expression
of HSD17B14 changed in more invasive cancers, there was
an extensive downregulation in cancer compared to adjacent

control tissue form patients with lymphovascular invasion (p =

0.0298).

High Protein Levels of STS and HSD17B2
Are Seen in Cancerous and Adjacent
Control Endometrium
As mRNA levels do not necessary correlate with protein levels
and enzymatic activity, we also examined protein levels of STS,
SULT1E1, HSD17B1, and HSD17B2. With the specific antibodies
we performed Western blot analysis to evaluate protein levels
of these enzymes in paired samples (Figure 6). We found
high protein levels of STS, with increased levels in 12 EC
samples out of 24, where this difference was not statistically
significant (Figures 6A–C). SULT1E1 protein levels were very

Frontiers in Pharmacology | www.frontiersin.org June 2017 | Volume 8 | Article 368125

http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive


Sinreih et al. Estrogen Formation in Endometrial Cancer

FIGURE 4 | E2 formation in the EC and adjacent control tissues. (A) Table showing the formation of E2 (fmol/mg powdered tissue) in control and corresponding

cancer endometrium. (B) Histogram with logarithmic scale demonstrates increased tumor/ control tissue ratio for E2 in 7 of 12 paired samples. (C) HPLC elution

profile shows the formation of E2 from E1 for representative control (C58) and cancer (T58) tissues.

low in all but one tumor sample (T53, Figure 6D) thus it was
not possible to accurately estimate differences in protein levels
between control compared to EC tissue. We were not able
to detect HSD17B1 protein in EC tissues using two different
antibodies (rabbit monoclonal antibody, EP1682Y, Abcam UK;
and rabbit polyclonal antibodies from Solvay Pharmaceuticals;
data not shown) although these antibodies recognized HSD17B1
in placenta tissue and in homogenates of E. coli overexpressing
HSD17B1. Protein levels of HSD17B2 were seen in the majority
of samples, with increased levels in 7 out of 17 pairs, but with
no statistically significant difference between EC and adjacent
control tissue (Figures 6E–G). The stratification according to
clinical and histopathological data confirmed the effects of tumor
differentiation on STS expression (Table 4). The significantly
lower STS protein (p = 0.0039) levels in EC as compared to
adjacent control tissue were seen only in high grade tumors
(G3), while in well-differentiated tumors (G1, G2) there were
no differences in STS levels between EC and control tissue
(Table 4). However, this trend was not supported by further
immunohistochemical staining.

With the same set of antibodies as previously used for
Western blotting we performed immunohistochemical staining
of tissue microarrays, which included 44 pairs of cancer
and adjacent control tissue. We observed staining for STS,
HSD17B2, HSD17B1, and SULT1E1 in EC and adjacent
control tissue (Figures 7A,C). STS staining indicated clear
cytoplasmic reaction with several samples showing distinct
luminal accumulation of this protein. Scoring and further
statistical analysis revealed overall significantly lower levels of
STS (p = 0.0219) in cancer compared to adjacent control
tissue but with unchanged levels in 12 pairs, increased levels
in 10 pairs and decreased levels in 22 out of 44 pairs
(Figures 7A,B, Supplementary Table 4). HSD17B2 showed
granulated cytoplasmic reaction in all samples. Protein levels of
HSD17B2 were in general significantly increased (p = 0.0236) in
cancer as compared to adjacent control tissue with unchanged
levels in 5 pairs, decreased levels in 11 pairs, and increased levels
in 24 out of 40 pairs (Figures 7A,B, Supplementary Table 4).
Staining for HSD17B1 with Abcam EP1682Y antibodies was
weak but indicated distinct and clear cytoplasmic reaction with
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FIGURE 5 | Expression of CYP19A1, STS, HSD17B1, and HSD17B14 in the EC and adjacent control tissues. On the left before-and-after graphs show the

normalized expression levels of the genes investigated in control endometrium (Control) and the corresponding cancer endometrium (Tumor). The levels of gene

expression are presented on a logarithmic scale. On the right are histograms with logarithmic scale shows mRNA ratio between cancer and control tissue.
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TABLE 3 | Changes in expression of genes according to histopathological and clinical characteristics of endometrial cancer patients.

Gene Tumor/control Tumor differentiation

(high grade vs. low grade)

Menopausal

status

FIGO

stage (IA

vs. IB-IV)

Myometrial

invasion

(yes/no)

Lymphovascular

invasion (yes/no)

Vital

status

Fold-change p p p p p p p

CYP19A1 0.85 0.5203 0.1115 0.0615 0.0893 0.1830 0.1995 0.3106

STS 0.93 0.7639 0.0439 0.0868 0.4326 0.7682 0.3991 0.0529

HSD17B1 0.75 0.2110 0.1562 0.9748 0.6552 0.1273 0.1844 0.3882

HSD17B14 0.26 <0.0001 0.3136 0.2847 0.8550 0.4597 0.0298 0.4233

SULT1E1 0.43 0.1606 0.2128 0.0392 0.2615 0.7745 0.2252 0.3653

The differences in expression levels in tumor as compared to the adjacent control endometrium were analyzed using Wilcoxon matched-pair tests. Stratification analysis were done

using 2-way ANOVA. The differences in p-values of < 0.05 were considered significant and are marked in bold.

clearly negative control staining and intense staining in placenta
tissue, which served as a positive control (Figure 7C). Weak
staining for HSD17B1 was seen in 38 control and 36 cancer
samples out of 42 pairs investigated. With Solvay antibodies
against HSD17B1 moderate staining was seen in control and
cancer tissue in epithelial and stromal cells, with cytoplasmic
but also some positive nuclear staining, and intense staining
in placenta tissue (data not shown). Staining for SULT1E1
in EC and adjacent control endometrial tissue samples was
cytoplasmic with no significant difference between cancer and
the adjacent control tissue, but with decreased levels in 16
pairs, increased levels in six pairs and no staining in 8 out
of 31 pairs (Figures 7A,B; Supplementary Table 4). The same
antibody intensively stained small intestine and duodenum
tissue, which served as positive controls and weakly lung tissue,
which was a negative control (data not shown). Stratification of
the experimental data according to clinical and histopathological
characteristics of patients revealed no effects on STS, HSD17B2,
and SULT1E1 levels (Table 5).

DISCUSSION

In postmenopausal EC patients estrogens can be formed in
peripheral tissues, from inactive precursors of adrenal (DHEAS,
DHEA) or ovarian origin (A-dione), or from circulating E1-S.
However, the local formation of E2 in cancerous endometrium
and especially the contributions of the sulfatase and aromatase
pathways has not been clearly defined which called for further
studies. We first measured concentrations of A-dione, which
can serve as a precursor for E2 biosynthesis via the aromatase
pathway and E2 itself in paired samples of EC and adjacent
control endometrium. A-dione and E2 were detected almost in
all samples, but with large variability between patients, similarly
as reported previously for the measurements of mammary
E2 (Chetrite et al., 2000; Geisler et al., 2000). Previously
Berstein et al. (2003) detected significantly higher E2 levels by
radioimmunological assay in 78 cases of cancer tissue compared
to the macroscopically normal adjacent endometrium (mean
levels 0.498 and 0.314 pmol/g wet tissue, respectively). We
calculated the hormone levels per mass of powdered tissue
and thus determined about 10-fold higher concentrations. Both

studies used immunological assays which introduced certain
methodological limitations. In the last decade the reliability of
immunoassays has been questioned due to the potential cross-
reactivity between different stereoisomers and low sensitivity,
thus GC/MS and LC-MS/MS techniques are now recommended
(Penning et al., 2010; Stanczyk and Clarke, 2010). To the best of
our knowledge these methodologies have not yet been used for
determination of A-dione and E2 concentrations in EC tissue.
Although, the immunological assays used in this study might
have not determined exact concentrations of A-dione and E2,
they have confirmed presence of A-dione and E2 in the majority
of cancer and adjacent control tissues, which supports local
formation of E2.

Detection of A-dione in cancerous endometrium led us to
examine its metabolism in paired samples of EC and adjacent
control tissue. Our data show that A-dione at 80, 10, and 8
nM is reduced to T where no E2 is formed. These results were
confirmed, altogether in 19 EC samples, by two methodological
approaches (TLC with autoradiography and HPLC separations
using radioactivity detector) also in the presence of regeneration
system which provided sufficient levels of NADPH. Reduction of
A-dione to T can be catalyzed by the reductive androgenic 17β-
HSD type 5 (HSD17B5), better known as AKR1C3, which was
shown to be expressed in EC samples from our cohort (Smuc and
Rizner, 2009). The A-dione metabolism data using physiological
steroid concentrations suggests a marginal role for aromatase in
EC tissues, which is in agreement with the reports of Fournier and
Poirier and our previous studies showing no E1 and E2 formation
in four EC cell lines (Ishikawa, HEC-1A, HEC-1B and RL-95)
after 24 h incubation with 8 nM A-dione (2009) (Fournier and
Poirier, 2009; Hevir-Kene and Rižner, 2015).

As our data show that E2 cannot be formed from A-dione
via the aromatase pathway, we next studied formation from
E1-S via the sulfatase pathway. The E1-S and E1 metabolism
studies in 5 and 12 paired samples of EC and adjacent control
endometrium, respectively, support formation of E2 from both
precursors with higher levels of E2 in EC. This data thus confirm
that in EC the most potent estrogen E2 can be formed via
the sulfatase pathway from circulating E1-S as also supported
by increased E1-S plasma levels in EC patients compared to
healthy postmenopausal women (Lepine et al., 2010; Audet-
Walsh et al., 2011; Brinton et al., 2016). Our E1-S metabolism
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FIGURE 6 | Protein levels of STS, SULT1E1, and HSD17B2 in the EC and adjacent control tissue. (A) Before-and-after graph shows STS protein levels in 24 paired

samples of control endometrium (Control) and corresponding cancer tissue (Tumor). The data was quantified and normalized to GAPDH levels. (B) Histogram with

logarithmic scale demonstrates higher STS levels in cancer endometrium in 12 paired samples out of 24. (C) Representative membrane with STS and GAPDH

staining. (D) Representative membrane with SULT1E1and GAPDH staining. (E) Before-and-after graph shows HSD17B2 protein levels in 17 paired samples of control

endometrium (Control) and corresponding cancer tissue (Tumor). The data was quantified and normalized to GAPDH levels. (F) Histogram with logarithmic scale

demonstrates protein ratio between paired samples of tumor and control tissue. (G) Representative membrane with HSD17B2 and GAPDH staining. C, control

endometrium; T, EC tissue; HIEEC, control epithelial cell line of normal endometrium; HEC1A, endometrial cancer cell line; HepG2, liver cancer cell line.
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TABLE 4 | Changes in protein levels according to histopathological and clinical characteristics of endometrial cancer patients.

Protein Tumor/control Histological

differentiation (high

grade vs. low grade)

Menopausal

status

FIGO

stage (IA

vs. IB-IV)

Myometrial

invasion

(yes/no)

Lympho-

vascular

invasion (yes/no)

Vital

status

Fold-change p p p P p p p

STS 1.09 0.2660 0.0039 0.9142 0.1013 0.7690 0.5050 0.5068

HSD17B2 1.03 0.8498 0.2891 0.0989 0.3028 0.5704 0.6941 0.6856

Protein levels were determined by Western blotting. The differences in expression levels in tumor as compared to the adjacent control endometrium were analyzed using Wilcoxon

matched-pair tests. Stratification analysis were done using 2-way ANOVA. The differences in p-values of <0.05 were considered significant and are marked in bold.

data also show significantly increased levels of E2 in cancer tissue
Similarly, Cornel et al., reported that reduction of E1 to E2
predominates over oxidation of E2 to E1 in EC compared to
normal endometrial tissue and adjacent control tissue (Cornel
et al., 2012).

The expression of the majority of these genes for local E2
formation via the aromatase and the sulfatase pathways has
previously been studied in the same cohort of patients (Smuc
and Rizner, 2009). Here, we re-examined expression of genes
encoding the key enzymes of the aromatase and the sulfatase
pathway, CYP19A1, STS, and HSD17B1 on a larger number of
samples. The very low and unchanged CYP19A1 expression also
reported by Cornel et al. (2012) support our A-dione metabolism
data, which shows that aromatization of androgens is not the
primary mechanism for E2 formation in EC.

On the other hand, high but unchanged expression of STS at
the mRNA level, unchanged protein levels of STS in EC samples
seen by Western blotting and significantly lower protein levels
seen by IHC, imply that STSmay have more important role in the
adjacent control tissue as compared to EC. However, statistical
analysis revealed that STS is downregulated in high grade cancers
but not in low grade cancers, where similar levels were seen in EC
and the adjacent control tissue (Table 3). Similar trend was seen
also for protein levels of STS as determined by Western blotting
(Table 4). However, due to a low number of high grade cancers,
this association have to be considered with caution and the effect
of high grade cancer should be reassessed on a higher number of
samples.

The importance of the sulfatase pathway is also supported by
the previously reported 5-fold lower expression of SULT1E1 as
compared to STS and decreased mRNA levels of SULT1E1 in 27
out of 38 EC samples from the same cohort, where this difference
did not reach statistical significance (Hevir et al., 2011b) and also
by significantly increased ratio between STS and SULT1E1 in EC.
Furthermore, our current statistical analysis, showed significantly
lower SULT1E1mRNA levels in EC samples from premenopausal
women and several fold downregulated SULT1E1 expression in
postmenopausal patients with no effects of tumor differentiation
(Table 3). The protein levels of SULT1E1 were very low, which
is in line with mRNA levels, reports of others (Utsunomiya
et al., 2004) and Human Protein Atlas (data obtained on April
28, 2017). Additionally, IHC staining for SULT1E1 was negative
(>25% cases) or weak with a clear trend for decreased levels in
EC (Supplementary Table 4). This data thus support the capacity
of EC tissue for activation of E1-S to E1.

HSD17B1 is the most obvious candidate for reduction of E1 to
E2. In this study, we saw low, but statistically unchanged mRNA
levels of HSD17B1 in EC as compared to control adjacent tissue.
In 9 patients out of 27 these mRNA levels were increased in
EC compared to adjacent control tissue. The gene expression
of other reductive enzymes, as HSD17B7 and HSD17B12,
was previously seen to be decreased and unchanged in the
same cohort of EC, respectively (Smuc and Rizner, 2009). The
average expression levels of HSD17B7 were 5-fold higher than
HSD17B1, while HSD17B12 levels exceeded those of HSD17B1
by more than 104-fold (Smuc and Rizner, 2009), implying that
also HSD17B12 is important for E1 activation. Additionally,
AKR1C3, which preferentially catalyzes the reduction of A-
dione, might contribute to E2 formation, as shown after its
overexpression in the MCF7 breast cancer cell line (Byrns et al.,
2010). At the protein level we saw a weak specific cytoplasmic
IHC staining for HSD17B1 in EC and control endometrial
epithelial cells with no difference between cancer and adjacent
control tissue. At the protein level Cornel et al., previously
reported (Cornel et al., 2012) increased immunoreactivity in
grade 1 EC and unchanged levels in high grade EC, whereas
in their most recent study they reported very weak staining for
HSD17B1 in EC (Cornel et al., 2016). Our results are in line with
a lowHSD17B1 expression levels observed in cancer and adjacent
control tissue. Due to the higher catalytic efficiency of HSD17B1
as compared to the other isoforms, low expression levels might
still result in high conversion of E1 to E2 (Gangloff et al., 2001).
Higher capacity of HSD17B1 for E2 formation, compared to
other enzymes, was also confirmed by transient transfection of
HSD17B1, HSD1712, and AKR1C3 in EC cell line ECC1 (Cornel
et al., 2012).

HSD17B2 has the highest catalytic efficiency for oxidation
of E2 to E1 and we recently reported significantly increased
mRNA levels in EC compared to adjacent control tissue,
where pairwise comparison showed increased levels in 32 EC
samples out of 47 pairs (Sinreih et al., 2013). Our current
Western blotting showed increased protein levels of HSD17B2
in cancer endometrium in 7 out of 17 paired samples while
IHC revealed significantly increased protein levels in EC samples
compared to adjacent control tissue but with lower levels
seen in 11 EC samples out of 40 investigated (Supplementary
Table 4). Among other oxidative HSD17Bs with lower catalytic
efficiencies, we previously saw unchanged mRNA levels of
HSD17B4 and HSD17B8 (Smuc and Rizner, 2009). In this study,
HSD17B14 was in general significantly downregulated at the
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FIGURE 7 | Immunohistochemical staining for STS, HSD17B2, HSD17B1, and SULT1E1 in endometrial cancer. (A) Before-and-after graphs show scoring for STS,

HSD17B2, and SULT1E1 in control endometrium (Control) and the corresponding cancer endometrium (Tumor). (B) Table with number of samples with increased,

decreased or unchanged levels of protein in tumor tissue compared to adjacent control endometrium. (C) representative staining of adjacent control endometrium (C)

and cancerous tissue (T) for STS, HSD17B2, HSD17B1, and SULT1E1 (samples 54 and 62), and placenta (P) as a positive control. Samples were stained with

hematoxylin and eosin (HE staining) and with specific antibodies against STS, HSD17B2, HSD17B1, and SULT1E1. 400 × magnifications are shown.
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TABLE 5 | Changes in immunohistochemical scoring according to histopathological and clinical characteristics of endometrial cancer patients.

Protein Tumor/control Tumor differentiation

(high grade vs. low grade)

Menopausal

status

FIGO

stage (IA

vs. IB-IV)

Myometrial

invasion

(yes/no)

Lympho-

vascular

invasion (yes/no)

Vital

status

Fold-change p p p p p p p

STS 0.73 0.0219 0.6383 0.8962 0.8787 0.5752 0.693 0.7503

HSD17B2 1.45 0.0236 0.5055 0.5419 0.9576 0.45 0.7844 0.4178

SULT1E1 0.59 0.0678 0.657 0.0535 0.8447 0.6497 0.1287 0.3016

The differences in expression levels in tumor as compared to the adjacent control endometrium were analyzed using Wilcoxon matched-pair tests. Stratification analysis were done

using 2-way ANOVA. The differences in p-values of <0.05 were considered significant and are marked in bold.

mRNA level and we saw lower expression in 19 out of 21
pairs of EC and adjacent control endometrium. Interestingly,
more extensive downregulation of HSD17B14 was seen in EC
samples from patients with lymphovascular invasion (Table 3).
Oxidation of E2 to E1 can be catalyzed by several isozymes.
Although, HSD17B2 has the highest catalytic efficiency for
oxidation of E2 to E1 also decreased expression of HSD17B14
gene encoding the oxidative enzyme HSD17B14 may affect E2
levels.

The increased formation of E2 seen in EC certainly results
from the disturbed balance between the reductive and oxidative
isoforms of HSD17Bs. However, the unchanged mRNA levels of
HSD17B1 and HSD17B12, increased mRNA levels of HSD17B2
and decreased mRNA levels of HSD17B14 in EC do not fully
explain higher capacity for E2 formation seen in EC tissue. Our
results thus support studies in model cell lines, where individual
inhibitors of HSD17B1, HSD17B5 (AKR1C3), HSD17B7, and
HSD17B12 failed to completely block E2 formation (Fournier
and Poirier, 2009). Our experimental data indicate that HSD17B1
might not be solely accountable for E2 formation and suggest
that large differences in catalytic efficiencies of the reductive
estrogenic HSD17B enzymes might partially be compensated by
higher expression levels of other isozymes and also higher local
concentration of E1 in EC tissue.

The local concentration of E1 and E2 depends on
concentration of E1-S and especially activity of STS, which
is highly expressed in EC tissue with unchanged protein levels
in low grade cancers compared to adjacent control tissue, and is
only weakly opposed by SULT1E1. The sulfatase pathway is thus
clearly implicated in local estrogen formation, and concomitant
enhanced estrogen actions in EC. It has to be stressed here that
a great variabilities in gene expression at the mRNA and protein
levels have been seen among patients. Also increased capacity for
E2 formation in cancerous endometrium has not been observed
in all patients.

STS inhibitors have been considered as novel anticancer
agents where phase II clinical study has already been performed
in ER-positive advanced/recurrent EC, however with no
convincing results for STS inhibitor irosustat vs. progestin
megestrol acetate (Pautier et al., 2017) with the progression
free survival of 16 and 32 weeks, respectively. STS inhibitor
thus performed worse as compared to the current medical
treatment for recurrent EC. This suboptimal performance of
STS inhibitor is not in contrast with the reported increased

E2 formation in cancerous endometrium. Our cohort included
EC patients with mostly well-differentiated low grade primary
cancer. The situation in high grade cancers and especially
advanced/recurrent cases may be different as suggested by
decreased STS mRNA and protein levels seen in high grade vs.
low grade cancers. It is clear that further studies including high
grade and advanced cancers and also focusing on E1S uptake
transporters are needed to clarify the clinical performance of STS
inhibitor.

Altogether our study confirms the presence of E2 in cancerous
endometrium, the capacity of this tissue for activation of E1S to
E2 and reports expression of genes involved in local E2 formation
via the sulfatase pathway at the mRNA and protein levels. This
data is extended by a statistical evaluation of individual variables
including histopathological and clinical characteristics that may
affect the expression levels. Although the limitation of our study
is a relatively low number of samples included in the individual
analyses, the findings on the local E2 formation are supported
by different methodological approaches and are substantiated by
the protein levels and enzymatic activities of STS and HSD17B1
in EC tissue.

Formation of E2 in EC also depends on intracellular E1-S
concentrations, which are regulated by the availability of Organic
Anion Transporting Polypeptides (OATPs) and Organic Anion
Transporters (OATs), where several OATPs and OATs catalyze
the cellular uptake of E1-S (Mueller et al., 2015). However,
the expression of genes encoding OATP and OAT transporters
has not yet been examined in EC. As the concerted action
of these transporters and intracellular enzymes is required for
local E2 formation this lack of knowledge currently precludes
the complete understanding of E2 formation in cancerous
endometrium and calls for further studies. Especially, as these
transporters may have crucial roles in local estrogen formation
and may represent novel options for treatment.
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High-grade serous ovarian cancer (HGSOC) is considered the most deadly and

frequently occurring type of ovarian cancer and is associated with various molecular

compositions and growth patterns. Evaluating the mRNA expression pattern of

the organic anion transporters (OATPs) encoded by SLCO genes may allow for

improved stratification of HGSOC patients for targeted invention. The expression of

SLCO mRNA and genes coding for putative functionally related ABC-efflux pumps,

enzymes, pregnane-X-receptor, ESR1 and ESR2 (coding for estrogen receptors ERα

and ERß) and HER-2 were assessed using RT-qPCR. The expression levels were

assessed in a cohort of 135 HGSOC patients to elucidate the independent impact

of the expression pattern on the overall survival (OS). For identification of putative

regulatory networks, Graphical Gaussian Models were constructed from the expression

data with a tuning parameter K varying between meaningful borders (Pils et al.,

2012; Auer et al., 2015, 2017; Kurman and Shih Ie, 2016; Karam et al., 2017;

Labidi-Galy et al., 2017; Salomon-Perzynski et al., 2017; Sukhbaatar et al., 2017).

The final value used (K = 4) was determined by maximizing the proportion of

explained variation of the corresponding LASSO Cox regression model for OS. The

following two networks of directly correlated genes were identified: (i) SLCO2B1 with

ABCC3 implicated in estrogen homeostasis; and (ii) two ABC-efflux pumps in the

immune regulation (ABCB2/ABCB3) with ABCC3 and HER-2. Combining LASSO Cox

regression and univariate Cox regression analyses, SLCO5A1 coding for OATP5A1, an

estrogen metabolite transporter located in the cytoplasm and plasma membranes of

ovarian cancer cells, was identified as significant and independent prognostic factor

135
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for OS (HR = 0.68, CI 0.49–0.93; p = 0.031). Furthermore, results indicated the

benefits of patients with high expression by adding 5.1% to the 12.8% of the proportion

of explained variation (PEV) for clinicopathological parameters known for prognostic

significance (FIGO stage, age and residual tumor after debulking). Additionally, overlap

with previously described signatures that indicated amore favorable prognosis for ovarian

cancer patients was shown for SLCO5A1, the network ABCB2/ABCB3/ABCC4/HER2

as well as ESR1. Furthermore, expression of SLCO2A1 and PGDH, which are important

for PGE2 degradation, was associated with the non-miliary peritoneal tumor spreading.

In conclusion, the present findings suggested that SLCOs and the related molecules

identified as potential biomarkers in HGSOC may be useful for the development of novel

therapeutic strategies.

Keywords: high-grade serous ovarian cancer, SLCO, OATP, transporter, overall survival, estrogens

INTRODUCTION

High-grade serous ovarian cancer (HGSOC) is the most frequent
occurring and aggressive subtype of all ovarian cancer types.
HGSOC is often diagnosed late and is associated with therapeutic
resistance following surgical debulking and platin- and taxane-
based chemotherapy as standard of care. These factors contribute
to the high mortality. Since the poor overall survival (OS)
of HGSOC patients has not improved greatly during the last
decades, more knowledge on the characteristic of these tumors
is required (Karam et al., 2017).

HGSOC develops from epithelial cells in the fimbriae region
of the fallopian tubes that undergo neoplastic transformation to
serous tubal intraepithelial carcinomas (STICs) to form HGSOC
in the ovary (Labidi-Galy et al., 2017). In some cases, HGSOC
might also develop from the less aggressive low-grade serous
ovarian carcinomas (LGSOC), which arises from ovarian tissue
(Auer et al., 2017; Sukhbaatar et al., 2017). Notably, mutations

in TP53 are considered important for the diagnosis of HGSOC
and are observed in >95% of cases (Kurman and Shih Ie,
2016). Aside from TP53 mutations, HGSOC can also present
with variable molecular compositions and growth patterns,
thus a further sub-classification based on the morphologic and
molecular heterogeneity of these tumors is recommended (Pils
et al., 2012; Salomon-Perzynski et al., 2017).

In contrast to other cancer types of the reproductive organs
with broad lymphatic or haematogenous dissemination to distant
organs, including cervix and breast, ovarian cancer cells spread
predominantly in the peritoneal cavity. Of note, epithelial
and mesenchymal markers are simultaneously expressed in
HGSOC cells and a continuous dynamic epithelial/mesenchymal
transition (EMT) can enable tumor cells to adapt for peritoneal
implantation and local tumor metastasis (Auer et al., 2015). It
is thought that tumor cells in the peritoneal fluid and those
circulating in the blood implant in the peritoneum and omentum
to form metastatic tumors, which can result in the destruction of
neighboring organs (Yeung et al., 2015; Obermayr et al., 2017).
A close relation between the pattern of peritoneal metastases
and the putative origin of HGSOC tumor cells in the fallopian
tubes (T) or the ovary (O) was previously demonstrated by a

comparative transcriptome analyses (Pradeep et al., 2014; Auer
et al., 2015; Bachmayr-Heyda et al., 2017). Tumor cells of ovarian
origin grow in the peritoneum in a non-miliary (n-M) fashion
and result in the production of large tumor nodes. Typically these
n-M tumors can be removed completely, which contributes to
improved prognosis of tumors with this pattern of metastasis.
However, miliary (M) growing tumors form many small (millet-
sized) tumor nodes, which at the time of the diagnosis are
widely spread in the peritoneum. According to the signature of
M tumors, they originate from the fallopian tube epithelium.
Because complete removal is usually difficult to achieve and
they seem to be more aggressive than other ovarian cancers, the
prognosis is generally worse than that of n-M tumors (Pils et al.,
2012; Torres et al., 2017).

Other classification systems to stratify HGSOC patients
according to their risk for a cancer-related death were developed
as molecular signatures for these tumors. Similar to breast cancer,
many tumors express estrogen receptor alpha (ERα), estrogen
receptor beta (ERβ) and/or other steroid hormone receptors.
A subgroup of these tumors express additionally/or exclusively
epidermal growth factor receptor 2 (HER-2, ERBB2); however,
some tumors been demonstrated to express none of these
markers. Importantly, HGSOC tumors expressing high levels of
ERα are usually sensitive to estrogens and are associated with a
better prognosis compared with tumors expressing HER-2, but
lack expression of ERα (Voutsadakis, 2016; Rižner et al., 2017).
Another risk classification system to stratify HGSOC patients
into two groups (group 1 and group 2) based on molecular
signature was defined by Yoshihara (Yoshihara et al., 2009).
Group 1 is characterized by a better response to chemotherapy
and a more favorable prognosis compared to group 2. Most
prominent in this identified signature is the reduced expression
of immune-response-related genes in tumors classified into
group 2. Furthermore, genes coding for transport proteins
in the antigen presentation pathway are downregulated. The
ATP-binding cassette (ABC)-transporters ABCB2 (TAP1) and
ABCB3 (TAP2), which are encoded by ABCB2 and ABCB3 genes,
respectively, are part of the major histocompatibility complex
class I restricted antigen processing machinery. Consequently,
high levels of ABCB2/ABCB3 are associated with improved
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survival in ovarian cancer patients, indicating the importance of
transport proteins in ovarian cancer progression.

Aside from the immune system, many transmembrane
transport proteins play an important role in cancer cell survival
and progression in relation to their transport function in
cancer cells (Thakkar et al., 2015). For uptake of drugs,
xenobiotics and compound from the endogenous metabolism,
eleven member of the family of organic anion transporting
polypeptides (OATPs) encoded by SLCO genes have been
identified (Hagenbuch and Gui, 2008; Obaidat et al., 2012; Stieger
and Hagenbuch, 2014). Eleven members of the organic anion
transporting polypeptides (OATPs) family encoded by SLCO
genes have been described to be associated with the uptake of
drugs, xenobiotics and compounds associated with endogenous
metabolism (Hagenbuch and Gui, 2008; Obaidat et al., 2012;
Stieger and Hagenbuch, 2014). Notably, ubiquitously expressed
SLCO2A1, SLCO2B1, SLCO3A1, and SLCO4A1 genes have been
identified in ovarian cancer (Tamai et al., 2000). In addition, we
previously detected SLCOs with a more restricted localization
in normal tissue using samples from different ovarian cancer
subtypes. These included the following: (i) SLCO1B1 and liver-
type SLCO1B3 (lt-SLCO1B3), which are normally expressed in
the liver; (ii) SLCO4C1, which is highly expressed in the kidney;
(iii) testis-specific SLCO6A1; and (iv) SLCO5A1, which is more
widely distributed in the body (Svoboda et al., 2011). Novel
SLCO1B3 variants were identified in cancerous tissues. A cancer-
type variant with a distinct 5′region, termed cancer-type (ct)-
SLCO1B3 coding for the cancer-type (ct)-OATP1B3 transporter
was identified as the main OATP1B3 variant in colon, lung (Sun
et al., 2014) pancreatic (Thakkar et al., 2013), and also ovarian
cancer (Alam et al., 2018).

Thus far, various members of the OATP family (OATP1A2,
OATP1B1, lt-OATP1B3, OATP2B1, OATP3A1, OATP4A1,
and OATP5A1) have been identified as transporters for the
17β-estradiol (E2) precursor, estrone sulfate (E1S) and/or
dehydroepiandrosterone sulfate (DHEA-S). Subsequently,
OATP-mediated uptake of precursors may influence the
progression of hormone-sensitive cancer subtypes. Of note,
expression of OATP2B1 and OATP1A2, two transporters for
steroid hormones, has been identified as important for the
progression of hormone-dependent breast cancer (Banerjee
et al., 2012; Matsumoto et al., 2015) and may also be significant
for HGSOC. As serous ovarian carcinomas typically arise in
postmenopausal women following the termination of ovarian
estrogen synthesis, expression of OATPs might be important
for providing E2 to hormone-dependent tumor cells. For an
optimal estrogen turnover, uptake transporters must collaborate
with the ABC-efflux transporter for the excretion of estrogen
metabolites (Buxhofer-Ausch et al., 2013; Mueller et al., 2015;
Rižner et al., 2017). After inactivation of E2 and other estrogens,
for which conjugation through to sulfate via estrogen-preferring
sulfotransferase is an important step, the conjugates are excreted
via ATP-dependent drug efflux pumps (ABC-transporters),
such as ABCC2 and ABCC3. Therefore, the expression of
SLCOs/OATPs and ABC-efflux pumps could be of relevance
in the progression of estrogen-sensitive HGSOC (Rižner et al.,
2017).

OATPs may also be considered important for the
accumulation of cytotoxic drugs in tumor cells; however,
ABC-efflux pumps can limit the exposure of cells to their toxic
effects. This suggests an influence of transporter gene expression
on the efficacy of chemotherapeutic drugs (Ween et al., 2015;
Bugde et al., 2017). From all established members of the OATP
family, lt-OATP1B3 has been extensively characterized for its
function as an uptake transporter for several established OATP
substrates and for its role in paclitaxel uptake (van de Steeg et al.,
2013). Because the OATP variant has poor transport capacity
compared to the lt-OATP1B3, paclitaxel uptake by ct-OATP1B3
into ovarian cancer cells is unlikely (Thakkar et al., 2013; Sun
et al., 2014; Furihata et al., 2015; Sissung et al., 2017; Alam et al.,
2018).

ABCB1 (P-glycoprotein), which is encoded by the ABCB1
gene, has been found to be significant in the efflux of taxanes
from cells (Szakács et al., 2006). Notably, a previous study
revealed that, although reduced ABCB1 expression levels in
epithelial ovarian cancer were related to longer progression-
free survival of patients (Elsnerova et al., 2016), the role of P-
glycoprotein in epithelial ovarian cancer is uncertain. Similarly,
the expression of a number of ABC-transporters has been related
to drug resistance and has been indicated to limit the exposure
of cells to cytotoxic drugs. Furthermore, following platinum-
and taxane-based standard chemotherapy, the upregulation of
ABCC2, ABCC3, ABCC4, and ABCC10 genes, which code for
their respective ABC-transporters (multidrug resistance-related
proteins MRP2, 3, 4, and 10, respectively) can contribute to drug
resistance (Auner et al., 2010). Previous findings have suggested
that the expression of a number of genes in the OATP and ABC-
transporter families can be induced by the pregnane X receptor
(PXR), which can be activated by many drugs and chemicals.
Therefore, a possible co-expression of PXR and transporters
may influence drug resistance. Furthermore, PXR expression has
been related to ovarian cancer progression in previous studies
(Nymoen et al., 2015; Dong et al., 2017).

Another possible important factor regarding OATPs and
ABC-efflux pumps in ovarian cancer is their role in the
regulation of the pro-inflammatory prostaglandin PGE2. After
synthesis via the cytosolic PG-synthase 2 (COX2), PGE2 is
exported by ABCC4 to the extracellular space for plasma
membrane receptor binding. For the degradation of PGE2
via the prostaglandin-dehydrogenase (PGDH), a re-uptake into
cells by PG transporters, including OATP2A1, is required. The
collaboration between OATP and ABC-transporters together
with prostaglandin-synthesizing/degrading enzymes has been
proposed previously (Nomura et al., 2004; Holla et al., 2008;
Kochel and Fulton, 2015).

Based on the proposed roles of individual OATPs to modify
estrogen homeostasis, confer resistance to anticancer drugs
and control the levels of pro-inflammatory prostaglandins,
we sought to identify networks of directly correlated genes;
SLCOs with genes coding for selected ABC-transporters, PXR,
associated enzymes and the markers for HGSOC subtypes
ERα/ERβ/HER-2. Providing further data on the expression of
SLCOs and related genes to the well-established clinicopathologic
prognostic parameters may allow improved risk stratification for
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patients with HGSOC because their specific expression pattern
may reflect the heterologous nature of these tumors. The specific
expression pattern may also point to the origin of the tumors
and the pattern of peritoneal metastasis, which may influence the
prognosis of patients. Therefore, the mRNA expression levels of
SLCOs and the putative functionally-related genes were assessed
in the present study using RT-qPCR in a cohort of 135 patients
with late-stage HGSOC and compared with 21 benign ovarian
cysts.

MATERIALS AND METHODS

Patients
Tumor samples of epithelial ovarian cancer (EOC) were collected
in the course of the European Commission’s 6th framework
program project OVCAD (Ovarian Cancer: Diagnosis of a
silent killer; grant agreement no. 018698). Contributors were:
Department of Gynecology at Charité, Medical University Berlin,
Germany; The Department of Obstetrics and Gynecology and
Gynecologic Oncology, University Hospital Leuven, Belgium;
Department of Gynecology and Obstetrics, University Medical
Center Hamburg-Eppendorf, Hamburg, Germany; and The
Department of Obstetrics and Gynecology, Medical University
of Vienna, Austria. Benign ovarian cysts were collected at the
Department of Obstetrics and Gynecology, Medical University of
Vienna, Austria.

The study protocol was approved by the Ethics Committees
of the participating institutions (approval nos. EK207/2003,
Berlin; ML2524, Leuven; HEK190504, Hamburg; EK366/2003
and EK260/2003, Vienna). Permission to characterize new

TABLE 1 | Clinicopathological characteristics of patients with high-grade serous

epithelial ovarian cancer (HGSOC) and benign ovarian cysts.

HGSOC Patients 135 (100%)

Age at diagnosis [years]

Median (IQR) 56 (49–67)

Overall Survival [months]

Median (IQR)

Number of deaths (%)

48.0 (25.5–65.0)

82 (61%)

FIGO STAGE (%)

III 109 (81%)

IV 26 (19%)

HISTOLOGICAL GRADING (%)

G2 32 (24%)

G3 103 (76%)

RESIDUAL TUMOR AFTER

DEBULKING SURGERY (%)*

No 94 (71%)

Yes 39 (28%)

Benign Ovarian Cysts Patients 21

Age at diagnosis [years]

Median (IQR) 53 (39.5–65.5)

*Data from 2 patients are missing; IQR, interquartile range.

molecular prognostic factors for patients with advanced EOC
was given by the Ethics committees and informed consent was
obtained from all patients.

Information on clinic-pathological characteristics was
documented by experienced clinicians and pathologists at the
respective centers and the data are summarized in Table 1

(see Chekerov et al., 2013). Only patients with advanced
stage (FIGO stage III-IV) and high grade (>1) serous tumors
were included in the present study. Patients with additional
malignancies were excluded. For comparison, samples from
benign ovarian cysts were taken from patients (median age 53
years; interquartile range 39.5–65.5 years). All patients with
EOC received standard first-line chemotherapy with platinum-
and taxane-based chemotherapeutics after debulking surgery.
Optimal cytoreduction with absence of residual disease was
defined as macroscopically complete resection of tumor material.
This was achieved in 71% of cases. The median age of cancer
patients at diagnosis was 56 years (interquartile range, 49–67
years). The median follow-up time was 72 months with a median
survival time of 48 (25.5–65.0) months. There were 92 cases of
death (61%, all related to EOC) within the follow-up period.

RNA Isolation and Reverse
Transcription-Quantitative Polymerase
Chain Reaction (RT-qPCR)
Tumor tissue was immediately frozen in liquid nitrogen and
stored frozen until further use. For RNA isolation, approximately
100mg of tissue was used as described previously (Svoboda et al.,
2016). RNA was purified using the RNeasy Minikit (Qiagen
Gmbh, Hilden, Germany) and quantified with a bioPhotometer
(Eppendorf AG, Hamburg, Germany) and quality was assessed
on an RNA Nano chip (Agilent Technologies Inc., Santa Clara,
USA) and an Agilent 2100 Bioanalyzer.

Reverse transcription of 0.5 µg total RNA was performed
using the High Capacity cDNA RT kit (ABI, Thermo
Fisher Scientific, Inc., Waltham, MA, USA). To account
for various cell types within the ovarian cancer tissues, out
of a panel of 12 housekeeping genes (geNorm kit; Primer-
Design Ltd., Southampton, UK) the following genes ACTB,
TOP1, UBC, and YWHAZ were identified as the most stably
expressed genes and were therefore were appropriate reference
genes. Primers for genes of interest were purchased from ABI
(Supplementary Table 1). The assay kit for ACTB was from ABI;
assays for the reference house-keeping genes TOP1, UBC, and
YWHAZ were purchased from PrimerDesign Ltd.

RT-qPCR analysis was performed on ABI 7900HT instrument
equipped with SDS 2.3 software (Applied Biosystems) as
described (Svoboda et al., 2016). Human Universal Reference
Total RNA (Clontech Laboratories) was used for calibration.

Results were calculated according to the 11Cq method
using the DataAssistTM v2.0 Software (ABI). Relative quantities
(RQ) were normalized to the geometric mean of the four
reference genes ACTB, TOP1, UBC, and YWHAZ. Values were
shown relative to the mean value calculated from the calibrator
samples. Samples with quantification cycle values (Cq) >35 were
considered as not expressed (undetectable).

Frontiers in Pharmacology | www.frontiersin.org August 2018 | Volume 9 | Article 842138

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Svoboda et al. SLCOs/OATPs in Ovarian Cancer

FIGURE 1 | Expression of SLCOs in HGSOC tissues and benign ovarian cysts. SLCOs, which were expressed in a significant number of the 135 HGSOC samples

were also assessed by RT-qPCR in 21 tissues from benign ovarian cysts. Boxplots are shown and missing rates in cancer samples and benign cysts are indicated in

the x-axis legends. For certain genes in some samples, gene expression was below detection limit. Therefore, the boxplots represent only detectable values of the

corresponding expression levels in the groups (cf. Materials and Methods). False Discovery Rates (FDRs) of p-values were calculated using a two-part Wilcoxon test

(combining a test for continuous values with a test comparing point-mass proportions). Corrections for multiple testing were done by the Benjamini-Hochberg

procedure.
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Immunohistochemical Staining of
OATP5A1 on HGSOC Sections
Tissue sections (4µm) from tumors from HGSOC patients
were analyzed. Samples were collected between 2006 and
2008. For immunohistochemical staining, the polyclonal rabbit
anti-OATP5A1 antibody against OATP5A1 (HPA05062, Atlas
antibodies, Stockholm, SW) was used in a dilution of 1:25.
After deparaffinization with the Epitope Retrieval Solution
DEPP-9 pH 9 (Eubio, Vienna, AT), samples were rehydrated,
and treated with 3% H2O2. A blocking solution (Ultra V
Block; TA-015HP, Eubio) was applied for 7min and then
the primary anti-OATP5A1 antibody was added for 1 h at
room temperature. A rabbit immunoglobulin was applied
as negative control. For enhancement, slides were incubated
with primary antibody enhancer (Primary Antibody Enhancer;
TL-015-PB, Eubio) for 10min followed by a HRP Polymer
(HRP Polymer; TL-015-PH, Eubio) for 15min. Subsequently,
slides were incubated with diaminobenzidine, which acted as
a chromogen, and counterstained with hematoxylin before
mounting.

Immunofluorescence staining was performed as described
previously (Wlcek et al., 2011). OATP5A1 antibody
HPA05062 (Atlas Antibodies) was applied in the double-
immunofluorescence staining experiments at a dilution of
1:50 with a monoclonal antibody against cytokeratin 19
(AP06201PU-N, Origene, Rockville, MD) at a dilution of
1:500. Anti-mouse Alexa 568 and anti-rabbit Alexa 488
antibodies (Invitrogen, Thermo Fisher Scientific, Waltham,
MA) were applied. Nuclei were counterstained with
DAPI.

Statistics
Normalized gene expression values were used as log2
transformed 11Cq values and represented with two variables
if undetectable samples (Cq values >35) were present: One
variable containing the continuous log2 expression values (for
all Cq <35) and one variable containing the information for
detectable (=1) or non-detectable (=0) information in each
sample (named with a suffix “_2K”) (cf. Supplementary Table 2).
In all modeling approaches (Cox, logistic and linear regression)
both variables were either included or excluded together.
Samples with undetectable expression values were not included
in the boxplots (Figure 1) but were always directing in the
same direction (relatively more undetectable values in the
group with the lower expression values, namely SLCO2A1,
SLCO4A1, SLCO1A2, and SLCO1B3, but not for gene
SLCO5A1). Statistical testing was performed with a “two
part” test combining a continuous component (Wilcoxon
test) plus a point-mass (undetectable samples) (Taylor and
Pollard, 2009) and corrected for multiple testing according to
the Benjamini-Hochberg procedure (False Discovery Rates,
FDRs).

For graphical Gaussian modeling (GGM) only gene
expression values with no missing values were used with
R-package GGMselect (0.1–12.1) (Giraud et al., 2012). GGM,
also known as “covariance selection” or “concentration

graph” modeling, is used to build gene association networks
from expression data. The principle behind GGM is to use
partial correlations as a measure of independence of any two
genes which allows for distinguishing direct from indirect
interactions. Only genes with complete expression values were
included, to fulfill the requirements of GGM, which provided
a Gaussian distribution of the data. The tuning parameter
K for the penalty function was varied between 1 and 8 and
the function selectFast [family=c(“C01,” “LA,” “EW”)] was
used for optimizing the model employing the C01 algorithm,
the Lasso-And (LA), and the Adaptive lasso (EW) families
(https://cran.r-project.org/web/packages/GGMselect/vignettes/
Notice.pdf). At each K the corresponding gene-networks were
summarized by the first principal components and used together
with all remaining single gene expression values that were
not summarized in a network and the clinicopathological
parameters. The LASSO Cox regression models were determined
by grouped LASSO regression with R-package grpregOverlap
2.2-0 (Zeng and Breheny, 2016) at each K, optimizing lambda
by minimization of the negative log likelihood (α = 1).
The percentages of explained variation (PEV) of the Cox-
regression models at each K-value were calculated by using
the R-package Surev (v1.2) (Dunkler et al., 2007; Lusa et al.,
2007) and maximized over K (cf. Supplementary Figure 1).
PEVs given in Table 2 were also calculated using this R-
package. Hazard ratios, confidence intervals, and p-values of
all predictive factors (from simple or multivariable models)
were summarized in forest plots (R-package, forestplot
1.8). In cases of simple models where two variables have
to be considered (continuous and _2K), the p-values of the
Wald test with two degrees of freedom were shown for both
variables.

To estimate the association of the single gene expression
levels and gene-network principal components (calculated from

TABLE 2 | Percentages of explained variation (PEV) of factors of/ and the final

LASSO Cox regression model.

Clinic/Genes PEV Partial PEV Total PEV

Age 12.80%

FIGO stage

Residual tumor

SLCO4C1 (categorical and continuous) 0.99%

SLCO5A1 (categorical and continuous) 5.08%

SLCO1B7 0.32%

SLCO2A1 1.12%

ABCC2 0.84%

ESR1 1.08%

ABCB2/ABCB3/ABCC4/HER2 0.08%

23.13%

The corresponding PEVs for the final multi-variable Cox model are shown (starting from

12.80% for the model including only the three clinicopathological factors). After including

all seven additional predictors, a PEV of 23.13% was reached. The categorical and

continuous variables for SLCO4C1 and SLCO5A1 were used together (see Figure 2).
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TABLE 3 | Spearman rank correlation coefficients.

Gene/Network/Clinic nM_M O_T EMT Yoshihara

ABCB2/ABCB3/ABCC4/HER2 −0.01 0.02 0.08 −0.19

ABCC2 0.02 −0.01 −0.01 0.06

ESR1 −0.01 0.12 −0.12 −0.15

SLCO1B7 0.01 0.06 0.03 0.05

SLCO2A1 −0.16 0.02 −0.09 0.28

SLCO4C1 −0.08 0.12 0.04 −0.13

SLCO5A1 −0.09 −0.14 0.00 −0.13

Age −0.13 0.04 0.01 0.12

FIGO −0.01 −0.09 −0.17 0.04

Residual tumor −0.06 0.02 0.04 0.12

ABCA1 −0.07 0.04 −0.13 0.21

ABCB1 −0.10 0.10 0.04 0.00

ABCC10 0.02 0.08 0.01 0.04

ESR2 −0.04 −0.05 −0.15 −0.26

HPGD −0.18 0.08 −0.07 0.13

PTGS2 0.01 0.00 −0.12 0.05

PXR −0.11 0.05 −0.02 −0.21

SLCO1A2 −0.22 −0.07 −0.10 −0.04

SLCO1B3 0.03 0.03 0.14 0.02

SLCO2B1/ABCC3 −0.05 0.11 −0.04 0.28

SLCO3A1 −0.10 0.13 −0.04 −0.08

SLCO4A1 0.07 0.10 0.19 −0.08

SLCO6A1 0.02 −0.08 −0.01 −0.03

SULT1E1 −0.06 0.11 −0.06 0.02

Data are given for (i) gene expressions, the first principal components of the co-expression

networks, and clinicopathological parameters with (ii) gene signatures indicating

molecular characteristics: peritoneal spread types, non-miliary or miliary (nM_M), positive

value: high expression with M spreading; putative tumor origin, ovarian or fallopian tube

(O_T), positive value: high expression with T origin; the epithelial-mesenchymal status

(EMT), positive value: high expression with a more epithelial characteristic; and the

Yoshihara (Yosh) molecular sub-classification system, high expression with subclass 2.

Gray labeled are those genes, which were selected by the grouped LASSO approach

predicting corresponding molecular characteristic. Bold printed are all genes/networks

not present in any predictive LASSO regression model.

the GGM selected networks) with molecular characteristics
known to be important in HGSC biology, which included
a molecular subclassification system (Yoshihara, “Yosh”)
(Yoshihara et al., 2009), a signature indicating tumor
spread types, non-miliary and miliary (“nM_M”; Auer
et al., 2015), a signature indicating putative origin of
HGSOC, either fallopian tubes or ovaries (“O_T”; Auer et al.,
2017), and a signature indicating the epithelial-mesenchymal
status (“EMT”; Miow et al., 2015), grouped LASSO logistic
(Yoshihara subclasses 1 and 2) and linear (all other signatures)
regression analyses were employed. Simple Spearman’s rank
correlation coefficients are shown in Table 3. The overlap with
Yoshihara subclasses and the gene signatures were calculated
from the corresponding microarray expression values that
were previously determined in our lab (Pils et al., 2012).
Overlapping genes related to the overall survival (“OS”) and
the four subclassification/gene signatures were illustrated
by a Venn diagram (R-package VennDiagram, v1.6.19). All
calculations were performed in R version 3.4.3 (R Core Team,
2018).

RESULTS

Analysis Outline
The expression levels of genes coding for organic anion
transporting polypeptides OATPs (SLCOs, n = 12), ABC-efflux
pumps related to drug resistance (n = 8), the nuclear receptor
PXR and three enzymes with possible relevance to the putative
function of the transporters in the turnover of prostaglandins and
estrogens (PTGS2, PGDH, and SULT1E1)were studied in samples
from serous ovarian cancer together with ESR1 coding for ERα,
ESR2 coding for ERβ and HER-2 (Supplementary Tables 1, 2).
Notably, the chosen enzymes PTGS2 and PGDH were used
because of the importance of PTGS2 and PGDH in regulating
PGE2 levels and their potential influence on inflammatory
processes in cancer (Nomura et al., 2004), whereas SULT1E1
was used because it was shown that higher SULT1E1 protein
levels were associated with an improved OS rate in HGSOC
(Mungenast et al., 2017).

The main aim of the analysis was to elucidate the independent
impact of the expression of these genes on OS with regard
being given to the typical clinicopathological parameters known
to predict outcome: age, FIGO stage IV vs. III, and residual
tumor mass after debulking surgery (yes vs. no). Genes, which
were expressed below the detection limit in some samples were
represented by two variables in all models [one categorical
variable (“_2K”) indicating expressed or not expressed (i.e., below
detection limit) and another numerical variable for those samples
where expression values were available, and both variables
were forced to be included into the model either together
or not at all]. To narrow down the number of predictors
and to obtain biological information regarding the putative
regulatory networks, we tried to use a method used to distinguish
direct from indirect interactions by constructing the GGMs,
from the expression data, only including genes with complete
expression values (no samples below the detection limit). For
GGM building, the tuning parameter K was varied between
meaningful borders (Pils et al., 2012; Auer et al., 2015, 2017;
Kurman and Shih Ie, 2016; Karam et al., 2017; Labidi-Galy et al.,
2017; Salomon-Perzynski et al., 2017; Sukhbaatar et al., 2017)
and selected according the maximized proportion of explained
variation (PEV) of the corresponding LASSO Cox regression
models for OS. The networks of directly correlated genes, as
determined by the GGM procedure at each tuning variable
value, were represented by the first principal component (PC1)
of the network-gene expression values during model building
(Supplementary Figures 1, 2).

To determine the impact of the genes or co-regulated
networks (GGM networks) on the different characteristics of
HGSOC tumors [related to a putative origin in T or O, molecular
subclass, peritoneal tumor metastasis characteristic (nM or M)
and EMT status], we used grouped LASSO logistic or linear
regression modeling.

mRNA Expression in HGSOC (RT-qPCR)
Reverse transcriptase RT-qPCR was performed on total RNAs
isolated from the tumor samples from 135 patients with advanced
(FIGO stage III/IV) HGSOC (Supplementary Table 1).
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Expression levels were calculated from the log2 expression
values of the respective genes normalized to the geometric mean
of four stably expressed genes (ACTB, TOP1, UBC, and YWHAZ)
for individual samples. Data for all genes are summarized in
Supplementary Table 2. As expected from previous findings on
SLCO expression in various ovarian cancer subtypes (Svoboda
et al., 2011), SLCO2A1, SLCO2B1, SLCO3A1, and SLCO4A1 were
detected in all samples, while expression of the other 8 SLCOswas
undetectable (requiring >35 cycles in the real-time RT-PCR) in
a varying number of samples within the collective. Four SLCOs,
namely SLCO1A2, SLCO1B3, SLCO4C1, and SLCO5A1 were
expressed (detectable) in a larger number of samples (47.4, 38.5,
46.7 and 70.3% of samples, respectively), but no discrimination
was made for SLCO1B3 variants (lt-SLCO1B3 and ct-SLCO1B3).
Three SLCOs that demonstrated a unique expression pattern
in healthy tissues (liver, testis and brain) were also detected
in a small number of ovarian cancer samples: “liver-specific”
SLCO1B1 in 1.5%, “testis-specific” SLCO6A1 in 14.1% and
SLCO1C1, which codes for the “brain thyroid transporter,” in 3%
of samples.

In all samples of our cohort we detected the expression of
SLCO1B7, which was previously considered a pseudogene but has
recently been characterized for protein coding (Malagnino et al.,
2018). This was a notable finding as the expression of SLCO1B7
in normal tissues is considered to be high only in liver (https://
www.ncbi.nlm.nih.gov/gene/338821).

mRNA expression levels of other genes investigated (the ABC-
transporters coding ABCA1, ABCB1, ABCB2, ABCB3, ABCC1,
ABCC2, ABCC3, ABCC4, and ABCC10, as well as ESR1, ESR2,
HER-2, PXR, PTGS2, PGDH, and SULT1E1) were detectable in
all samples (Supplementary Table 2).

Comparison of SLCO Expression Between
HGSOCs and Benign Ovarian Cysts
By comparing the expression of SLCOs in HGSOC with
that in benign ovarian cyst samples, we found that the
expression values of SLCOs were generally higher in HGSOCs
compared with benign tumors. Excluded from the calculation
were SLCO1B1 and SLCO1C1, which were rarely expressed
in HGSOC tumor tissues (Supplementary Table 2) and were
never observed in benign cysts (data not shown). All other
data were used for estimating the differences between benign
cysts and tumor tissues were presented as boxplots (Figure 1).
Corresponding significance values (FDRs; Mann-Whitney-
Wilcoxon tests corrected for multiple testing) and missing rates
in benign cysts and cancer samples were shown. The data
indicated that all analyzed SLCO genes exhibited significantly
increased expression levels (and/or were more often detectable)
in cancer compared with benign tissue samples (FDR ranging
from 0.038 for SLCO2B1 to 5.3 × 10−12 for SLCO3A1 and
SLCO4A1, respectively). Importantly, SLCO1B3 expression was
only detected in 1/21 cysts (4.8%) and in 38.5% of HGSOC tissues
(FDR = 0.0079). Although our analysis did not discriminate
between lt-SLCO1B3 and the cancer-type variant, it is most likely
that ct-SLCO1B3 might be the prominent isoform in the tumors
investigated (Furihata et al., 2015; Thakkar et al., 2015; Alam

et al., 2018). Both, SLCO4C1 (FDR = 3.1x10−4) and SLCO6A1
(FDR = 0.14) were not detectable in any of the benign ovarian
cysts, however, there was no significant difference between the
broad range of SLCO6A1 expression in the 14.1% of HGSOC
samples compared with the benign ovarian cysts.

Networks of Directly Correlated Genes
We studied the impact of all genes investigated on the OS in the
present HGSOC cohort. Clinicopathological parameters (age,
FIGO stage IV vs. III, and residual tumor mass after debulking
surgery) were always added as independent variables. Two SLCO
genes were excluded from further analyses because they were
only expressed in a limited number of samples (SLCO1B1 and
SLCO1C1). Five SLCO genes, which were expressed below the
detection limit in several samples (Supplementary Table 2), were
represented by two variables (one with suffix “_2K”) in all models
(SLCO1A2, SLCO1B3, SLCO4C1, SLCO5A1, and SLCO6A1).
To narrow down the number of predictors in the LASSO
Cox regression models and to obtain biological information
regarding putative regulatory connections, we constructed
GGMs. As shown in the inset of Supplementary Figure 1, the
tuning parameter K was varied between meaningful borders (Pils
et al., 2012; Auer et al., 2015, 2017; Kurman and Shih Ie, 2016;
Karam et al., 2017; Labidi-Galy et al., 2017; Salomon-Perzynski
et al., 2017; Sukhbaatar et al., 2017) and the final used value
determined by maximizing the PEV of the corresponding
LASSO Cox regression model for OS was conducted for GGM
building. The PEVs of the Cox regression models are shown
for all used GGM tuning parameter values (Table 2). A steady
increase of the PEV up to K = 4 was seen, with no further
increase beyond 4. Therefore, the model at K = 4 was used for
all further analyses, which yielded two putative co-regulated
networks: ABCB2/ABCB3/ABCC4/HER2 and ABCC3/SLCO2B1
(Supplementary Figure 1). In Supplementary Figure 2, the
correlation between genes within network 1 and network 2,
respectively, are shown based on the model at K = 4.

Influence of Genes and Networks on OS
In Figure 2 (A: simple, B: final multi-variable model), forest
plots of Cox regression models for the 20 independent genes
and the two networks at K = 4 for OS are presented. In
addition to the three clinicopathological parameters age, FIGO
stage and residual tumor with a statistically significant negative
impact on OS, SLCO5A1 was the only independent single gene
with a significant positive impact on OS [HR, 0.44 (CI 0.27–
0.73) and 0.68 (0.49–0.93) for _2K and the continuous variable,
respectively; p= 0.0031; Wald test with two degrees of freedom].
A significant positive impact on OS was also observed for ESR1
coding for ERα, which was as expected (Figure 2A; HR, 0.89;
unadjusted p= 0.0325).

Notably, there was only SLCO4C1 exhibited a trend for
negative impact at _2K [HR, 3.74 (CI 1.02–13.71)] and at
the corresponding continuous variable [HR, 1.26 (CI 0.92–
1.72) p = 0.0577]. Similarly, a tendency for a negative
impact was noted for SLCO1A2 and SLCO6A1, and a positive
impact on the OS for SLCO1B3 and SLCO1B7 was also
indicated. However, because of the high variability of data and
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FIGURE 2 | Forest plots showing the univariate Cox regression analyses (A) and the LASSO COX regression model for overall survival (B). Current clinicopathological

factors in ovarian cancer, including age, FIGO stage and residual tumor after debulking surgery are shown. Genes in networks are indicated by “_” between their

names. “_2K” demonstrates the dichotomized variable indicating either expressed or undetectable (cf. Methods). P-values were from the 2 degrees of freedom Wald

test if two variables, a continuous and a “_2K” were considered together. HR, hazard ratio; CI, confidence intervals; FIGO, International Federation of Gynecology

Obstetrics; OS, overall survival. Note that SLCO5A1 expression is significantly associated with improved prognosis in both analyses.

restricted expression values, no level of significance was reached.
Furthermore, no significant independent influence on the OS in
the univariate andmultivariate analysis was demonstrated for the
two identified gene networks ABCB2/ABCB3/ABCC4/HER2, and
SLCO2B1/ABCC3 for the remaining genes.

In the multivariable analysis (Figure 2B), only SLCO5A1 but
not ESR1 exhibited a significant positive impact on OS (HR, 0.41;
p = 0.001 and HR, 0.65; p = 0.0158 for _2K and the continuous
variable, respectively).

Using the Cox regression model at K = 4, the probabilities
of survival were estimated for patients categorized according
to the terciles in subgroups, i.e., low-, medium- and high-risk
(Figure 3). Five-year survival estimates were 73.5% [CI 63.5–
85.0], 43.6% [CI 35.0–54.2] and 10.7% [CI 5.1–22.3], respectively.

Combining the results from both analyses (LASSO Cox
regression and univariate Cox regression), we indicated that
SLCO5A1 has a significant prognostic effect on OS, with
favorable outcomes associated with patients with high SLCO5A1
expression.

The corresponding percentages of PEVs for the final multi-
variable Cox model were shown, starting with 12.8% for the
model, including the three clinicopathological factors alone
(Table 2). It reached 23.13% after including all seven additional
genes, which were found to have a prognostic impact (the
categorical and continuous variables for SLCO4C1 and SLCO5A1
were used together, see Figure 2). Remarkably, SLCO5A1
increased the PEV by 5.08%, while the contribution of SLCO2A1
and ESR1 was only 1.12 and 1.08%, respectively. However, these
measures of added prognostic accuracy were determined on
the same data set that was used for gene network and variable
selection and could therefore be over-optimistic.

Immunohistochemistry of OATP5A1 in
Ovarian Cancer Tissues
To validate the OATP5A1 protein expression in ovarian cancer
tissues, the localization of the transporter in paraffin-embedded
sections from serous ovarian cancer tissues was analyzed by
using immunohistochemistry and immunofluorescence staining
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FIGURE 3 | Survival curves of the final LASSO COX regression model (cf.

Figure 2B), trichotomized according the terciles of the model value in low-,

medium-, and high-risk groups. As these survival curves represent a

multivariable Cox model, no censored patients are indicated.

(Figures 4A–F). We used an antibody against OATP5A1, which
was previously shown to detect the transporter by western
blot analysis of OATP5A1 overexpressing Sf9 cells (Patik et al.,
2015). Immunohistochemistry results indicated positive staining
for OATP5A1 observed in a number of tumor cells clustered
together in the tumor center, while other areas were negative
for OATP5A1 (magnification 10x, Figure 4E). An area with
OATP5A1-positive cells was also shown at a highermagnification
(40x) (Figure 4F).

Double-immunofluorescence staining of green OATP5A1
(Figure 4B) and red cytokeratin-19 (Figure 4C), which was
used as a marker for epithelial cells resulted in orange to
yellow staining in some cells as a result from the overlay of
green transporter with the red epithelial marker (Figures 4A–D).
Predominately membranous staining or a more cytoplasmic
staining pattern for OATP5A1 was visible in different specimens
(Figure 4B vs. 4D). Interestingly, OATP5A1 was more frequently
detectable in tumor cells with weaker cytokeratin-19 staining
compared with that in cells with strong cytokeratin-19 staining
(Figure 4A). This was also observed in other samples (n = 8)
from HGSOC tumors (data not shown) revealing that OATP5A1
is not restricted to tumor cells with epithelial characteristics.

Correlation With HGSOC Subclassification
Systems and Gene Signatures
In the previous sections we have studied the impact of
SLCOs, related genes and networks on OS. In this section
we want to elucidate if the same genes and networks are
related to published subclassification systems and gene signatures
associated with specific characteristics of HGSOC (Table 3,
Figure 5). Grouped LASSO logistic or linear regression modeling
was used. The following characteristics were calculated from the

gene expression data as described in the following references:
A dichotomous molecular subclassification system published by
Yoshihara et al. (Yoshihara et al., 2009) that was validated by us
for OS (Auer et al., 2017); and three gene signatures correlating
with (i) the EMT status (Miow et al., 2015), (ii) the putative
origin of the tumors ovarian surface epithelium or fallopian tube
secretory epithelial cells (O_T) (Auer et al., 2017; Sukhbaatar
et al., 2017) and (iii) a signature indicating either military (M)
or non-miliary (nM) tumor metastasis (nM_M) (Auer et al.,
2015, 2016, 2017; Bachmayr-Heyda et al., 2016; Sukhbaatar
et al., 2017). In Figure 5, the overlap of genes and networks
used for the analysis (see also Supplementary Figure 2) with
molecular characteristics of HGSOC (represented by these four
gene signatures) was demonstrated in a Venn plot. Additionally,
Spearman’s rank correlation coefficients of all combinations are
shown in Table 3.

Importantly, the positive impact of SLCO5A1 on OS
determined by the multivariate and univariate COX analyses
correlated with its attribution to the Yoshihara subclass 1, which
suggested a favorable OS. Consistent with our validation data
(OS), within this group we identified SLCO5A1, ESR1, and the
network ABCB2/ABCB3/ABCC4/HER2. Notably, SLCO1B7 and
ABCC2 corresponded with our own validated signature (OS).

Remarkably, SLCO3A1 was associated with Yoshihara group
1 but also with a signature reflecting a putative origin from
the ovaries rather than from the Fallopian tubes (O_T) and
EMT. Notably, tumors to be considered of ovarian origin
were also characterized with an improved prognosis. Since
ovarian cancer cells express mesenchymal and epithelial markers
simultaneously, transition from one state to another might be a
continuous process in these cells (Auer et al., 2017), for which
SLCO3A1might be a marker.

Interestingly, the genes coding for the prostaglandin
transporter SLCO2A1 and the PGE2-inactivating enzymeHPGD,
respectively, overlap with the Yoshihara signature and the
n-M signature for peritoneal metastasis. An overlap with the
n-M_M signature was also observed for SLCO1A2. SLCO2A1
additionally belonged to our OS signature. It was indicated that
the N-M tumor metastasis pattern and a putative ovarian origin,
rather than tubular origin, are associated with a more favorable
prognosis (Auer et al., 2017), which would be in line with a
role of SLCO2A1 and HPGD implicated in the degradation of
pro-inflammatory prostaglandins.

From the 21 genes investigated, 5 genes (SLCO1B3, SLCO6A1,
ABCB1, ABCC10, and PTGS2) did not belong to any signature
in the subclassification systems used in our LASSO regression
models.

DISCUSSION

The present study investigated the impact of the expression of
SLCO and related genes coding for ABC-transporters, PXR,
ESR1/2, and HER-2 in serous ovarian cancer patients treated
with debulking surgery and platinium- and taxane-based
chemotherapy. The results indicated that all SLCOs were
upregulated in HGSOC compared with benign ovarian cysts
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FIGURE 4 | (A–F) Immunohistochemical detection of OATP5A1 in HGSOC tissue samples. Double immunofluorescence staining of OATP5A1 (green) and cytokeratin

19 (red) in paraffin-embedded sections from serous ovarian carcinomas (A–D). (A) Merged image of OATP5A1 (B) and cytokeratin-19 (C). The orange overlay color

for co-localized OATP5A1 and cytokeratin-19 is only visible in some cells (yellow arrow) in the tumor. Note the staining of the cytoplasm and membrane with the

antibody against OATP5A1 is visible in image (B), and the predominantly cytoplasmic staining of OATP5A1 in image (D). Immunohistochemical staining of OATP5A1 in

HGSOC sections (D,E). Overview on a HGSOC section (x10) revealing clusters of brown (OATP5A1)-stained cells in the tumor (E). Clusters of OATP5A1-positive cells

at a higher magnification, x40 (F).

and it was identified that SLCO5A1 may be a potential
positive prognostic factor for OS of HGSOC patients.
Furthermore, the present findings suggested two networks
of SLCO and ABC-transporter coding genes (SLCO2B1/ABCC3
and ABCB2/ABCB3/ABCC3/HER-2) and demonstrated the
expression of SLCO1B7 in ovarian cancer samples.

Higher expression of all SLCOs in samples from serous
ovarian cancer compared with benign ovarian tumor samples
suggests the importance of this SLCO/OATP family for cancer
progression. Many studies have revealed that transporters of
the OATP family are functionally expressed in cancerous
tissues, where they may be critical for determining the
local concentration of endogenous metabolites such as steroid
hormones, mediators in the inflammatory pathway and others
as well as drugs. Thereby they can influence cancer biology and
progression.

Particularly expression of SLCO5A1 is of interest, because
by using a combination of LASSO Cox regression and
univariate Cox regression models, we showed that higher
SLCO5A1 expression in tissues of HGSOC patients had a
significant positive impact on overall survival, a thus seems
to have protective functions. The significant association of
high SLCO5A1 expression with the Yoshihara subclass 1 is in
agreement with the positive effects on OS from or study (Pils

et al., 2012). Further support of our findings is coming from data
from the Human Protein Atlas where a trend for a better survival
probability for ovarian cancer patients is associated with higher
OATP5A1 mRNA expression levels (https://www.proteinatlas.
org/ENSG00000137571-SLCO5A1/pathology).

These data clearly suggest that further studies in a larger
collective of HGSOC patients should be performed to
further explore the prognostic value of SLCO5A1 in HGSOC.
Furthermore, there is a general lack of studies on a potential
prognostic effect of OATP5A1 for cancer patients; however,
SLCO5A1 expression has been reported in a number of tumors
and the localization of the OATP5A1 protein has been shown in
liver and breast tumors (Kindla et al., 2011; Wlcek et al., 2011).

The data also raise the question whether OATP5A1 functions
as a transporter for known OATP substrates into cells
(Hagenbuch and Gui, 2008; Stieger and Hagenbuch, 2014).
Notably, a recent study in SLCO5A1 transfected Sf9 insect cells
indeed showed that OATP5A1 is capable of mediating the uptake
of E2-glucuronide at an acidic pH (Patik et al., 2015). Because
extensive lactate secretion from the anaerobic glycolysis leads to
an acidification of the extracellular tumor environment (Kato
et al., 2013), uptake processes for potential estrogen precursors
driven by the proton gradient might also be important for the
progression of hormone-dependent ovarian cancer cells. It is
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FIGURE 5 | Quintuple Venn plot. Overlapping genes/networks from the

LASSO Cox regression model (OS, Figure 2B), a logistic regression model

indicating a molecular subclassification system published by Yoshihara et al.

(2009), and linear regression models (a gene signature indicating the

epithelial-mesenchymal transition status (EMT ), a gene signature indicating the

putative origin of the tumors (Auer et al., 2017; Sukhbaatar et al., 2017), either

ovarian surface epithelium or fallopian tube secretory epithelial cells (O_T ), and

to a signature indicating either miliary (M) or non-miliary (nM) tumor spread

(nM_M) (Auer et al., 2015, 2016, 2017; Bachmayr-Heyda et al., 2016;

Sukhbaatar et al., 2017). See also Table 3, where simple Spearman’s rank

correlation coefficients of all combinations given in Figure are shown.

worth to mentioning that pH-dependent transport of estrogen
precursors was also described for the OATP2B1 in luminal A-like
breast cancer (Matsumoto et al., 2015). Furthermore, the present
results found that this OATP was upregulated in all HGSOC
specimens investigated (see Figure 1).

The prominent cytosolic localization of OATP5A1 in
ovarian cancer samples provides arguments against an
important role of OATP5A1 in the transport of estrogen
precursors or other substrates through the plasma membrane
in HGSOC. For the uptake of compounds into the cells
or extrusion of metabolites from cells to the extracellular
space, plasma membrane localization would be required.
However, OATP5A1 may still function as a transporter in
intracellular organelles, which has been shown for a number
of other transporters (Hediger et al., 2004). Also, intracellular
sequestration of pharmacological agents may explain the
increased resistance of HEK-293 cells to satraplatin after
transfection with OATP5A1 (Olszewski-Hamilton et al.,
2011). There is a strong possibility that OATP5A1 influences
cancer progression by influencing cellular differentiation
and migration directly. Studies in HeLa cells revealed that
overexpression of OATP5A1 resulted in a reduction of cell
proliferation and enhanced expression of genes that contribute
to cell-cell adhesion, structural development and cell growth

including desmocollin 3 and transglutaminase 2 (Sebastian et al.,
2013).

However, a significant negative impact [a shift of HR to
3.74 (1.02–13.71; p = 0.047)] on the OS was demonstrated
for SLCO4C1 as a single gene in the present study. SLCO4C1
encodes the “kidney-specific” OATP4C1, a transporter for the
excretion of uremic toxins to the urine (Toyohara et al.,
2009). Because excretion of these toxins is impaired through
kidney damage, upregulation of this transporter may reflect
the damage to endothelium and other structures. With disease
progression, other organs may be subjected to destruction by
these toxins. As result, increased levels of uremic toxins can
also damage the endothelium in extra-renal tissues, which may
lead to an upregulation of OATP4C1 in tumors. This may
explain the expression of SLCO4C1 in a number of HGSOC
samples and its absence in benign ovarian cysts in the present
findings.

It is unclear whichmechanism(s) may lead to the upregulation
of SLOC genes in serous ovarian cancer. On the molecular levels,
manymechanisms for epigenomic alterations are known that can
change the gene expression pattern (Furihata et al., 2015). Both,
(gene specific) hypermethylation and (global) hypomethylation
of the DNA are commonly observed in various types of cancers
incuding ovarian cancer (Kwon and Shin, 2011). Previous studies
examined the expression of ct-OATO1B3 mRNA and indicated
that DNA hypomethylation caused upregulation and that
hypermethylation resulted in the suppression of ct-OATP1B3
mRNA expression in cancer cell lines (Imai et al., 2013; Sun et al.,
2014).

Different transcription factors have been identified in
the regulation of OATP expression. Importantly, the mRNA
expression of a cancer-specific OATP1B3 variant is induced
by the hypoxia-inducible factor (HIF-1α), which mediates cell
survival under hypoxic conditions (Han et al., 2013). Apart from
the SLCO1B3 gene, binding sites for HIF-1α were also found in
SLCO4A1, while binding sites for different transcription factors
including HNF-α, NF-AT, c-Myc, NF-κB were found in different
SLCOs using in silico structural analyses (http://www.genecards.
org). For OATP5A1 expression, (http://www.genecards.org/cgi-
bin/carddisp.pl?gene=SLCO5A1) a p53 binding site in the
promoter of SLCO5A1 was identified in silico. Because TP53 is
mutated in >95% of HGSOCs, missense mutations in the DNA-
binding domain of TP53 might be related to lower levels of
SLCO5A1 in HGSOC samples, Whether there is a correlation
between TP53 mutations, SLCO5A1 levels and the prognosis
for HGSOC patients. Further studies are required to elucidate
this.

In the present study we identified two networks between genes
coding for OATP transporters and ABC-efflux pumps. Although
only a marginal impact of both networks was indicated according
to the HR in univariate and multivariate COX analyses in our
study, the network ABCB2/ABCB3/ABCC4/HER-2 was indicated
to be associated with the Yoshihara group 1 and a more favorable
prognosis (Yoshihara et al., 2009; Pils et al., 2012).

The first identified co-expression network revealed SLCO2B1
was connected with the ABCC3 gene coding for the ABCC3
protein (MRP3). Notably, ABCC3 is implicated in drug resistance
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but also mediates the efflux of many glucuronidated metabolites
formed from drugs. Therefore ABCC3 may be important for
estrogen inactivation. Interestingly, a joint activity for OATP2B1
with another ABC-efflux pump, ABCG2 (BCRP), was described
in a study on the human placenta, where the two transporters
were thought to mediate uptake and excretion of sulfated
estrogen precursors (Grube et al., 2007). However, considering
that OATP2B1 may be an uptake transporter for estrogens,
it has been suggested that a number of OATPs (OATP1A2,
OATP1B1, OATP1B3, OATP1C1, OATP3A1, OATP4A1, and
OATP5A1) (Stieger and Hagenbuch, 2014) and also LST-3TM12
and OATP6A1 (Patik et al., 2015; Malagnino et al., 2018) are
capable of transporting estrogen precursors. Furthermore, the
substrate specificity for E1S and DHEA-S differs widely between
individual members and cells investigated. In serous ovarian
cancer, SLCO1B1, SLCO1C1, and SLCO6A1 were observed in a
low number of samples only. This suggests that the contribution
of individual OATPs for providing estrogen precursors to cancer
cells may depend on the specific expression pattern in a certain
tumor entity and its local environment.

The second identified co-expression network in serous
ovarian cancer exists between ABC-transporters (ABCB2,
ABCB3, and ABCC4) and HER-2. In this network, ABCB3 and
ABCB2 are coding for the functional transporters TAP1 and
TAP2 as part of the immune system. Endogenous peptides
are transported by the TAP-complex from the cytosol to the
endoplasmic reticulum and loaded onto MHC I for antigen
processing. A down-regulation of the HLA class I antigen
presentation machinery (APM) decreases recruitment of tumor-
infiltrating lymphocytes, which leads to a reduction in the
antitumor activity of the immune system (Aust et al., 2017).
We previously showed that programmed death-ligand 1 (PD-
L1) also known as CD274 on tumor cells is associated with
reduced MHC I (APM) expression in HGSOC. This indicates
two mutually exclusive immune-evasion mechanisms in ovarian
cancer: down-regulation of T-cell mediated immunity by PD-L1
expression and silencing of self-antigen presentation by down-
regulation of the MHC I complex (Aust et al., 2017). The
correlation of the expression of this network with Yoshihara
subclass 1 with a better prognosis also corresponds to the
correlation of low MHC I expression with bad prognosis.
Higher levels of ABCB2 and ABCB3 in ovarian tumors were
previously shown to be associated with longer survival of
patients (Auner et al., 2010). Upregulation of ABCB2 and
ABCB3 in the antigen presentation pathway may therefore
improve antigen-specific active immunotherapy and the outcome
of an antibody-based therapy against HER-2. The forth
component in the network is ABCC4, which codes for the
ATP-efflux-pump ABCC4 (MRP4). ABCC4 substrates include
cyclic nucleotides (cGMP, cAMP), anticancer drugs such as
camptothecins, methotrexate and prostaglandins. By mediating
nucleotide transport, ABCC4 influences various purinergic
signaling pathways, which depending on the local conditions,
either inhibits or stimulates cell survival, proliferation, invasion
and metastasis in various types of cancer (Choi et al., 2003)
and may lead to an altered expression of HER-2 (Chen et al.,
2016). Furthermore, ABCC4 is an important efflux transporter

for the PGE2 and may work with OATP2A1 and the PGE
synthesizing/degrading enzymes PTGS2, and PGDH in the
processing and degrading of PGE2 synthesized in the arachidonic
pathway. However, no direct co-expression forABCC4with these
enzymes or SLCO2A1 was observed in our study, which was in
contrast to previous data from a colon cancer study (Nomura
et al., 2004).

An additional important finding of the present study was that
SLCO1B7, which is a poorly characterized member of the SLCO
family 1 member, was present in all samples in the cohort. A
recent in silico analysis revealed that trans-splicing of SLCO1B7
and SLCO1B3 produced a novel OATP family 1 member,
LST-3TM12. Furthermore, heterologous expression of SLCO1B3
and SLCO1B7 in HeLa cells leads to LST-3TM12 protein
expression, resulting in an increased cellular accumulation of
E2-glucuronide and DHEA-S (Malagnino et al., 2018). However,
we did not observe significant co-expression of SLCO1B7 with
SLCO1B3 in our cohort, but co-expression with the cancer-
specific variant might be possible (Furihata et al., 2015; Thakkar
et al., 2015). Therefore, future studies are warranted to elucidate
the expression pattern of SLCO1B7 with ct-SLCO1B3 in cancer
to elucidate whether a functional LST-3TM12 protein in HGSOC
exits and to gain information to its relation to drug resistance and
cancer progression.

Taken together, we indicated an analysis of a small but well-
documented number of patients to elucidate the OATP mRNA
expression pattern in HGSOC. However, the approach used
in the present study did not address the complete biological
heterogeneity nor did it identify all related genes.

In conclusion, we indicated upregulation of various
SLCO transporters in HGSOC compared with benign cysts.
Furthermore, we identified a network of SLCO2B1 and ABCC3
with relevance for estrogen turnover and a further network
consisting of genes encoding 3ABC-efflux pumps and HER-2
with relevance for immune regulation. Additionally, an overlap
with previously described signatures for a more favorable
prognosis of patients with HGSOC was demonstrated for
SLCO5A1.
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Supplementary Figure 1 | Co-expressed gene networks. Genes used for GGM

modeling are shown, which indicates the two networks that were revealed by the

algorithm at the tuning parameter K = 4. The proportion of explained variation

(PEV) values of the LASSO Cox regression models are shown for every tuning

value between 1 and 8. As indicated, up to K = 4 a steady increase of the PEV

was seen with no further increase beyond 4. Therefore, the model at K = 4 was

used for all further analyses, which yielded two putative co-regulated networks:

SLCO2B1/ABCC3, and ABCB2(TAP1)/ABCB3(TAP2)/ABCC4/HER2. These two

networks were used for all analyses and represented by their first principal

components (cf. Supplementary Figure 2).

Supplementary Figure 2 | Scatter plots showing the correlations of genes

of both co-expressed networks with their first principal components (PC).

Size coded values in the top-right square represent correlation coefficients

and significance levels are indicated by ◦p < 0.1, ∗∗∗p < 0.001

(Spearman’s correlations). Network 1: SLCO2B1/ABCC3 (A); Network 2:

ABCB2/ABCB3/ABCC4/HER-2 (B).

Supplementary Table 1 | List of TaqMan® Gene Expression Assays for

RT-qPCR. Assays were purchased from Applied Biosystems (Thermo Fisher,

Waltham, MA) for RT-qPCR.

Supplementary Table 2 | Expression of SLCOs and genes coding for putative

related ABC-transporters, enzymes, nuclear receptors, and HER-2 in 135 HGSOC

samples.
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Estrogens play a pivotal role in the development and proliferation of hormone-dependent
breast cancer. Apart from free estrogens, which can directly activate the estrogen
receptor (ER) of tumor cells, sulfo-conjugated steroids, which maintain high plasma
concentrations even after menopause, first have to be imported into tumor cells by
carrier-mediated uptake and then can be cleaved by the steroid sulfatase to finally
activate ERs and cell proliferation. In the present study, expression of the sodium-
dependent organic anion transporter SOAT was analyzed in breast cancer and its
role for hormone-dependent proliferation of T47D breast cancer cells was elucidated.
The SOAT protein was localized to the ductal epithelium of the mammary gland
by immunohistochemistry. SOAT showed high expression in different pathologies of
the breast with a clear ductal localization, including ductal hyperplasia, intraductal
papilloma, and intraductal carcinoma. In a larger breast cancer cDNA array, SOAT
mRNA expression was high in almost all adenocarcinoma specimen, but expression
did not correlate with either the ER, progesterone receptor, or human epidermal growth
factor receptor 2 status. Furthermore, SOAT expression did not correlate with tumor
stage or grade, indicating widespread SOAT expression in breast cancer. To analyze the
role of SOAT for breast cancer cell proliferation, T47D cells were stably transfected with
SOAT and incubated under increasing concentrations of estrone-3-sulfate (E1S) and
estradiol at physiologically relevant concentrations. Cell proliferation was significantly
increased by 10−9 M estradiol as well as by E1S with EC50 of 2.2 nM. In contrast,
T47D control cells showed 10-fold lower sensitivity to E1S stimulation with EC50 of
21.7 nM. The E1S-stimulated proliferation of SOAT-T47D cells was blocked by the SOAT
inhibitor 4-sulfooxymethylpyrene. In conclusion: The present study clearly demonstrates
expression of SOAT in breast cancer tissue with ductal localization. SOAT inhibition
can block the E1S-stimulated proliferation of T47D breast cancer cells, demonstrating
that SOAT is an interesting novel drug target from the group of E1S uptake carriers for
anti-proliferative breast cancer therapy.
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Frontiers in Pharmacology | www.frontiersin.org August 2018 | Volume 9 | Article 941151

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2018.00941
http://creativecommons.org/licenses/by/4.0/
mailto:Joachim.M.Geyer@vetmed.uni-giessen.de
mailto:Joachim.M.Geyer@vetmed.uni-giessen.de
https://doi.org/10.3389/fphar.2018.00941
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2018.00941&domain=pdf&date_stamp=2018-08-21
https://www.frontiersin.org/articles/10.3389/fphar.2018.00941/full
http://loop.frontiersin.org/people/545933/overview
http://loop.frontiersin.org/people/549280/overview
http://loop.frontiersin.org/people/545356/overview
http://loop.frontiersin.org/people/545582/overview
http://loop.frontiersin.org/people/13819/overview
http://loop.frontiersin.org/people/539581/overview
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00941 August 18, 2018 Time: 18:56 # 2

Karakus et al. SOAT Breast Cancer Cell Proliferation

INTRODUCTION

Estrogens play a pivotal role in the development and proliferation
of hormone-dependent breast cancer, which represents the most
common type of cancer in women (Conner et al., 2008).
Estrogens act via nuclear ERs (Henderson et al., 1988) and the
selective ER modulator tamoxifen has been used successfully for
antiestrogen breast cancer therapy for four decades (Osborne,
1998). Despite a significant decline of free estrogens after
menopause, a high percentage of all hormone-dependent breast
cancer cases develop in this phase of life (Kenemans and Bosman,
2003). In contrast to free estrogens (E1 and E2), the sulfo-
conjugated steroid forms, in particular estrone-3-sulfate (E1S)
and DHEAS, persist at higher plasma concentrations even after
menopause (Rémy-Martin et al., 1983; Geisler, 2003). These
sulfo-conjugated steroids can be re-converted into active free
estrogens in breast cancer tissue via cleavage of the sulfate
group by the STS and further conversion by the enzymes 3β-
hydroxysteroid dehydrogenase and aromatase in the case of
DHEA (Santner et al., 1986; Pasqualini et al., 1997; Labrie et al.,
1998; Suzuki et al., 2005; Sasano et al., 2006). Inhibitors of STS
(STX64) and aromatase (anastrozole, letrozole) can block this
intracrine formation of estrogens and, therefore, are used for
clinical (aromatase inhibitors) or experimental (STS inhibitors)
breast cancer therapy (Santen and Harvey, 1999; Stanway et al.,
2007).

Prior to intracellular conversion of E1S and DHEAS, these
negatively charged hydrophilic molecules first have to enter
breast cancer cells via carrier-mediated uptake. Several uptake
transporters for sulfo-conjugated steroid hormones have been
characterized so far, including members of the OATP and
the OAT families (Roth et al., 2012; Müller et al., 2015).
Most of these OATP/OAT carriers are multi-specific and are
involved in the transport of drugs, drug conjugates, bile
salts, and some other charged molecules (Burckhardt, 2012;
Hagenbuch and Stieger, 2013). Some of them are even expressed
in breast cancer tissue or breast cancer cell lines, including
OATP1A2, OATP1B3, OATP2B1, OATP3A1, OATP4A1, and
others, thus making them candidates for steroid sulfate uptake
in breast cancer (Pressler et al., 2011; Obaidat et al., 2012;
Nakanishi and Tamai, 2014).

In the present study, we analyzed expression of the SOAT
(gene name SLC10A6) in breast cancer. This carrier transports
all physiologically occurring sulfo-conjugated steroid hormones,
including E1S (Km of 12 µM), DHEAS (Km of 29 µM) and many
others (Geyer et al., 2007; Fietz et al., 2013; Grosser et al., 2018).
In contrast, free steroids, steroid glucuronides, or bile salts are not
transported by SOAT. Therefore, this carrier can be regarded as
highly specialized for sulfo-conjugated steroid hormones (Geyer

Abbreviations: 4-SMP, 4-sulfooxymethylpyrene; DCC, dextran-coated charcoal;
DHEAS, dehydroepiandrosterone sulfate; DMEM, Dulbecco’s Modified Eagle’s
Medium; DMSO, dimethyl sulfoxide; E1, estrone; E2, estradiol; E1S, estrone-3-
sulfate; ER, estrogen receptor; FCS, fetal calf serum; HER2, human epidermal
growth factor receptor 2; IHC, immunohistochemistry; LC-MS-MS, liquid
chromatography-tandem mass spectrometry; OAT, organic anion transporter;
OATP, organic anion transporting polypeptide; PBS, phosphate buffered saline; PR,
progesterone receptor; SOAT, sodium-dependent organic anion transporter; STS,
steroid sulfatase; TN, triple negative.

et al., 2007; Grosser et al., 2018), distinguishing it from OATPs
and OATs. Another difference to the OATP/OAT carriers is
the fact that SOAT mediates a secondary active transport of
its substrates. SOAT is highly expressed in germ cells of the
testis of men and mice (Fietz et al., 2013; Grosser et al., 2013).
Here, the SOAT-mediated import of sulfo-conjugated steroid
hormones was suggested to participate in the overall regulation
of spermatogenesis and fertility (Fietz et al., 2013; Grosser et al.,
2013; Bakhaus et al., 2018). In addition, relatively high SOAT
expression was detected in pancreas, placenta, and mammary
gland (Geyer et al., 2007).

In the present study, high SOAT mRNA expression was
found in a large set of breast cancer specimen. The SOAT
protein was localized in the normal ductal epithelium of the
breast and strong SOAT expression was found in breast biopsies
with different pathologies. Hormone-dependent breast cancer
T47D cells, stably transfected with SOAT, showed significant
proliferation after incubation with E1S at physiologically
relevant concentrations. This proliferation could be blocked
successfully by SOAT inhibition, demonstrating that SOAT
could be regarded as an interesting new drug target from the
group of E1S uptake carriers for antiproliferative breast cancer
therapy.

MATERIALS AND METHODS

Materials and Chemicals
All of the chemicals, unless otherwise stated, were from
Sigma-Aldrich (Taufkirchen, Germany). The compound 4-SMP
was kindly provided by Prof. Dr. Hansruedi Glatt (Potsdam-
Rehbrücke). [3H]estrone-3-sulfate ([3H]E1S, 57 Ci/mmol) was
purchased from PerkinElmer (Boston, MA, United States) and
[methyl-3H]thymidine (79 Ci/mmol) was obtained from GE
Healthcare (Amersham, United Kingdom). TissueScanTM breast
cancer cDNA arrays I-IV (BCRT101-BCRT104) were obtained
from OriGene (Rockville, MD, United States).

Breast Cancer cDNA Arrays
In order to analyze SOAT expression in breast cancer,
the following TissueScanTM cDNA arrays were commercially
obtained from OriGene (Rockville, MD, United States): Breast
Cancer cDNA Array I (BCRT101), Breast Cancer cDNA Array
II (BCRT102), Breast Cancer cDNA Array III (BCRT103), and
Breast Cancer cDNA Array IV (BCRT104). Each array contains
48 samples covering tumors of different histopathology, stages
and grades. For each tumor cDNA, detailed information is
available online1, including age, gender and ethnicity of the
patient, as well as diagnosis, pathology report, histologic type,
tissue images, tumor grade (based on the Nottingham grading
system, Elston and Ellis, 1991) and tumor stage (according to
the American Joint Committee on Cancer, 2002). In addition, the
receptor status is provided for the ER, PR, and HER2.

1https://www.origene.com/products/tissues/tissuescan
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Stable Transfection of T47D Cells With
the SOAT Construct
The human breast cancer cell line T47D (obtained from Dr.
Bernhard Ugele, Department of Gynecology and Obstetrics,
University Hospital Munich, Germany) was maintained in
a 1:1 mixture of DMEM and Ham’s F12 nutrient mixture
(Invitrogen, Karlsruhe, Germany) supplemented with 10% FCS,
L-glutamine (4 mM), penicillin (100 units/ml), and streptomycin
(100 g/ml) at 37◦C, 5% CO2, and 95% humidity. For stable
transfection of T47D cells, the full length SOAT coding sequence
(Geyer et al., 2007) was subcloned into the pcDNA3.1 vector
(Invitrogen) using HindIII and XbaI restriction sites. The SOAT-
pcDNA3 vector was verified by DNA sequencing and used for
stable transfection of T47D cells by electroporation. Briefly,
subconfluent T47D cells were trypsinized and resuspended in
PBS containing 137 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4,
and 7.3 mM Na2HPO4 at pH 7.4. Approximately 106 cells
were transferred to a 4 mm Gene Pulser Cuvette (Bio-Rad
Laboratories, Munich, Germany), mixed with 20 µg plasmid and
incubated for 10 min on ice. The electroporation was performed
on the Gene Pulser Xcell System (Bio-Rad Laboratories) using
a single electrical pulse with initial field strength of 120 V,
discharged from the 960 µF capacitor and time constant of
10 ms. After an additional 10 min of incubation on ice, cells
were plated onto 10 cm culture dishes. After 24 h, selection
medium was added containing 750 µg/ml G418 sulfate and cells
were further incubated, changing the medium every 3 days.
After 12 days, several cell clones were pooled from the culture
dishes (T47D-SOAT) and SOAT expression was analyzed by
real-time PCR analysis. For control, T47D cells were also
transfected with an empty pcDNA3.1 vector. These T47D-control
cells were processed in the same manner as the T47D-SOAT
cells.

Expression Analysis by Real-Time PCR
TissueScanTM breast cancer cDNA arrays were directly used
for expression analysis of SOAT by real-time PCR. Symplekin
(SYMPK, Uniprot Q92797) that showed particularly low
expression variability in breast cancer tissue and cell lines (Tilli
et al., 2016) was used as endogenous control. RNA was isolated
from T47D-SOAT and T47D-control cells grown in 10 cm petri
dishes under DMEM/F12 medium. Cells were seeded at 106 cells
per well for each cell type and RNA was isolated following 72 h
of growth. The medium and any detached cells were removed
from the wells. Total RNA isolation was performed by using
the peqGOLD RNAPure reagent (PeqLab, Erlangen, Germany)
according to the manufacturer’s instructions. The isolated RNA
was dissolved in diethylpyrocarbonate-treated water and stored
at −80◦C until use. The RNA concentration was determined
by measuring absorbance at 260 nm with a Beckmann
spectrophotometer DU-640 (Beckmann, Munich, Germany).
Complementary cDNA was synthesized from the RNA samples
using the Advantage RT-for-PCR kit (BD Clontech, Heidelberg,
Germany) according to the manufacturer’s instructions. For
real-time PCR expression analysis of T47D cells, beta-actin
was used as endogenous control. Relative gene expression

analysis was performed by real-time PCR amplification on
an ABI PRISM 7300 thermal cycler (Applied Biosystems,
Darmstadt, Germany) using the TaqMan Gene Expression Assays
(Applied Biosystems, Darmstadt, Germany) Hs01399354_m1
for SOAT, Hs00165853_m1 for STS, Hs00174860_m1 for
ERα, Hs99999903_m1 for beta-actin, and Hs00191361_m1
for SYMPK. Real-time amplification was performed 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 45 cycles of 15 s at 95◦C
and 60 s at 60◦C were applied. Relative expression (1CT) was
calculated by subtracting the signal threshold cycle (CT) of
the endogenous control from the CT value of the respective
target.

Transport Assays in T47D Cells
For transport studies, 12-well plates were coated with poly-
L-lysine for better attachment of the cells. Twenty thousand
cells/well were plated and grown under DMEM/F12 medium
for 3 days. Before starting the transport experiments, T47D
cells were washed three times with PBS and incubated with
sodium transport buffer containing 142.9 mM NaCl, 4.7 mM
KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 1.8 mM CaCl2, and
20 mM HEPES (pH 7.4). When transport assays were performed
in sodium-free transport buffer, sodium chloride was substituted
with equimolar concentrations of choline chloride. T47D-SOAT
and T47D-control cells were incubated with 250 µl of transport
buffer containing radiolabeled [3H]estrone-3-sulfate ([3H]E1S)
at 37◦C for 30 min. Transport assays were terminated by
removing the transport buffer and washing five times with ice-
cold PBS. Cell monolayers were lysed in 1 N NaOH with 0.1%
SDS, and the cell-associated radioactivity was determined in a
Wallac 1409 liquid scintillation counter (Pharmacia, Freiburg,
Germany). The protein content was determined according to
Lowry et al. (1951) using aliquots of the lysed cells with
bovine serum albumin as a standard. LC-MS/MS was used to
measure E1S concentrations in the cell culture medium at the
end of the uptake phase as described before (Galuska et al.,
2013).

Cell Proliferation Assays in T47D Cells
T47D cells were grown for at least 1 week in DMEM/F12
supplemented with 10% FCS. Then, for proliferation assays,
the cells were starved for 4 days in steroid-free phenol red-
free DMEM/F12 medium supplemented with 5% dextran-coated
charcoal-treated FCS (DCC-FCS). DCC-FCS was prepared by
incubating 0.5 g DCC in 100 ml FCS over 24 h at 4◦C, followed
by filtration (pleated filter MN 615 1/4, Macherey-Nagel, Düren,
Germany). T47D cells were plated at a density of 10,000 or
20,000 cells/well in 24-well plates. Twenty four hour after seeding,
E2 (final concentration 10−9 M) or E1S (final concentrations
10−12 to 10−4 M) were added from stock solutions containing
DMSO, considering that the final DMSO concentration in the
medium was below 0.1%, and cells were incubated at 37◦C, 5%
CO2, and 95% humidity. The negative control included solvent
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alone. Seven days after seeding, cells were treated with [methyl-
3H]thymidine with final concentrations of 1 µCi/ml at 37◦C
for 2 h as reported (Chalbos et al., 1982). After incubation, the
medium was removed and cells were washed five times with ice-
cold PBS. Then, cell lysis was performed with 500 µl of 1 N
NaOH and the radioactivity of the lysates was determined by
liquid scintillation counting.

Detection of SOAT in Breast Tissues by
Immunohistochemistry
Immunohistochemistry was performed on breast biopsies
of different pathologies, i.e., intraductal papilloma, atypical
ductal hyperplasia, intraductal carcinoma, and invasive ductal
carcinoma. Paraffin-embedded tissue slides were prepared at
the Department of Pathology at Atatürk University. Use of
human tissue was approved by the ethics committee of Atatürk
University, School of Medicine, No: 4/22, 02.06.2015. Tissue
sections were incubated with the primary antibody SLC10A6 (C-
13) (sc-136875, Santa Cruz, Dallas, TX, United States) at 1:100
dilution, followed by incubation with biotinylated goat anti-
rabbit E0432 secondary antibody (Dako, Glostrup, Denmark)
at 1:200 dilution in tris-buffered saline. Afterward, sections
were incubated with the avidin-biotin complex (ABC Vectastain,
Vector, Burlingame, CA, United States) and developed with 3-
amino-9-ethylcarbazole (AEC, Biologo, Kronshagen, Germany).
Counterstaining was performed with hematoxylin and slides
were mounted with Kaiser’s glycerol gelatin (Merck, Darmstadt,
Germany). Validation of the SLC10A6 C-13 antibody and the
IHC protocol has been previously performed for human placenta
(Schweigmann et al., 2014).

Statistical Methods
Unless otherwise indicated, values are represented as
means ± SD. All graphs and calculations were prepared
using the 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 comparisons test was performed
to determine statistical significance. Differences were considered
significant at p < 0.05. The EC50 values were calculated by non-
linear regression analysis from sigmoidal dose-response curves.

RESULTS

SOAT mRNA Expression in Breast
Cancer Specimen
In order to analyze SOAT expression in different types of breast
cancer, the OriGene TissueScanTM Breast Cancer cDNA Arrays
I-IV were screened for SOAT expression by real-time PCR.
The arrays included 192 cDNAs from breast cancer samples
of different pathology, stages, grades, and receptor status. All
samples with pathology verification were included in the data
analysis shown in Figure 1. Samples without pathology (array
classification: within normal limits) were excluded from the
analysis. SOAT mRNA expression was normalized by SYMPK
expression, which has previously demonstrated particularly low

variability of expression in breast cancer tissue and cell lines (Tilli
et al., 2016). SOAT expression was undetectable only in very
few samples and showed large variability in the tumor samples
ranging from 1CT of 0.83 (very high expression) up to 1CT of
10 (very low expression). Nearly all tumor samples were classified
as breast adenocarcinoma, with the vast majority being ductal.
Only three cDNAs derived from ductal carcinoma in situ and
one sample was from a squamous cell carcinoma of the breast.
Interestingly, this squamous cell carcinoma showed extremely
high SOAT expression that was even higher than in human testis,
representing the organ with the highest physiological SOAT
expression in man (Geyer et al., 2007; Fietz et al., 2013). In order
to determine if SOAT mRNA expression correlates with tumor
grade, stage, or receptor status, sub-analyses were performed. As
indicated in Figure 1A, SOAT expression was not significantly
different between tumors with grades G1, G2, or G3, or between
tumors of different stages (I-IV). Furthermore, there was no
difference in SOAT expression in tumors with different ER, PR, or
HER2 status. Even in TN breast cancer samples, SOAT expression
was not different from the other groups (Figure 1B). Further
sub-analyses were performed in the adenocarcinoma samples
including age and ethnos (Figure 1C). No effect of age on the
SOAT mRNA expression of breast adenocarcinomas was detected
and SOAT expression was comparable between Caucasians and
African Americans.

SOAT expression was also analyzed in individual breast cancer
samples at the protein level with the SLC10A6 (SOAT) C-13
antibody by IHC. Whereas SOAT expression was relatively low in
the ductal epithelium of normal breast tissue (Figure 2A), strong
SOAT immunoreactivity was detected in ductal hyperplasia
(Figure 2B), intraductal papilloma (Figure 2C), atypical ductal
hyperplasia (Figure 2D), intraductal carcinoma (Figure 2E), and
invasive ductal carcinoma (Figure 2F).

Generation of Stably Transfected
T47D-SOAT Cells
In order to investigate the role of the carrier-mediated import
of E1S by SOAT for the proliferation of breast cancer cells, we
chose the breast cancer cell line T47D as an in vitro model. T47D
cells have previously been described as ER expressing and they
showed estrogen dependent proliferation after incubation with
E2 and E1S at physiologically relevant concentrations (Nozawa
et al., 2004). However, compared to breast cancer tissue (see
Figure 1), where SOAT expression could be readily detected and
quantified in nearly all specimen, SOAT expression was very
low in T47D-control cells and was at the border of detectability
(CT∼37.9) in the real-time PCR expression analysis. Therefore,
in the present study, T47D cells were stably transfected with the
SOAT-pcDNA3 construct in order to increase SOAT expression
and mimic the situation in vivo. Different cell clones were pooled
from the culture dishes (further referred to as T47D-SOAT). As
control, T47D cells were transfected with an empty pcDNA3
vector (T47D-control). SOAT expression was analyzed by real-
time PCR and revealed significantly higher mRNA expression
levels in the T47D-SOAT cells compared with the T47D-control
cells (1CT = 5.4± 0.3 vs. 1CT = 18.0± 0.5). In contrast, mRNA
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FIGURE 1 | SOAT mRNA expression in breast cancer. SOAT mRNA expression was analyzed in the TissueScanTM Breast Cancer cDNA Arrays I-IV, including 176
tumor cDNAs with different classifications (histopathology, grade, stage, and receptor status). Expression of SYMPK was used as endogenous control and 1CT

values are depicted at the y-axis. A cut-off was set at CT of 40. Sub-analyses were performed, including (A) tumor grade and stage, (B) receptor status for ER, PR,
HER2 and triple negative breast cancer (TN), and (C) age and ethnos. As the cDNA arrays were not equally distributed for the analyzed subgroups, every single
value is depicted for better clarity and additional box-whiskers-plots are given. For analysis of statistical significance, one-way ANOVA with Tukey’s multiple
comparisons test was performed. Differences with p < 0.05 were not detected.
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FIGURE 2 | Expression of the SOAT protein in breast cancer specimen.
Expression of the SOAT protein was analyzed in different breast cancer
specimen by IHC with the SOAT C-13 antibody (1:100 dilution, AEC staining,
hematoxylin counter stain), primary magnification × 40. Insets: Negative
control without the primary antibody, primary magnification × 40. (A) SOAT
expression in the ductal epithelium of normal breast tissue. (B) Strong SOAT
immunoreactivity of the ductal epithelium in usual ductal hyperplasia.
(C) Expression of SOAT in intraductal papilloma and expression along the
ductal epithelium with strong apical lining. (D) Strong SOAT immunoreactivity
in atypical ductal hyperplasia. (E) Severe immunolabeling with the SOAT
antibody in intraductal carcinoma. (F) Invasive ductal carcinoma with strong
and widespread SOAT expression.

expression levels of STS (1CT = 10.4 ± 0.4 vs. 1CT = 9.7 ± 1.2)
and ERα (1CT = 5.2 ± 0.3 vs. 1CT = 5.5 ± 0.7) were not
significantly different between T47D-SOAT and T47D-control
cells.

Transport Studies in SOAT-Transfected
T47D Cells
In order to verify functional SOAT carrier expression in
the cell membrane of the T47D-SOAT cells, we performed
transport experiments with [3H]E1S as substrate under both
sodium and sodium-free conditions. The uptake of 100 nM E1S
significantly increased over time in the T47D-SOAT cells only
in the presence of sodium, demonstrating significant sodium-
dependent uptake, which is a clear characteristic of SOAT. T47D-
control cell showed slightly higher E1S uptake in the presence
of sodium compared to sodium-free conditions, but without
reaching the level of significance (Figure 3A). At a physiologically
relevant concentration of 10 nM, T47D-SOAT cells also showed
significantly higher sodium-dependent uptake of E1S compared

FIGURE 3 | Sodium-dependent uptake of E1S into T47D-SOAT cells.
(A) T47D-SOAT and T47D-control cells were incubated with 100 nM [3H]E1S
at 37◦C in transport buffer containing Na+ or without Na+ (sodium-free
control). Cell-associated radioactivity was analyzed at the indicated time
points. (B) Transport of [3H]E1S at 10 nM over 30 min. Data in (A,B) represent
means ± SD of triplicate determinations. ∗Significantly higher transport
compared with T47D-control cells and the sodium-free controls (one-way
ANOVA with Tukey’s multiple comparisons test with p < 0.05).
(C) Determination of E1S concentrations by LC-MS/MS in the cell culture
medium at the end of the uptake phase. Data represent means ± SD of two
independent experiments, each with triplicate determinations. #Significantly
different between T47D-SOAT and T47D-control cells (unpaired t-test with
p < 0.05).

with T47D-control cells (Figure 3B). In order to verify that
under incubation with 10 nM E1S, this compound is indeed
taken up into the cells, an additional medium depletion assay
was performed and the E1S concentration was determined from
the medium at the end of incubation by means of LC-MS/MS.
As expected, the medium of the T47D-SOAT cells contained
significantly lower residue concentrations of E1S compared to the
medium of the T47D-control cells (Figure 3C).

E1S-Stimulated Proliferation of
T47D-SOAT Cells
In order to analyze the estrogen-dependent proliferation of
the transfected cell lines, T47D-SOAT and T47D-control cells
were grown in DCC-FCS medium supplemented with 10−9 M
E2 (positive control), increasing concentrations of E1S ranging
from 10−12 M to 10−4 M, or solvent alone (negative control).
Both cell lines showed significantly increased proliferation
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FIGURE 4 | E1S-dependent proliferation of T47D-SOAT cells.
SOAT-transfected T47D cells (T47D-SOAT, filled bars in A, black squares in B)
and mock-transfected T47D cells (T47D-control, open bars in A, open
squares in B) were plated at 10,000 cells/well in 24-well plates and were
cultured in phenol red-free DMEM/F12 containing 5% DCC-FCS over 7 days.
The culturing medium was supplemented with 10−9 M E2 for positive control
or increasing concentrations of E1S ranging from 10−12 M to 10−4 M. For
negative control, cells were treated with solvent alone. Seven days after
seeding, the cells were incubated with 1 µCi/ml [3H]thymidine for 2 h at 37◦C,
5% CO2, and 95% humidity. After five cycles of washing with PBS, cells were
subjected to liquid scintillation counting. Data represent the means ± SD of
quadruplicate determinations of three independent experiments (n = 12).
(A) ∗Significantly higher [3H]thymidine incorporation compared with negative
control (one-way ANOVA with Tukey’s multiple comparisons test with
p < 0.05). #Significantly higher [3H]thymidine incorporation in T47D-SOAT
compared with T47D-control cells (p < 0.05, unpaired t-test). (B) Values were
fitted to concentration response curves by non-linear regression analysis.
Proliferation was determined relative to the top (100%) and bottom (0%)
values that were derived from the sigmoidal dose response calculation. The
EC50 values were 2.2 ± 0.3 nM and 21.7 ± 2.1 nM for the T47D-SOAT and
T47D-control cells, respectively. Data represent means ± SEM.

under E2 treatment and this proliferation occurred at equal
levels for the SOAT-T47D and SOAT-control cells (Figure 4A).
After treatment with E1S at increasing concentrations, both
cell lines showed increased proliferation, but with different
profiles. Beginning at 10−11 M E1S, T47D-SOAT cells showed
significantly enhanced proliferation compared to T47D-control
cells with a maximum proliferation at 10−7 M. In contrast, T47D-
control cells did not start to proliferate until 10−9 M E1S and
required 10−6 M E1S for maximum proliferation (Figure 4A).
Within the concentration range of 10−11 to 10−8 M E1S, T47D-
SOAT showed significantly higher proliferation compared to
T47D-control cells. Half-maximal stimulation (ED50) of the E1S-
stimulated proliferation occurred at concentrations of 2.2 nM and

FIGURE 5 | Inhibition of the E1S-dependent proliferation of T47D-SOAT cells.
Stably SOAT-transfected T47D cells (T47D-SOAT) and mock-transfected
T47D cells (T47D-control) were plated at 20,000 cells/well in 24-well plates
and were cultured in phenol red-free DMEM/F12 containing 5% DCC-FCS.
The culturing medium was supplemented with 10−8 M E1S, 10−9 M E2 or
solvent alone (control). Additionally, 25 µM of the SOAT inhibitor 4-SMP were
added to the culturing medium as indicated. After 6 days of cultivation, the
cells were incubated with 1 µCi/ml [3H]thymidine for 2 h at 37◦C, 5% CO2,
and 95% humidity. After five cycles of washing with PBS, cells were subjected
to liquid scintillation counting. Data represent means ± SD of quadruplicate
determinations of a representative experiment. ∗Significantly different from
solvent control (one-way ANOVA with Tukey’s multiple comparisons test with
p < 0.05). #Significantly higher [3H]thymidine incorporation in T47D-SOAT
compared with T47D-control cells (p < 0.05, unpaired t-test).

21.7 nM for the T47D-SOAT and T47D-control cells, respectively
(Figure 4B). This indicates that SOAT-mediated transport of E1S
at physiologically relevant concentrations significantly stimulated
the proliferation of T47D cells.

In order to block this increased proliferation via SOAT, 4-
SMP was used as an inhibitor. 4-SMP proved to be one of the
most potent inhibitors of SOAT in a previous study (Geyer et al.,
2007). Indeed, incubation of T47D-SOAT cells with 25 µM 4-
SMP completely blocked cell proliferation by E1S (Figure 5),
while 4-SMP alone had no effect on the cell proliferation of
T47D-SOAT and T47D-control cells. Furthermore, 4-SMP had
no effect on the E2-stimulated cell proliferation of T47D-SOAT
cells, which occurs independent from SOAT-mediated transport
(Figure 5, right panel).

In further experiments, the time course of E1S-stimulated
T47D cell proliferation was analyzed in further detail with and
without 4-SMP as inhibitor of SOAT. Both cell lines, T47D-SOAT
and T47D-control, significantly increased their proliferation
from days 4 to 6 under incubation with 10 nM E1S, but at day
6, T47D-SOAT cells showed significantly higher [3H]thymidine
incorporation compared with the T47D-control cells. In cells
additionally incubated with 4-SMP, proliferation was blocked
and was not different from the control groups without E1S
incubation (Figure 6). Again, 4-SMP alone had no effect on cell
proliferation.

DISCUSSION

As has been known for a long time, breast tumor tissue is
able to metabolize steroids from sulfated precursors, which are
available even after menopause, to biologically active estrogens

Frontiers in Pharmacology | www.frontiersin.org August 2018 | Volume 9 | Article 941157

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00941 August 18, 2018 Time: 18:56 # 8

Karakus et al. SOAT Breast Cancer Cell Proliferation

FIGURE 6 | Time course of the E1S-dependent proliferation of T47D-SOAT
cells. T47D-SOAT and T47D-control cells were plated at 20,000 cells/well in
24-well plates and were cultured in phenol red-free DMEM/F12 containing 5%
DCC-FCS. The culturing medium was supplemented with 10−8 M E1S,
25 µM 4-SMP or solvent alone. Additionally, 10−8 M E1S were incubated
together with the SOAT inhibitor 4-SMP at 25 µM. After 2, 3, 4, 5, and 6 days
of cultivation, the cells were incubated with 1 µCi/ml [3H]thymidine for 2 h at
37◦C, 5% CO2, and 95% humidity. After five cycles of washing with PBS, cells
were subjected to liquid scintillation counting. Data represent the means ± SD
of quadruplicate determinations of a representative experiment. ∗Significant
increase compared to day 2 (p < 0.05, one-way ANOVA with Tukey’s multiple
comparisons test). #Significantly higher [3H]thymidine incorporation in
T47D-SOAT compared to T47D-control cells (p < 0.05, unpaired t-test).

(Adams and Wong, 1968; Miller and Forrest, 1976). Most
studies in this field focus on the metabolic steps involved in
estrogen formation, and simply presume intracellular availability
of the mostly sulfated precursors (Labrie et al., 2001). However,
sulfo-conjugated steroids are negatively charged molecules and
can only enter target cells via carrier-mediated uptake (Müller
et al., 2015). Therefore, several previous studies have investigated
the expression of uptake carriers for sulfated steroids in the
normal mammary gland and breast cancer tissue, including
OATP1A2, OATP2B1, OATP3A1, OATP4A1, and OATP1B3
(Pizzagalli et al., 2003; Miki et al., 2006; Meyer zu Schwabedissen
et al., 2008; Wlcek et al., 2008; Kindla et al., 2011; Banerjee
et al., 2014). Furthermore, E1S uptake carrier expression was
demonstrated in different hormone-dependent breast cancer cell
lines, such as OATP1A2, OATP3A1, and OATP4A1 in T47D
cells (Nozawa et al., 2004, 2005; Meyer zu Schwabedissen et al.,
2008) as well as OATP1A2, OATP2B1, OATP3A1, and OATP4A1
in MCF7 cells (Nozawa et al., 2005; Meyer zu Schwabedissen
et al., 2008; Wlcek et al., 2008; Maeda et al., 2010; Stute
et al., 2012; Banerjee et al., 2012, 2013, 2015; Matsumoto
et al., 2015). Overall these studies demonstrated that carrier-
mediated import of E1S in breast cancer cells can stimulate
their proliferation and thus these carriers were suggested as
potential drug targets (Obaidat et al., 2012; Nakanishi and Tamai,
2014).

In the present study, we only focused on the expression
of SOAT in breast cancer and aimed to analyze its role for
hormone-dependent proliferation. SOAT was first cloned from
rat adrenal gland and demonstrated significant transport of
E1S and DHEAS (Geyer et al., 2004). Later, the human SOAT
transcript was cloned (Geyer et al., 2007). The substrate spectrum
of SOAT was intensively analyzed and revealed specific transport
of all physiologically occurring sulfo-conjugated steroid
hormones, being E1S, 17β-estradiol-3-sulfate, 17β-estradiol-17-
sulfate, pregnenolone sulfate, 17α-OH-pregnenolone sulfate,
androsterone sulfate, epiandrosterone sulfate, testosterone
sulfate, epitestosterone sulfate, 5α-dihydrotestosterone
sulfate, androstenediol sulfate, DHEAS, and 16α-OH-
DHEAS (Geyer et al., 2007; Fietz et al., 2013; Schweigmann
et al., 2014; Grosser et al., 2018). Sulfo-conjugated bile salts,
bromosulfophthalein (BSP, a dye used in liver function tests), and
the sulfooxymethylpyrenes 2-SMP and 4-SMP were identified as
effective SOAT inhibitors (Geyer et al., 2007). Apart from high
SOAT expression in the testis, placenta, lung and skin, SOAT
also showed relatively high mRNA expression in the mammary
gland (Geyer et al., 2007). Here, in the present study the SOAT
protein was localized to the ductal epithelium (Figure 2). Based
on this data, it was not surprising that SOAT showed high
expression in different pathologies of the breast with a clear
ductal staining pattern in IHC, including ductal hyperplasia,
intraductal papilloma and intraductal carcinoma (Figure 2). It
can be supposed that, in addition to other E1S carriers from
the OATP family, SOAT expression in ductal hyperplasia and
intraductal carcinoma contributes to the import of E1S (and
probably also E2S) and therefore provides the precursors for
the intracrine formation of pro-proliferative E2. Based on this
mechanism, SOAT can be regarded as an additional drug target
for anti-proliferative breast cancer therapy from the group of
E1S uptake carriers. Against this background, it is interesting to
note that SOAT expression was detected in a wide range of breast
cancer specimen. Most of them represent adenocarcinoma of
the breast with ductal localization (Figure 1). SOAT expression
does not correlate with tumor stage, grade or receptor status.
Therefore, SOAT might be an interesting drug target in a wide
variety of breast tumors.

In order to verify the role of SOAT for the E1S-dependent
proliferation of breast cancer cells, we intended to generate an
in vitromodel that mimics the in vivo situation as near as possible.
Different ER positive breast cancer cell lines such as T47D
and MCF7 have emerged as in vitro models for proliferation
studies in the past (MacIndoe, 1988; Pasqualini et al., 1990; Evans
et al., 1993; Billich et al., 2000; Schmitt et al., 2001; Maggiolini
et al., 2001, 2002). Of those, we used T47D cells, as their
intracrine estrogen synthesis is well characterized and E1S uptake
carrier expression has been investigated previously on these cells
(Pizzagalli et al., 2003; Nozawa et al., 2004; Miki et al., 2006).
However, as demonstrated by real-time PCR, SOAT expression
seems to be down-regulated in T47D cells compared to breast
cancer tissue. Therefore, we generated a SOAT-transfected T47D-
SOAT cell line as well as a mock-transfected T47D-control
cell line for proliferation assays. In the T47D-SOAT cells, high
SOAT mRNA expression was confirmed by real-time PCR at the
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transcriptional level as well as by significant sodium-dependent
transport of [3H]E1S at the level of the active transporter
protein (Figure 3). For proliferation studies, these T47D-SOAT
cells were incubated under increasing concentrations of E1S
at 10−12 to 10−4 M. As previously described (Nozawa et al.,
2004), proliferation of T47D cells can be stimulated not only
by E2, but also by E1S at higher concentrations. In the present
study, we obtained a sigmoidal dose-response curve with an
effective concentration (EC50) of 21.7 nM for the T47D-control
cells, which is very close to previous data, being 17.1 nM
(Nozawa et al., 2004). Interestingly, proliferation of the SOAT-
expressing T47D-SOAT cells was stimulated already at much
lower E1S concentrations and the dose-response curve revealed
an EC50 of 2.2 nM, meaning a 10-fold increased sensitivity
to E1S exposure. At physiological E1S concentrations, being in
the order 10−8 to 10−9 M (Pasqualini, 2004), the differences
between the proliferations of T47D-SOAT vs. T47D-control cells
were most pronounced (Figure 4). To ensure that this increased
proliferation is indeed induced by SOAT-mediated import of E1S,
the cells were co-incubated with E1S and the SOAT inhibitor
4-SMP (Geyer et al., 2007). In these experiments, E1S was
added at 10 nM to stimulate cell proliferation, representing
a concentration at which T47D-SOAT cells showed significant
sodium-dependent transport activity for [3H]E1S. Interestingly,
4-SMP completely blocked the E1S-mediated proliferation of
T47D-SOAT cells and likewise that of T47D-control cells. To
verify that 4-SMP itself does not cause inhibition of proliferation
by any other effect than by inhibiting the E1S uptake, 4-SMP
was additionally co-incubated with E2. In these experiments,
the E2-stimulated proliferation of the T47D-SOAT cells was not
affected by 4-SMP, indicating that 4-SMP had no effect on the
direct estrogenic effect of E2, but only on the transport of E1S.
The inhibiting effect of 4-SMP on the T47D-control cells could
mean that here, residue E1S transport activity is inhibited even if
SOAT is expressed at very low levels in the T47D-control cells.
Another explanation would be that 4-SMP inhibits other E1S
uptake transporters, such as OATP1A2, OATP2B1, OATP3A1,
and OATP4A1, which have been detected previously in T47D
cells (Pizzagalli et al., 2003; Nozawa et al., 2004; Miki et al.,
2006). At least in the case of OAT3, 4-SMP has been described
as inhibitor (Bakhiya et al., 2006), indicating that 4-SMP is
not selective for SOAT. However, if 4-SMP does interfere with

the E1S transport via one of the mentioned OATPs must be
elucidated.

CONCLUSION

The present study demonstrates expression of SOAT in breast
cancer tissue with ductal localization. SOAT inhibition can block
the E1S-stimulated proliferation of T47D breast cancer cells
and, therefore, in addition to the carriers of the OATP carrier
family, can be regarded as a novel potential drug target for
anti-proliferative breast cancer therapy. Very recently, novel
inhibitors of SOAT were identified by pharmacophore modeling
(Grosser et al., 2016). After optimization, these compounds are
interesting candidates for further breast cancer proliferation
studies in vitro and in vivo. These studies should also include
comparative transport inhibition of SOAT and carriers of the
OATP and OAT families in order to find at best an inhibitor for
E1S transport covering all uptake carriers in breast cancer cells.
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Hormone replacement therapy (HRT) affects the incidence and potential progression
of colorectal cancer (CRC). As HRT primarily consists of estrone sulfate (E1S),
understanding whether this conjugated estrogen is transported and metabolized in
CRC will define its potential effect in this malignancy. Here, we show that a panel of
CRC cell lines (Colo205, Caco2, HCT116, HT-29) have steroid sulfatase (STS) activity,
and thus can hydrolyze E1S. STS activity is significantly higher in CRC cell lysate,
suggesting the importance of E1S transport in intracellular STS substrate availability.
As E1S transport is regulated by the expression pattern of certain solute carrier organic
anion transporter polypeptides, we show that in CRC OATP4A1 is the most abundantly
expressed transporter. All four CRC cell lines rapidly transported E1S into cells, with this
effect significantly inhibited by the competitive OATP inhibitor BSP. Transient knockdown
of OATP4A1 significantly disrupted E1S uptake. Examination of estrogen receptor status
showed ERα was present in Colo205 and Caco2 cells. None of the cells expressed ERβ.
Intriguingly, HCT116 and HT29 cells strongly expressed the G protein coupled estrogen
receptor (GPER), and that stimulation of this receptor with estradiol (E2) and G1, a
GPER agonist, significantly (p < 0.01) increased STS activity. Furthermore, tamoxifen
and fulvestrant, known GPER agonist, also increased CRC STS activity, with this effect
inhibited by the GPER antagonist G15. These results suggest that CRC can take up
and hydrolyze E1S, and that subsequent GPER stimulation increases STS activity in
a potentially novel positive feedback loop. As elevated STS expression is associated
with poor prognosis in CRC, these results suggest HRT, tamoxifen and fulvestrant may
negatively impact CRC patient outcomes.

Keywords: estrogen, colorectal cancer, steroid sulfatase, OATP, SLCO, GPER, tamoxifen

Abbreviations: BPS, bromsulphthalein; CRC, colorectal cancer; E1, estrone; E2, estradiol; E1S, estrone sulfate; ER, estrogen
receptor; FBS, fetal bovine serum; GPER, G-protein coupled estrogen receptor; HRT, hormone replacement therapy; OATP,
organic anion transporter polypeptides; sFBS, charcoal-stripped fetal bovine serum; SLCO, solute carrier organic transporter
family; STS, steroid sulfatase; SULT, sulfotransferase.
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INTRODUCTION

Estrogens play an important role in the etiology of CRC (Foster,
2013). Pre-menopausal women are protected against CRC
compared to age-matched men (Farquhar et al., 2005), and data
from the Women’s Health Initiative suggests post-menopausal
women on HRT, a combination of estrone sulfate (E1S) and
progestins, have a 40% reduced incidence of developing CRC
compared to women not on HRT (Chlebowski et al., 2004).

Despite this epidemiological evidence suggesting HRT as
protective against CRC, evidence also exists showing estrogens
influence CRC proliferation. For example, the CRC cell line
Lovo increases proliferation, via a FASN-mediated mechanism,
when exposed to estradiol (E2) (Santolla et al., 2012). Indeed,
E2 increases the proliferation of the CRC cell line Caco2
(Di Domenico et al., 1996) and T84 (Hennessy et al., 2005), and
inhibits apoptosis in DLD-1 cells (Messa et al., 2005). CRC
patients on HRT present at a later and more advanced stage
of disease (Chlebowski et al., 2004), suggesting estrogens as
mitogenic in CRC. Thus, the ability of CRC to take up and
consequently metabolize E1S will define local concentrations of
active estrogens and subsequent action.

Steroid sulfatase is the key enzyme involved in hydrolyzing
E1S to E1 (Figure 1) (Mueller et al., 2015), and its
activity is known to directly increase the proliferation of
estrogen-dependent breast cancer (Foster et al., 2006) and
endometrial cancer (Foster et al., 2008b). Inhibition of STS has
shown significant promise against ERα positive breast cancer
(Stanway et al., 2006; Foster et al., 2008a). Intriguingly, STS
expression, elevated E1 and E2 intratumoural concentrations, are
associated with a poor prognosis in CRC patients (Sato et al.,
2009). This suggests that colonic estrogen metabolism may play
an important role in CRC patient outcomes.

However, very little is known about whether E1S is transported
into CRC. Sulfated steroids require transport into cells via solute
carrier organic anion transporting polypeptides (SLCO/OATP);
membrane bound proteins that transport a plethora of organic
anions (Roth et al., 2012). Six different SLCO/OATP (OATP1A2,
OATP1B1, OATP1B3, OATP2B1, OATP3A1, OATP4A1) are
known to effectively transport E1S (Mueller et al., 2015),
although their expression and action in CRC is poorly defined.
Other OATPs are known to transport E1S (OATP4C1 and

OATP1C1), however OATP4C1 is primarily expressed in the
kidney (Mikkaichi et al., 2004), and microarray analysis shows
it may have some expression in the liver but not the human
colon (Bleasby et al., 2006). OATP1C1 is localized to human
brain and testis (Pizzagalli et al., 2002), and is not evident in
human colorectal tissue, as measure by microarray (Bleasby et al.,
2006).

Here, we investigate STS activity and E1S transport kinetics
in four CRC cell lines. We demonstrate that OATP4A1 is most
likely the principle E1S transporter in CRC and that all cell lines
have the ability to hydrolyze E1S. We also show that STS activity
in CRC may be regulated by local E2 availability via a novel GPER
mechanism.

MATERIALS AND METHODS

Compounds
STX64 (Irosustat, 667COUMATE) was kindly supplied by
Prof. Barry Potter (University of Oxford, UK). G1 and G15
were purchased from Torcis Bioscience (Abingdon, UK). E2,
tamoxifen, fulvestrant, and BSP were purchased from Sigma-
Aldrich (Dorset, UK).

Cell Culture
The CRC cell lines Colo205, HCT116, and HT29 were purchased
from the American Type Culture Collection, USA; Caco2 and
JEG3 cells were purchased from The European Collection
of Cell Cultures (ECACC). Prior to experiments, all cell
lines were authenticated by short tandem repeat profiling
and were used between passages 10 and 35. Furthermore, all
experiments were performed during the exponential growth
phase of the cell line. HCT116 and HT29 were routinely cultured
in McCoy’s 5a modified medium (Gibco, Life Technologies,
USA) with 10% v/v heat inactivated FBS (Sigma-Aldrich,
UK). Colo205 cells were culture in RPMI with 10% FBS;
Caco2 cells were cultured in MEM with 10% FBS. JEG3
cells were cultured in DM-F12 (Gibco, USA) with 10%
FBS. All culture mediums were supplemented with 2 mM
L-glutamine (Sigma-Aldrich, UK) and 1% PenStrep (Gibco,
USA). JEG3 cells were used as control as they exhibit high STS
activity.

FIGURE 1 | Steroid sulfatase activity in CRC cell lines. E1S is transported across the cell membrane by OATPs and once intracellular E1S can be hydrolyzed by
STS to form E1.
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For experimental conditions, cells were initially starved of
estrogens for 72 h by placing them in their appropriate phenol-
red free medium plus 10% charcoal stripped FBS (sFBS) (Sigma-
Aldrich, UK). After starvation, HCT116 and HT29 cells were
treated with E2 (100 nM), G1 (100 nM), G15 (1 µM), Tamoxifen
(10 nM) or fulvestrant (1 µM) in stripped medium for 24 h prior
to measuring STS activity.

STS Activity Assay
In vitro STS activities of cell lines were measured as previously
described (Purohit et al., 1997). Briefly, in intact cell assays,
cells were incubated with appropriate medium containing
[6,7-3H] E1S (4 × 105 dpm, Perkin-ElmerLS, Boston, MA, USA)
adjusted to a final concentration of 20 µM with unlabeled E1S
(Sigma-Aldrich, UK). [4-14C] E1 (1 × 104 dpm, Perkin-Elmer)
was also included in the reaction mixture to monitor procedural
losses. Samples were incubated for 18 h at 37◦C after which the
product, E1, was separated from E1S by partition with toluene.
A toluene aliquot was removed and 3H and 14C radioactivity
measured by liquid scintillation spectrometry. The mass of
E1S hydrolyzed was calculated from the 3H counts detected
corrected for procedural losses. A protein measurement was
obtained for the cells by lysing the cells with RIPA buffer
(Sigma-Aldrich, UK) followed by a BCA assay (Thermo Fisher
Scientific, UK).

To determine STS activity in cell lysates, cells were first
lysed with RIPA buffer and protein content determined using
a BCA assay. Subsequently, 100 µg of cell protein was
incubated for 4 h with PBS containing [6,7-3H] E1S (4 × 105

dpm) adjusted to a final concentration of 20 µM with
unlabeled E1S. [4-14C] E1 (1 × 104 dpm) was again used
to monitor procedural losses. E1 was separated from E1S by
partition with toluene and 3H and 14C radioactivity measured
by liquid scintillation spectrometry. Results for both intact
and cell lysates were determined as pmol E1 formed/h/mg
protein.

qRT-PCR Analysis
From cells mRNA was purified from T75 flasks or six well
plates at approximately 80% confluency using RNeasy kits
(QIAGEN, Crawley, UK) and stored at −80◦C. Aliquots
containing 5 µg of mRNA were reverse transcribed in a
final volume of 20 µl to form cDNA using Tetro cDNA
Synthesis Kit (Bioline Reagents, Ltd, UK). RT-PCR reactions
were performed in a ‘Rotor Gene 2000 Real-Time Cycler’
(Corbett Life Science, Cambridge, UK) with 1 µl cDNA
in a final volume of 12 µl, using Taqman universal PCR
master mix and Taqman expression assays containing primers
and probes for OATP1A2, OATP1B1, OATP1B3, OATP2B1,
OATP3A1, OATP4A1, and for the endogenous control gene,
RPLP0 (Applied Biosystems, UK). In CRC, RPLPO is considered
the most reliable single standard gene to examine (Sørby et al.,
2010). The conditions were as follows: 95◦C for 10 min;
followed by 40 cycles of 95◦C for 15 s, and 60◦C for 60 s.
Relative mRNA expression was calculated using the comparative
quantisation algorithm in the Rotor Gene 6 software (Corbett Life
Science).

E1S Uptake Studies
Cells were seeded at 200,000 cells per well in 6-well plates and
allowed to acclimatize for 24 h. Appropriate phenol red free
medium containing 10% sFBS plus [6,7-3H] E1S (4 × 105 dpm)
was placed on the cells and was subsequently removed after 2, 5,
10, 15, 20, 30 min. For OATP inhibition studies, the competitive
OATP inhibitor BSP (at 1 µM) was added to the medium and
therefore was present throughout the 30 min uptake time. The
cells were then washed twice in PBS, lysed using RIPA buffer, and
the intracellular 3H radioactivity measured by liquid scintillation
spectrometry. Cell protein content was also determined with a
BCA assay. Results are expressed as E1S uptake pmol/mg protein.

Immunoblotting
Protein concentration was determined from cell lysates using the
BCA assay, and 15 µg samples were separated by electrophoresis
under reducing conditions on 4–12% Bis-Tris 10% SDS-PAGE
gels (Invitrogen, Paisley, UK) before being transferred to PVDF
membranes. Membranes were immunoblotted with either ERα

(1:1000), ERβ (1:1000), GPER (1:800) (all from Santa Cruz,
UK), or β-actin (1:50,000) (Sigma-Aldrich, UK) monoclonal
antibodies in incubation buffer containing 0.1% milk (Marvel;
Premier Brands UK Ltd, Lincolnshire, UK) in TBST. For
full details of antibodies and conditions used see Table 1.
Bound antibody was detected with horseradish peroxidase-
conjugated anti-mouse or anti-rabbit secondary antibodies and
chemiluminescence detection.

siRNA Transfection
Twenty four hours after seeding HCT116 cultures were
transfected with OATP-specific and control siRNA (Thermo
Fisher Scientific, UK) by lipofectamine-2000 (Invitrogen) using
standard protocols. 72 h post-transfection, E1S uptake studies
were performed over 30 min and total E1S uptake calculated.

RESULTS

STS Activity in Intact and Lysed CRC Cell
Lines
The panel of four CRC cell lines, plus the positive control JEG3,
were investigated and demonstrate a wide range of STS activity
(Figures 2A,B). In intact (not lysed) cells, Caco2 exhibited the
highest STS activity (65.47 ± 28.51 pmol/mg/h), with HCT116
cells having the lowest activity (1.65 ± 0.14 pmol/mg/h). STS
activity could be almost completely inhibited in intact cells using
1 µM of the specific STS inhibitor STX64 (Figure 2A).

When lysed, the intracellular STS activity was much greater
in all cell lines examined compared to their intact state
(Figure 2B). STS activity was again greatest in the Caco2 cell
lines (452.90 ± 56.34 pmol/mg/h) with HCT116 cell showing
the lowest STS activity (11.87 ± 6.41 pmol/mg/h). These results
demonstrate that E1S uptake kinetics most likely dictate the
ability of CRC to hydrolyze E1. Therefore, as E1S is transported
through the cell membrane by OATPs the expression of these
transporters was next determined.
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TABLE 1 | Information regarding antibodies and conditions used for immunoblotting.

Antibody Manufacturer, Cat. #, Lot # Peptide/protein target Species raised,
monoclonal/polyclonal

Dilution used Positive control

ERα Santa Cruz, sc-130072, C2910 aa 301–595 Mouse, monoclonal 1:1000, 1% milk MCF-7

ERβ Abcam, ab288, GR79420-5 aa 1–153 Mouse, monoclonal 1:1000, 1% milk MCF-7

GPER Santa Cruz, sc-48525-R, F2414 N-terminus Rabbit, Polyclonal 1:800, 5% milk MCF-7

β-actin Sigma, A228 slightly modified β-cytoplasmic
actin N-terminal peptide

Mouse, Monoclonal 1:50,000

FIGURE 2 | (A) Steroid sulfatase activity (E1S conversion in pmol/mg/h) and inhibition by STX64 (1 µM) in intact CRC cell lines. (B) STS activity and inhibition by
STX64 (1 µM) in CRC cell lysate. JEG3 cells were used as a positive control in all experiments. Data represents mean ± SD. n = 3 independent experiments.

FIGURE 3 | Organic anion transporter polypeptide mRNA expression in
Colo205, Caco2, HCT116, and HT-29 cells. OATP4A1 expression was the
highest in all cell lines. Data represents mean ± SD. n = 3 independent
experiments.

OATP Expression and E1S Uptake in CRC
Cell Lines
The mRNA expression of OATPs known to transport E1S across
the plasma membrane was determined in the panel of CRC cell
lines (Figure 3). Of the six OATPs examined only OATP4A1
was present in all four cell lines. OATP2B1 expression was
also notably high in Caco2 cells. The HT29 cells expressed five
of the six OATPs determined (OATP1B3 was not present in

HT29 cells), with the Caco2 cells expressing four (OATP1A1,
OATP1B3, OATP2B1, OATP4A1) out of six. Our results are
roughly consistent with the expression patterns obtained from
the CellMiner database1, as shown by average transcript log2

intensities (see Table 2).
When the ability of CRC cells to transport E1S into the

cells was determined, Colo205 demonstrated the quickest
uptake rate, with HCT116 cells having the slowest uptake
(Figure 4A). Inhibition of OATP transport with the non-specific
OATP inhibitor BSP significantly reduced E1S uptake in
all four cell lines (Figures 4B–E). Caco2 cells had the
most rapid with HCT116 cells exhibited the slowest E1S
transport. E1S uptake after 30 min demonstrated that Colo205
(89.41 ± 16.80 pmol/mg) and Caco2 (61.78 ± 10.80 pmol/mg)
cells exhibited the most intracellular E1S transport, with HCT116
(16.73 ± 6.80 pmol/mg) and HT29 (34.59 ± 5.63 pmol/mg)
cells showing lower E1S transport (Figure 4F). BSP

1https://discover.nci.nih.gov/cellminer/

TABLE 2 | Average transcript log2 intensities determined from the National
Cancer Institute (NCI) CellMiner database (https://discover.nci.nih.gov/
cellminer/).

1A2 1B1 1B3 2B1 3A1 4A1

Colo205 3.24 3.22 5.50 7.29 4.76 8.38

HCT116 2.96 3.23 5.75 5.34 4.61 8.19

HT29 2.84 2.89 4.92 5.39 6.54 8.04

Average log2 determined from mRNA various probes/probe sets.
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FIGURE 4 | Estrone sulfate transport in Colo205, Caco2, HCT116 and HT-29 cells. (A) Comparison of the different uptake kinetics of E1S over 30 min in four
CRC cell lines. (B) Inhibition of Colo205 E1S transport by BSP (1 mM). (C) Inhibition of Caco2 E1S transport by BSP. (D) Inhibition of HCT116 E1S transport by BSP.
(E) Inhibition of HT-29 E1S transport by BSP. (F) Total E1S uptake over 30 min by four CRC cell lines and the total inhibition caused by BSP. Data represents
mean ± SD. n = 3 independent experiments. ∗∗∗p < 0.001 compared to control.

significantly (p < 0.001) inhibited E1S transport in all four
cell lines.

To examine if OATP inhibition by BSP reduces E1S
intracellular substrate availability to STS, we examined the effect
of BSP on STS activity in intact cells and cell lysates. We selected
Caco2 and HCT116 cells as representative of CRC cells with high
and low STS activity, respectively. In intact cells, treatment with
BPS (1 µM) non-significantly reduced STS activity in Caco2 cells
but had no effect on HCT116 STS activity (Figure 5A). When
BPS (1 µM) was tested in cell lysates it had no effect on STS
activity in both Caco2 and HCT116 cells, suggesting it does not
directly inhibit the STS enzyme (Figure 5B). These results imply
that OATP transport into cells plays a rate-limiting step on E1S

STS hydrolysis. The discrepancy between Caco2 and HCT116
cells in response to BSP most likely represents the difference
between the STS activity in the cell lines. When STS activity is
high (Caco2), limiting E1S OATP transport limits intracellular
E1S availability thus reducing E1 hydrolysis. When STS activity
is low (HCT116), limiting E1S OATP transport does not directly
translate to decreased hydrolysis as there is less STS activity, and
thus limiting substrate availability via OATP inhibition and where
enzyme activity is already low does not translate to reduced E1S
hydrolysis.

As OATP2B1 and OATP4A1 were expressed at the highest
concentrations compared to the other OATPs, we next performed
siRNA knockdown of these two transporters in HCT116 cells to
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FIGURE 5 | Bromsulfthalein has limited effect on STS activity Caco2 and HCT116 cells. (A) In intact cells, STS activity is non-significantly reduced by
BSP (1 µM) in Caco2 cells and has no effect on HCT116 cells. (B) In cell lysates, BSP (1 µM) has no effect on STS activity in Caco2 or HCT116 lysates. Data
represents mean ± SD. n = 3 independent experiments.

FIGURE 6 | OATP4A1 knockdown in HCT116 cells blocks E1S transport. (A) siRNA knockdown of OATP2B1 and OATP4A1 reduced transporter expression
by over 95%. (B) In HCT116 cells OATP2B1 knockdown has no effect on E1S transport, however OATP4A1 knockdown inhibited E1S transport by 52.4%. Data
represents mean ± SD. n = 3 independent experiments. ∗∗p < 0.01 compared to control.

determine their importance on E1S uptake. We used HCT116
cells as they had high OATP2B1 and OATP4A1 expression
without high expression of any other OATPs. Furthermore,
HCT116 cells are readily transfected by lipofectamine for siRNA
delivery. For both OATPs siRNA gave < 95% knockdown
as measured by qRT-PCR (Figure 6A). OATP2B1 knockdown
did not significantly affect E1S uptake (Figure 6B), however
OATP4A1 knockdown significantly reduced E1S uptake from
21.02 ± 3.12 to 8.93 ± 2.07 pmol/mg/h (p < 0.01), suggesting
this transporter may play a key role in E1S transport in CRC.

STS Activity is Regulated by E2
Availability and GPER Action in CRC
As steroid metabolism and estrogen action in the colon is poorly
defined we next speculated whether estrogens may influence
steroid sulfatase activity, as it has been reported to do in other
malignancies (Zaichuk et al., 2007). Thus we next examined
how E2 starvation and subsequent E2 supplementation effects
STS activity. HT29 cell treated with sFBS medium (i.e., estrogen
starvation) demonstrated a trend toward reduction in STS
activity, with this effect reversed when supplemented with E2

(Figure 7A). In HCT116 cells, 24 h of E2 (100 nM) treatment
significantly (p < 0.01) induced STS activity compared to sFBS
controls (Figure 7B).

We next attempted to inhibit this E2-induced increase in
STS activity by treating HCT116 with Tamoxifen or fulvestrant
co-administered with E2. Surprisingly, both Tamoxifen and
fulvestrant significantly increased STS activity in HCT116 cells
(Figure 7C) and neither compound had any effect on E2-induced
STS activity. Tamoxifen (at 10 nM) increased STS activity to
6.43 ± 0.95 pmol/mg/h and fulvestrant (1 µM) increase activity
to 7.84 ± 1.36 pmol/mg/h compared to 2.43 ± 0.31 pmol/mg/h.

Examination of the CRC cell lines ER status demonstrated that
ERα protein expression was present in Caco2 cells, and lowly
expressed in Colo205 cells. HCT116 and HT29 cells did not
express ERα (Figure 7D). None of the cell lines expressed ERβ

(Figure 7D). We also assessed the GPER status in our CRC cell
lines. HCT116 and HT29 cells expressed GPER (Figure 7E), as
did Caco2 and Colo205 (data not shown). Unedited immunoblots
are shown in Supplementary Figure 1. As both Tamoxifen and
fulvastrant have been shown to be GPER agonist (Prossnitz and
Barton, 2014) we next examined whether the increased STS
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FIGURE 7 | Steroid sulfatase activity is regulated by estrogen availability in CRC cell lines. (A) E2 (100 nM) does not increase STS activity in HT29. (B) E2

(100 nM) significantly increase STS activity in HCT116 cells. (C) 24 h treatment of Tamoxifen (10 nM) and fulvestrant (1 mM) increases STS activity in HCT116 cells.
(D) Colo205 and Caco2 cells express ERα, but not ERβ. HCT116 and HT29 cells do not express ERα or ERβ. The +ive control is MCF-7 protein. (E) GPER is
expressed in HCT116 and HT29 cells. Data represents mean ± SD. n = 3 independent experiments. ∗p < 0.05, ∗∗p < 0.01 compared to sFBS control.

activity induced by these compounds could be inhibited by G15,
a specific GPER antagonist (Dennis et al., 2009). In HCT116
cells, G15 (1 µM) significantly inhibited the increase of STS
activity induced by 24 h treatment with E2 (100 nM), the GPER
agonist G1 (100 nM), Tamoxifen (10 nM), and fulvestrant (1 µM)
(Figure 8). This suggests a potential novel positive estrogen
metabolism feedback loop through GPER stimulation is present
in CRC.

DISCUSSION

Hormone replacement therapy, usually a combination of equine
E1S and progestins, may play a dual role in the incidence and
progression of CRC. Initially protective against the development
of CRC (Chlebowski et al., 2004), once the malignancy is
formed CRC may be estrogen responsive (Foster, 2013). Thus,
defining how CRC transports and metabolizes estrogens, and
the ER status of CRC, may define how this tissue responds

to HRT. Here we demonstrate that CRC cell lines possess
STS activity (see Figure 2) and are able to transport E1S (see
Figure 4), most likely through OATP4A1 (see Figure 6), into
cells. Furthermore, we show that STS activity is elevated by local
E2 concentrations (see Figure 7) via GPER action. Finally we
show that tamoxifen and fulvestrant, both GPER agonists, also
elevate STS activity (see Figure 8) indicating that its use in
breast cancer patients may have unwanted consequences in the
colon.

Elevated STS expression has been demonstrated in breast
(Pasqualini et al., 1996), prostate (Nakamura et al., 2006)
endometrial (Lepine et al., 2010), and epithelial ovarian cancer
(Ren et al., 2015). We demonstrate here for the first time that
STS activity is present in both intact and lysed CRC cells,
and this activity could be inhibited with STX64 (Figure 2).
Although the role of STS activity and estrogens in CRC is not yet
defined, our results, combined with evidence showing increased
STS expression as a poor prognostic indicator in CRC patients
(Sato et al., 2009), suggests STX64 as a potential therapeutic
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FIGURE 8 | Stimulation of GPER increases STS activity in HCT116
cells. E2 (100 nM), G1 (100 nM), Tamoxifen (10 nM), and fulvestrant (1 mM)
induce increased STS activity in HCT116 cells. These effects are inhibited by
the addition of the GPER antagonist G15 (1 mM). Data represents
mean ± SD. n = 3 independent experiments. ∗p < 0.05, ∗∗p < 0.01.

option for this disease. Indeed, STX64 has shown significant
promise in hormone-dependent breast cancer patients (Stanway
et al., 2006, 2007) with limited adverse events (Stanway et al.,
2006). Further Phase II trials of STX64 are currently ongoing in
patients with hormone-dependent breast cancer.

Cell protein (from cell lysates) exhibited significantly greater
STS activity compared to intact cells suggesting E1S cell
membrane transport as the limiting factor in estrogen hydrolysis.
Thus, OATP expression patterns in CRC may be a key
regulator of E1S transport and subsequent estrogen action. Our
results demonstrate OATP4A1, followed by OATP2B1, as the
most abundantly expressed E1S transporters in CRC cell lines
(Figure 3). OATP4A1 is up-regulated and hypomethylated in
CRC compared to normal colon tissue (Rawluszko-Wieczorek
et al., 2015), suggesting its importance in disease progression, and
implying that E1S uptake through this transporter may influence
tumor proliferation. Furthermore, OATP3A1 is down-regulated
in CRC (Rawluszko-Wieczorek et al., 2015), and reflected in our
results as low expression of this transporter is evident in all
four cell lines. OATP1B3 correlates to the Gleason score as a
marker of CRC dedifferentiation: higher OATP1B3 expression
in the colon is associated with earlier tumor stage and improved
tumor differentiation (Pressler et al., 2011). We demonstrate low
OATP1B3 expression in our cell lines, supporting a role for this
transporter in early tumor stage as all four cell lines examined
were derived from latter-stage tumors.

Once transported, E1S requires hydrolysis to form E1, and
subsequently E2 via 17β-hydroxysteroid dehydrogenase activity.
However, controversy surrounds how estrogens act in CRC.
Evidence suggests ERα is either lowly expressed (Cavallini
et al., 2002) or not present (Witte et al., 2001), and ERβ is
down-regulated during CRC development from colon adenomas
(Konstantinopoulos et al., 2003). Thus, we determined ER status
in four CRC cell lines, showing that Caco2 and Colo205 cells
have some ERα immunoreactivity (Figure 7). None of the cell

lines expressed ERβ. As they did not express either ERα or ERβ,
we selected HCT116 and HT29 cells and determined that they
expressed GPER. As ERα and ERβ are not present in CRC, this
suggests that estrogens may primarily act through GPER in CRC.
Indeed, estrogen binding to GPER increases colonic transit time
(Li et al., 2016) and is associated with pain severity in irritable
bowel disease (Qin et al., 2014). However, this is the first report
of GPER stimulation having a functional molecular consequence
in STS activity.

Intriguingly, E2 and G1, a specific GPER agonist, increased
STS activity in HCT116 cell lines (Figure 7), suggesting a
potential novel positive estrogen feedback loop is present
within CRC. In theory, greater STS activity should result in
increased local E1 and E2 synthesis. Little is known about
the regulation of STS activity. STS can undergo various
post-translational modifications resulting in greater activity
(Stengel et al., 2008), and this effect may be NF-κB regulated
(Jiang et al., 2016). However, there are no other reports that
estrogen availability impacts STS activity. In breast cancer,
GPER stimulation by tamoxifen does elevate the expression
of aromatase (Catalano et al., 2014), the enzyme involved
in estrogen synthesis from androgen pre-cursors. It is with
some interest then to see that tamoxifen also increased STS
activity in HCT116 cell lines. As a selective ER modulator,
tamoxifen is a first line therapy against hormone-dependent
breast cancer. However, it has recently been shown that
tamoxifen may act as a GPER agonist in tamoxifen-resistant
tumors (Mo et al., 2013). Thus, tamoxifen-induced increase of
STS activity, and therefore increasing local estrogen availability,
in CRC and potentially other malignancies may represent a
novel GPER-stimulated pathway regulating STS action. It will
be of importance to further examine whether tamoxifen and
fulvestrant induce STS activity via GPER stimulation, as this
may represent a novel route for tamoxifen and fulvestrant
resistance.

CONCLUSION

We have demonstrated here that CRC cell lines can transport
E1S and have sufficient STS activity to liberate E1. STS
activity is possibly regulated by local estrogen availability
through GPER stimulation, and this represents a novel positive
estrogen feedback loop within CRC. These results have direct
consequences for HRT therapy, suggesting that HRT may
increase STS activity in the colon leading to potentially undesired
effects through GPER action.
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The beneficial effect of dietary soy food intake, especially for women diagnosed with
breast cancer, is controversial, as in vitro data has shown that the soy isoflavones
genistein and daidzein may even stimulate the proliferation of estrogen-receptor alpha
positive (ERα+) breast cancer cells at low concentrations. As genistein and daidzein are
known to inhibit key enzymes in the steroid metabolism pathway, and thus may influence
levels of active estrogens, we investigated the impacts of genistein and daidzein on
the formation of estrogen metabolites, namely 17β-estradiol (E2), 17β-estradiol-3-(β-
D-glucuronide) (E2-G), 17β-estradiol-3-sulfate (E2-S) and estrone-3-sulfate (E1-S) in
estrogen-dependent ERα+ MCF-7 cells. We found that both isoflavones were potent
inhibitors of E1 and E2 sulfation (85–95% inhibition at 10 µM), but impeded E2
glucuronidation to a lesser extent (55–60% inhibition at 10 µM). The stronger inhibition
of E1 and E2 sulfation compared with E2 glucuronidation was more evident for
genistein, as indicated by significantly lower inhibition constants for genistein [Kis: E2-S
(0.32 µM) < E1-S (0.76 µM) < E2-G (6.01 µM)] when compared with those for daidzein
[Kis: E2-S (0.48 µM) < E1-S (1.64 µM) < E2-G (7.31 µM)]. Concomitant with the
suppression of E1 and E2 conjugation, we observed a minor but statistically significant
increase in E2 concentration of approximately 20%. As the content of genistein and
daidzein in soy food is relatively low, an increased risk of breast cancer development
and progression in women may only be observed following consumption of high-dose
isoflavone supplements. Further long-term human studies monitoring free estrogens and
their conjugates are therefore highly warranted to evaluate the potential side effects of
high-dose genistein and daidzein, especially in patients diagnosed with ERα+ breast
cancer.

Keywords: soy, genistein, daidzein, breast cancer, estrogens, metabolomics

Abbreviations: CYP, cytochrome P450 enzyme; DMEM, Dulbecco’s modified Eagle’s medium; DMSO, dimethyl sulfoxide;
DPBS, Dulbecco’s phosphate-buffered saline; E1, estrone; E1-S, estrone-3-sulfate; E2, 17β-estradiol; E2-G, 17β-estradiol-
3-(β-D-glucuronide); E2-S, 17β-estradiol-3-sulfate; E3, estriol (16α-OH-17β-estradiol); EIC, extracted ion chromatogram;
ERα, estrogen receptor alpha; ERβ, estrogen receptor beta; ESI, electro-spray ionization; 17β-HSD, 17β-hydroxysteroid
dehydrogenase; Ki, inhibition constant; Km, Michaelis constant; LC-HRMS, liquid chromatography-high resolution
mass spectrometry; LLOQ, lower limit of quantification; SD, standard deviation; SPE, solid phase extraction; SULT,
sulfotransferase; UGT, UDP-glucuronosyl transferase; Vmax, maximum reaction velocity.
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INTRODUCTION

Breast cancer is the most prevalent cancer in women and the
second leading cause of cancer-related deaths among females
worldwide (Ferlay et al., 2015). Chemoprevention in combination
with anticancer treatment is therefore crucial to reduce rates
of morbidity and mortality. Evidence from epidemiological and
experimental studies indicates that several natural products
may act as chemopreventive agents and inhibit mammary
carcinogenesis (Pan et al., 2015). Among these products is soy,
which contains variable amounts of genistein and daidzein as
the major isoflavones (approximately 47 and 44%, respectively)
and minor amounts of glycitein (approximately 9% of the total
isoflavones in soybeans). The genistein and daidzein content
is therefore also predominant in soy-derived foods and dietary
supplements (Wiseman et al., 2002; Clarke et al., 2008).

Epidemiological studies have indicated that soy intake post-
diagnosis not only improves prognosis but is also associated with
statistically significant reductions in breast cancer recurrence
(Kang et al., 2010; Chi et al., 2013). However, based on the weak
estrogen-like effects of the isoflavones genistein and daidzein,
some researchers and clinicians are concerned that a high soy
intake may increase the cancer risk. Indeed, in vitro studies
have shown that both genistein and daidzein stimulate the
proliferation of MCF-7 human estrogen-receptor alpha positive
(ERα+) breast cancer cells at low concentrations, but inhibit
tumor growth at higher doses. In ER alpha negative (ERα−)
cells (MDA-MB-231), this biphasic effect is not observed; both
phytoestrogens exhibit an anti-proliferative effect only. This
indicates that the proliferative effect of genistein and daidzein,
as observed at low doses, is ERα-mediated, while ERβ, which is
expressed at low levels in both MCF-7 and MDA-MB-231 cells,
seems to oppose ERα actions and exhibits anti-migratory and
anti-invasive properties (Vladusic et al., 2000; Al-Bader et al.,
2011; Wang et al., 2012; Uifãlean et al., 2016).

Besides an ERα-mediated interaction, low concentrations
of both isoflavones can also induce cell proliferation via G
protein coupled estrogen receptor 1 (GPER1) by stimulating
cAMP production, intracellular Ca2+ mobilization and cSrc
activation. Subsequently, the transactivation of the epidermal
growth factor receptor (EGFR) is triggered, leading to an
activation of downstream signaling pathways such as PI3K/Akt
and MAPK/ERK (Uifãlean et al., 2016).

In addition to ERα interaction and activation of signaling
pathways, the stimulatory effect of genistein and daidzein on
ERα+ breast cancer cells might also be linked to increased steroid
hormone levels, which drive cellular proliferation and thus are an
important factor for carcinogenesis (Folkerd and Dowsett, 2013).
Mechanism for altered steroid levels between ERα+ and ERα−

breast cancer cells include differences in estrogen metabolism.
Indeed, incubation of human ERα+ MCF-7 breast cancer cells
with E1 for 24 h resulted in a more than sevenfold higher
formation of estrogen sulfates compared to ERα− MDA-MB-
231 cells, as cellular SULT expression is significantly higher in
MCF-7 cells (Pasqualini, 2009). However, estrogen conjugates
do not promote ER-mediated activity but represent a local
reservoir of native E1 and E2 after hydrolysis by sulfatases

(Samavat and Kurzer, 2015). Interestingly, a previous human trial
demonstrated that participants who consumed a high-soy diet for
13 months showed a non-significant increase of urinary E2 levels
of 18% (Maskarinec et al., 2012), suggesting a possible role of E2
in the observed increased cellular growth of ERα+ breast tumors
by genistein and daidzein.

This prompted us to hypothesize that genistein and daidzein
might dose-dependently alter steroid hormone levels by
inhibiting the conjugation of estrogens and their precursors.
Our hypothesis was supported by in vitro studies showing that
soy isoflavonoids are able to inhibit various enzymes involved
in the metabolism of estrogens, including cytochrome P450
3A4 (CYP3A4), 17β-HSD, SULTs, and UGTs (Mesía-Vela and
Kauffman, 2003; Mohamed and Frye, 2011; Ronis, 2016; Cassetta
et al., 2017).

Whether soy components influences the estrogen metabolism
is not yet known. Therefore, the aim of the present study
was to investigate the impacts of genistein and daidzein on
estrogen metabolism in human ERα+ MCF-7 breast cancer
cells. For this purpose, a newly established specific and sensitive
analytical LC-HRMS assay was conducted to simultaneously
quantify the main steroids of the estrogenic pathway namely
E1, E2, estriol (16α-OH-17β-estradiol, E3), E1-S, E2-G and
E2-S (Rižner, 2013; Mueller et al., 2015). The outcomes of
metabolism were subsequently correlated with cell growth in
order to better understand the effects of soy isoflavones in ERα+

breast cancer.

MATERIALS AND METHODS

Materials
16α-hydroxy-17β-estradiol (E3), E2, 17β-estradiol-3-(β-D-
glucuronide) sodium salt (E2-G) and E1, as well as acetic
acid, acetonitrile, ammonium acetate, DMSO, genistein and
daidzein, were purchased from Sigma–Aldrich Chemical Co.
(Munich, Germany). 17β-estradiol-3-sulfate sodium salt (E2-S)
and estrone-3-sulfate sodium salt (E1-S) were obtained from
Steraloids, Inc. (Newport, RI, United States). 16α-hydroxy-
17β-estradiol-2,4,17-d3 (E3-d3), 17β-estradiol-2,4,16,16-d4
(E2-d4), 17β-estradiol-16,16,17-d3-3-(β-D-glucuronide) sodium
salt (E2-G-d3), 17β-estradiol-2,4,16,16-d4-3-sulfate sodium salt
(E2-S-d4), estrone-2,4,16,16-d4 (E1-d4) and estrone-2,4,16,16-
d4-3-sulfate sodium salt (E1-S-d4) were purchased from C/D/N
Isotopes, Inc. (Pointe-Claire, QC, Canada). Purified water was
obtained using an arium R© pro ultrapure water system (Sartorius
AG, Göttingen, Germany).

Cell Proliferation Studies
MCF-7 breast cancer cells were purchased from the American
Type Culture Collection (ATCC; Rockville, MD, United States).
All experiments were performed during the exponential growth
phase of the cell line. MCF-7 cells were routinely cultivated at
37◦C (95% humidity and 5% CO2) in phenol red-free Dulbecco’s
Modified Eagle Medium F-12 (DMEM/F-12; Invitrogen,
Karlsruhe, Germany), fortified with 1% PenStrep R©-solution
and 10% fetal bovine serum (Invitrogen). For experimental
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conditions, cells were seeded at a density of 1.0 × 106 cells per
well and allowed to attach for 24 h. Prior to the application
of genistein and daidzein, cells were washed twice with DPBS
(Invitrogen), and DMEM/F-12, containing 10% HyClone R© heat-
inactivated charcoal-stripped fetal bovine serum (THP Medical
Products, Vienna, Austria), was subsequently added to exclude
external hormones. To evaluate the potential influence of
genistein and daidzein on MCF-7 cell proliferation, cells were
incubated for 48 h with E1 (100 nM) as an estrogen precursor
in the presence of 1, 5, and 10 µM genistein or daidzein,
respectively. Genistein, daidzein and E1 were dissolved in
DMSO prior to their addition to the cell medium to give a final
DMSO concentration of 0.05%. Prior to cell counting with a
Coulter R© Z1 cell counter (Beckman Coulter GmbH, Krefeld,
Germany), supernatant medium was removed and cells were
detached using 400 µl TrypLe R© solution (Invitrogen). The
effect of E1 (10, 25, 50, 75, and 100 nM) on the growth of
MCF-7 cells was also determined using the same protocol as
for genistein and daidzein. All experiments were performed
in triplicate and the data are reported as means ± SD of all
values.

Inhibition Studies
MCF-7 breast cancer cells were cultivated in the presence
of HyClone R© heat-inactivated charcoal-stripped fetal bovine
serum as described above, and then treated with increasing
concentrations of E1 (10, 25, 50, 75, and 100 nM) in the
presence of 1, 5, and 10 µM genistein or daidzein, respectively.
After 24 and 48 h, 2000 µl media aliquots were mixed
with 20 µl deuterated internal standard solution and pre-
cleaned by SPE on Oasis HLB 1 cc SPE cartridges (30 mg;
Waters Corporation, Milford, MA, United States), as described
previously (Poschner et al., 2017). Briefly, reconditioning of
the cartridges was achieved using 2 × 1.0 ml acetonitrile and
3 × 1.0 ml ammonium acetate buffer (10 mM, pH = 5.0).
Subsequently, samples were loaded onto the SPE cartridges and
washed with 1 × 1.0 ml ammonium acetate buffer (10 mM,
pH = 5.0) and 2 × 1.0 ml acetonitrile/ammonium acetate buffer
(10 mM, pH 5.0) 10:90 (v/v). Analytes were then eluted using
2 × 650 µl acetonitrile/ammonium acetate buffer (10 mM,
pH = 5.0) 95:5 (v/v), evaporated to dryness, and reconstituted in
270 µl acetonitrile/ammonium acetate buffer (10 mM, pH= 5.0)
25:75 (v/v). After media collection, cells were washed five times
with 2.0 ml DPBS, detached using 200 µl TrypLE R© solution
(37◦C, 15 min), mixed with 800 µl DPBS and transferred into
plastic vials. Aliquots of these suspensions (100 µl each) were
used to determine the exact number of cells per sample well.
For this, the aliquots were diluted 100-fold and counted using
a Coulter R© Z1 cell counter. To additionally quantify cytosolic
steroid levels, the remaining cell suspensions (900 µl each) were
gently centrifuged (1000 rpm, 8 min) and the supernatants were
discarded. The cell pellets were subsequently resuspended in
100 µl aqueous ammonium acetate buffer (10 mM, pH = 5.0)
and lysed by five freeze-thaw-cycles in liquid nitrogen (3 min
each), followed by thawing at ambient temperature. Ammonium
acetate buffer (1000 µl) was then added and the suspensions
were centrifuged (14000 rpm, 5 min), and the clear supernatants

were concentrated using the SPE protocol described above. All
processed samples were then stored at −80◦C until further LC-
HRMS analysis. Four biologically independent experiments were
performed, and reported values represent the overall means± SD
of all determinations.

LC-HRMS Assay
E1, E1-S, E2, E2-S, E2-G, and E3 were quantified using an LC-
HRMS assay, validated according to the ICH Q2(R1) guidelines
as described previously (Poschner et al., 2017). LC was performed
using an UltiMate 3000 RSLC-series system (Dionex; Thermo
Fisher Scientific, Inc., Germering, Germany) coupled to a
maXis HD ESI-Qq-TOF mass spectrometer (Bruker Corporation,
Bremen, Germany). Solvent A was aqueous ammonium acetate
buffer (10 mM, pH = 5.0) and solvent B was acetonitrile.
A Phenomenex Luna R© 3 µm C18(2) 100 Å LC column
(250 mm × 4.6 mm I.D.; Phenomenex, Inc., Torrance, CA,
United States), preceded by a Hypersil R© BDS-C18 guard column
(5 µm, 10 mm × 4.6 mm I.D.; Thermo Fisher Scientific,
Inc.) and maintained constantly at 43◦C, was used for steroid
separation at a flow rate of 1 ml/min. The injection volume
was 100 µl for each sample. The gradient used was as follows:
25% solvent B at 0 min, 56.3% solvent B at 19 min, a washing
step at 90% solvent B from 19.5 to 24.0 min and column re-
equilibration with 25% solvent B from 24.5 to 30.5 min. The ESI
ion source settings were as follows: Capillary voltage, −4.5 kV;
nebulizer, 1.0 bar N2; dry gas flow rate, 8.0 l/min N2; and dry
temperature, 200◦C. The ion transfer parameters were set to
400 Vpp funnel RF and 300 Vpp multipole RF, the quadrupole
ion energy was 8.0 eV and the collision cell parameters were
as follows: Collision energy, 10.0 eV; collision RF, 1100 Vpp;
transfer time, 38 µs; and pre-pulse storage, 18 µs. Full-scan mass
spectra were recorded in the range of m/z 150–500. Control
samples consisting of unspiked cell culture medium showed
no detectable background traces of the analyzed hormones. To
ensure accurate quantification results, quality control samples,
containing each analyte at a concentration of 6-fold or 600-
fold of the respective lower limits of quantification (LLOQs),
were analyzed in triplicate with each LC batch. The LLOQs
were determined as follows: E1, 19.0 pg/ml; E1-S, 4.0 pg/ml; E2,
140.9 pg/ml; E2-S, 3.4 pg/ml; E2-G, 12.0 pg/ml; E3, 28.4 pg/ml
cell medium.

Data Analysis
Liquid chromatography-high resolution mass spectrometry
data were analyzed using Compass DataAnalysis 4.2 and
QuantAnalysis 2.2 software (Bruker Corporation). EICs were
created for each analyte and internal standard pair, from
which the respective peak areas were determined to calculate
the analyte/internal standard ratios for quantification. Kinetic
analysis of estrogen metabolite formation in the presence and
absence of genistein or daidzein using E1 as an estrogen precursor
(10–100 nM for 48 h) was performed. All data best fitted
to the Michaelis–Menten model: V = Vmax × [S]

/
(Km + [S]),

where V is the rate of the reaction, Vmax is the maximum
reaction velocity, Km is the Michaelis constant and [S] is
the substrate concentration. Kinetic parameters were calculated
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FIGURE 1 | Influence of E1 and soy isoflavones on MCF-7 breast cancer cell
proliferation. Cells were incubated for 48 h with (A) increasing concentrations
of E1 (1–100 nM; control: DMSO), (B) increasing concentrations of genistein
and daidzein (1–10 µM; control: DMSO) and (C) increasing concentrations of
genistein and daidzein (1–10 µM) in the presence of 1 nM E1 (control: 1 nM
E1 in DMSO). All data represent the means ± SD of three independent
biological replicates. Asterisks (∗) indicate significantly different mean values in
comparison to the controls (P < 0.05).

using GraphPad Prism 6.0 software (GraphPad Software Inc., La
Jolla, CA, United States). Inhibition modes were determined from
Lineweaver–Burk plots, and corresponding K i were calculated

FIGURE 2 | Pattern of estrogen metabolite formation rates by MCF-7 cells.
Cells were incubated with 100 nM E1 as a hormone precursor, and medium
aliquots were analyzed for estrogen metabolites at 24 and 48 h. Data
represent the means ± SD of three independent biological replicates.

by plotting the slopes of the primary Lineweaver–Burk plots
against the respective inhibitor concentrations using GraphPad
Prism 6.0. The same software package was used for statistical
analyses. All values were expressed as means ± SD and
the Student’s t-test and ANOVA with Tukey’s post-test were
used to compare differences between control samples and
treatment groups. The statistical significance level was set to
P < 0.05.

RESULTS

Influence of Estrone and Soy Isoflavones
on MCF-7 Cell Proliferation
To assess the influence of E1 on MCF-7 cancer cell growth,
cells were incubated with increasing concentrations of E1 for
48 h, detached by application of TrypLe R© solution and counted
using a Coulter R© Z1 cell counter. Compared with control samples
(containing DMSO only), the number of viable MCF-7 cells was
significantly increased in the presence of E1 (2.31± 0.33× 106 vs.
3.99 ± 0.31 × 106 cells) (Figure 1A), confirming the hormone-
dependency of the MCF-7 cell line. The observed proliferative
effect of E1 on the breast cancer cells was concentration-
dependent with a mean maximum cell growth increase of 73%
at 75 nM E1. Additionally, we evaluated the effect of E1 in
combination with the soy isoflavones genistein or daidzein on
MCF-7 cell growth. For this purpose, cells were co-incubated
with 0, 1, 2.5, and 100 nM E1 as a hormone precursor in the
presence of increasing concentrations of genistein or daidzein
(1–10 µM). These concentrations were chosen as they represent
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plasma levels measured after the administration of isoflavone
supplements. As shown in Figure 1B, the presence of both
isoflavones in the absence of E1 had a significant effect on cell
proliferation (+42% for genistein and +54% for daidzein). Co-
incubation with the isoflavones and 1 nM E1 led to similar results
with a mean cell number increase of +34% for genistein and
+42% for daidzein (Figure 1C). When the E1 concentration
was further increased to 2.5 nM, we observed only a slightly
higher cell growth (+16 and +15%, respectively) compared
to the incubation with E1 alone. In the presence of 100 nM
E1, genistein and daidzein did not show any further increase
of cellular growth because of the already high cell number
stimulated by E1.

Formation of Estrogen Metabolites by
MCF-7 Cells
In preliminary experiments, MCF-7 breast cancer cells were
treated with 100 nM E1 as a hormone precursor and cell media
aliquots were analyzed for E1 and its metabolites after 24 and
48 h. By using a highly specific and sensitive LC-HRMS assay,
five biotransformation products could be quantified besides the
precursor E1 in the cellular medium (Figure 2). As metabolite
formation showed a linear trend with time up to 48 h, incubations
in all further experiments were finalized after this time-span as it
ensured the most precise quantification of the biotransformation
products.

E2 represented the main metabolite in the cellular
supernatant, with a mean formation rate of 233.1 ± 6.9 fmol/106

cells/h after 48 h (Figure 2 and Table 1). It was further
sulfated and glucuronidated to E2-S and E2-G, with a
markedly favoritism for the sulfated product (9.15 ± 1.21
vs. 2.76 ± 0.37 fmol/106 cells/h). In addition to the
conjugation reactions, E2 was also hydroxylated to E3,
though this was a minor metabolite in MCF-7 cells with a
formation rate of only 0.65 ± 0.05 fmol/106 cells/h. Alongside
the two E2 conjugates, we also observed the sulfation of
the precursor E1 to E1-S (13.5 ± 2.1 fmol/106 cells/h).
Concomitant with the formation of these five metabolites,
the E1 concentration in the medium decreased by 29% from
100 nM to 71.0 ± 0.9 nM after 48 h. The total molar proportion
of all five metabolites was 28.9% indicating that these five
biotransformation products represent almost 100% of all

metabolites formed from the precursor E1 by the MCF-7
cells (un-metabolized E1 + total detected metabolites: 99.9%).
Interestingly, intracellular metabolite concentrations in all
samples were below the respective detection limits (data not
shown).

Kinetic profiles for the formation of estrogen metabolites
by MCF-7 cells were then evaluated over an E1 concentration
range of 10–100 nM for 48 h. 17β-HSD-mediated formation
of the main metabolite E2 best fitted to the Michaelis–Menten
model, with a mean Vmax value of 464.5 ± 39.2 fmol/106

cells/h and a mean Km value of 95.4 ± 14.0 nM (Table 2).
E2-S and E2-G formation also exhibited Michaelis–Menten
kinetics with similar Km values (95.9 ± 5.4 and 92.7 ± 9.0 nM,
respectively), though the Vmax value for sulfation was 3.3-
fold higher than that for glucuronidation (18.3 ± 0.7 vs.
5.52 ± 0.37 fmol/106 cells/h), confirming the preference for
E2 sulfation by MCF-7 cells. Kinetic parameters calculated for
the sulfation of the precursor E1 (Vmax = 26.8 ± 2.3 fmol/106

cells/h, Km = 88.3 ± 11.3 nM) were comparable to those
for E2 sulfation, probably because both are substrates of the
same enzyme isoforms SULT1A1 and SULT1E1 (Harris et al.,
2004). Evaluation of the kinetic profile for E3 formation was not
possible, as only the highest E1 concentration (100 nM) but not
the lower ones, resulted in E3 concentrations above the LLOQ of
the presented assay.

Inhibition of Estrogen Conjugations by
Genistein
To assess the possible inhibitory effect of genistein on
estrogen metabolism, MCF-7 cells were first treated with
E1 (100 nM) for 48 h in the presence and absence of
increasing genistein concentrations (1, 5, and 10 µM). As
shown in Table 1, a marked inhibition of E1 and E2
conjugation by this isoflavone was observed (Supplementary
Figure S1A). Even in the presence of 1 µM genistein,
the formation rates of E1-S, E2-S and E2-G decreased by
approximately 25–35% compared to control. At 10 µM genistein,
the inhibition was more obvious, and more pronounced
for sulfation than for glucuronidation. The formation rates
of E1-S and E2-S were reduced by approximately 90–95%,
respectively, compared with the control (E1-S, 1.27 ± 0.22
vs. 13.5 ± 2.1 fmol/106 cells/h; E2-S, 0.54 ± 0.05 vs.

TABLE 1 | Estrogen metabolism by MCF-7 cells in the presence of genistein and daidzein.

Inhibitor E2 (fmol/106 cells/h) E1-S (fmol/106 cells/h) E2-S (fmol/106 cells/h) E2-G (fmol/106 cells/h)

Control 233.1 ± 6.9 13.5 ± 2.1 9.15 ± 1.21 2.76 ± 0.37

1 µM genistein 242.1 ± 16.7 10.2 ± 1.8 5.90 ± 0.76∗ 2.12 ± 0.34∗

5 µM genistein 264.0 ± 8.8∗ 2.26 ± 0.27∗ 1.12 ± 0.37∗ 1.41 ± 0.33∗

10 µM genistein 277.2 ± 18.2∗ 1.27 ± 0.22∗ 0.54 ± 0.05∗ 1.06 ± 0.10∗

1 µM daidzein 244.2 ± 9.0 8.15 ± 1.26∗ 5.91 ± 1.27∗ 2.39 ± 0.27

5 µM daidzein 260.7 ± 19.2∗ 3.11 ± 0.34∗ 1.27 ± 0.34∗ 1.94 ± 0.30∗

10 µM daidzein 275.4 ± 5.9∗ 2.00 ± 0.30∗ 0.69 ± 0.16∗ 1.26 ± 0.15∗

Cells were incubated with increasing concentrations of the soy isoflavones genistein and daidzein and 100 nM E1 as hormone precursor for 48 h. All data represent
the means ± SD of four independent biological replicates. Values in bold and marked with an asterisk (∗) are significantly different in comparison to the control values
(P < 0.05).
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9.15 ± 1.21 fmol/106 cells/h), whereas E2-G formation
was only reduced by approximately 60% (1.06 ± 0.10 vs.
2.76 ± 0.37 fmol/106 cells/h). Genistein also showed a
pronounced inhibition on E3 formation (data not shown);
based on its low concentration in the cellular medium, the
corresponding K i could not be calculated.

In order to determine the kinetic parameters for the observed
inhibition processes, cells were treated with 10–100 nM E1 as
hormone precursor and increasing concentrations of genistein
(1–10 µM). As shown in Figure 3, the presence of genistein did
not alter the kinetic profiles for E1 or E2 conjugations; the data
still best-fitted to the Michaelis–Menten kinetic model. However,
the mean Vmax values for the formation of the conjugates were
significantly decreased by increasing genistein concentrations,
while the corresponding Km values were almost unaffected
(Table 2). In order to gain further insight into the inhibition
process, we determined the mode of inhibition by genistein on
E1 and E2 metabolism and calculated the corresponding K i by
plotting the slopes of the primary Lineweaver–Burk plots against
the respective inhibitor concentrations (Figure 3). As reported in
Table 3, non-competitive inhibition by genistein was confirmed
for all E1 and E2 conjugates, as initially indicated by the altered
Vmax values and the almost unchanged Km values (Table 2).
The more pronounced inhibition of E1 and E2 sulfation over
E2 glucuronidation by genistein (Figure 3) was also reflected by
significantly lower K i values for sulfation (E2-S, 0.32 µM and
E1-S, 0.76 µM vs. E2-G, 6.01 µM), indicating decreased rates of
sulfate formation even at very low genistein concentrations.

Inhibition of Estrogen Conjugations by
Daidzein
Analogous to the cell experiments conducted with genistein, we
first investigated the possible inhibition of E1 and E2 metabolism
by daidzein. Again, the formation rates of E1-S, E2-S and E2-G
were significantly decreased by approximately 15–40% compared
to control, even at 1 µM daidzein (Table 1 and Supplementary
Figure S1B). The increase in daidzein concentration to 10 µM
led to more pronounced suppression of E1 and E2 sulfation
by approximately 85 and 90% compared to control (E1-S,
2.00 ± 0.30 vs. 13.5 ± 2.1 fmol/106 cells/h; E2-S, 0.69 ± 0.16
vs. 9.15 ± 1.21 fmol/106 cells/h), while E2 glucuronidation
was only reduced by approximately 55% (1.26 ± 0.15 vs.
2.76 ± 0.37 fmol/106 cells/h). Like genistein, also daidzein
showed a pronounced inhibition of the very minor metabolite E3
(data not shown). However, based on its low concentration in the
cellular medium, we were not able to calculate the kinetics for its
inhibition.

Figure 4 and Table 2 show the Michaelis–Menten parameters
for the formation of E1-S, E2-S, and E2-G by MCF-7 cells in
the presence of increasing daidzein concentrations (1–10 µM).
The Vmax and Km values were comparable to those calculated
for the inhibition by genistein. The observed decrease in Vmax
values and unaltered Km values, together with the corresponding
Lineweaver–Burk plots, again indicated that a non-competitive
mechanism was the most likely mode of inhibition by daidzein.
As shown in Table 3, the K i values were also significantly
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FIGURE 3 | Inhibition of estrogen conjugation by genistein. The kinetics of (A–C) E1 sulfation, (D–F) E2 sulfation and (G–I) E2 glucuronidation were calculated
following incubation of MCF-7 cells with 10 to 100 nM E1 for 48 h in the presence (1–10 µM) and absence of genistein. Data is displayed in Michaelis–Menten,
Lineweaver–Burk and K i value plots. All data represent the means ± SD of four independent biological replicates.

lower for sulfation compared with glucuronidation [E2-S
(0.48 µM) < E1-S (1.64 µM) < E2-G (7.31 µM)].

Effect of Genistein and Daidzein on E2
Formation
Concomitant with the observed suppression of SULT- and
UGT-mediated conjugation of E1 and E2, we observed a
minor but statistically significant increase in E2 formation
(Figure 5). When MCF-7 cells were exposed to 100 nM
E1 in the presence of 1 µM isoflavone, E2 levels were
elevated by approximately 4–5% (242.1 ± 16.7 fmol/106

cells/h for genistein and 244.2 ± 9.0 fmol/106 cells/h for
daidzein) compared to control (233.1 ± 6.9 fmol/106 cells/h).
Inhibition of E1 and E2 conjugation with 10 µM genistein or
daidzein further increased E2 formation by ∼20% compared
to control (277.2 ± 18.2 fmol/106 cells/h for genistein and
275.4± 5.9 fmol/106 cells/h for daidzein) (Table 1).

In parallel, Vmax values increased from 464.5 ± 39.2 fmol/106

cells/h to 543.9 ± 31.6 or 543.5 ± 32.9 fmol/106 cells/h, when
cells were treated with 10 µM genistein or daidzein, respectively.

TABLE 3 | Inhibition constants (K i) and modes of inhibition.

Isoflavone Metabolic activity Ki (µM) Mode of inhibition

Genistein E1 sulfation 0.76 Non-competitive

E2 sulfation 0.32 Non-competitive

E2 glucuronidation 6.01 Non-competitive

Daidzein E1 sulfation 1.64 Non-competitive

E2 sulfation 0.48 Non-competitive

E2 glucuronidation 7.31 Non-competitive

Ki values were obtained by plotting the slopes of the respective Lineweaver–Burk
plots against isoflavone concentration. All data represent the means ± SD of four
independent biological replicates.

As already shown for E1 and E2 conjugates, Km values were not
affected by either isoflavone.

DISCUSSION

To the best of our knowledge, the present study was the
first to investigate the concentration-dependent impacts of the
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FIGURE 4 | Inhibition of estrogen conjugation by daidzein. The kinetics of (A–C) E1 sulfation, (D–F) E2 sulfation and (G–I) E2 glucuronidation were calculated
following incubation of MCF-7 cells with 10 to 100 nM E1 for 48 h in the presence (1–10 µM) and absence of daidzein. Data is displayed in Michaelis–Menten,
Lineweaver–Burk and K i value plots. All data represent the means ± SD of four independent biological replicates.

FIGURE 5 | Formation of active E2 by MCF-7 breast cancer cells. Cells were incubated with 100 nM E1 in the presence of (A) genistein or (B) daidzein. All data
represent the means ± SD of four independent biological replicates. Asterisks (∗) indicate significantly different mean values in comparison to the controls (P < 0.05).

soy isoflavones genistein and daidzein on the formation of
estrogen conjugates in human ERα+ breast cancer cells (MCF-7).
When cells were exposed solely to the hormone precursor E1,
proliferation increased up to 1.6-fold. A stimulatory effect on cell

proliferation was also observed when cells were incubated with
genistein or daidzein (1–10 µM) in the absence or in the presence
of low E1 concentrations (1 and 2.5 nM). Our findings are in line
with previous studies that have also reported a stimulatory effect
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FIGURE 6 | Effect of soy isoflavones on estrogen metabolism in MCF-7 cells. Genistein (GEN) and daidzein (DAI) inhibit the formation of E1-S, E2-S, E2-G and E3,
thereby increasing active E2 levels.

of these isoflavone concentrations on MCF-7 cell growth (Chen
et al., 2015; Wei et al., 2015). Our data also correlate with the
in vitro study by Kuiper et al. (1998), which shows that genistein
presents a 20- to 30-fold higher binding affinity for ERβ than for
ERα while daidzein has only a fivefold increased affinity for ERβ,
explaining the observed slightly increased proliferative effect of
daidzein on ERα+MCF-7 cell growth (Figure 1).

After an incubation-period of 48 h, we were able to observe the
formation of five metabolites, namely E1-S, E2, E2-S, E2-G and
E3. Based on Michaelis–Menten parameters, the predominant
metabolite was E2 (Vmax, 464.5 ± 39.2 fmol/106 cells/h), while
the conjugates E1-S, E2-S and E2-G exhibited significantly
lower Vmax values. Estimations of Km values for E1-S, E2,
E2-S and E2-G gave comparable results, indicating similar
affinities to 17β-HSD, SULTs and UGTs. The CYP3A4-mediated
hydroxylation of E2 to E3, however, represented only a very
minor metabolic pathway by MCF-7 cells, as the formation of E3
could not be quantified at E1 concentrations of <100 nM.

Sulfation is therefore the main conjugation pathway of
estrogens in MCF-7 cells as it accounted for 8.64% of total
metabolites rate compared to only 1.05% for glucuronidation.
The CYP3A4-mediated formation of E3 is negligible with a
proportion of only 0.25% of the total E1 metabolism. These
data are in line with previous in vitro investigations, which
revealed a more than sevenfold higher formation of estrogen
sulfates in human ERα+ MCF-7 breast cancer cells than ERα−

MDA-MB-231 cells after incubation with E1 for 24 h, based on
significantly higher SULT expression (Pasqualini, 2009). Higher
SULT expression in ERα+ breast tumors compared to ERα−

breast cancer tissues was also found in human primary tumor
tissue samples (Adams et al., 1979).

When the cells were incubated with E1 in the presence of soy
isoflavones (up to 10 µM), estrogen conjugations were markedly
decreased. Genistein inhibited E1-S and E2-S formation by
90 and 95% compared to control, while E2 glucuronidation
was less affected and only decreased by 60%. Interestingly,
daidzein, which differs from genistein only by the absence of a

hydroxyl group in position 5, showed slightly weaker inhibitory
effects (E1-S, 85%; E2-S, 90%; E2-G, 55%). These findings
are in accordance with previous data, which also reported a
stronger inhibition of E1 and E2 sulfation by genistein than by
daidzein, potentially due to a higher potency of this isoflavone
against SULT1A1 (Mesía-Vela and Kauffman, 2003). Kinetic
analysis in combination with corresponding Lineweaver–Burk
plots showed that both isoflavones non-competitively inhibited
estrogen conjugations by MCF-7 cells, with very low K i values
for E1 sulfation (genistein, 0.76 µM; daidzein, 1.64 µM). E2
sulfation was affected to an even greater extent by either
isoflavone (genistein, 0.32 µM; daidzein, 0.48 µM). By contrast,
the calculated K i values for E2 glucuronidation were markedly
higher (genistein, 6.01 µM; daidzein, 7.31 µM), confirming the
stronger impact of isoflavone treatment on sulfation compared
with glucuronidation. Non-competitive inhibition of E1 and
E2 metabolite formation by both isoflavones is of clinical
importance, as it suggests that the extent of inhibition depends
only on the inhibitor concentration (indicated by marked
decreases in Vmax) and not on the binding of E1 and E2
to the respective enzymes (indicated by largely unaltered Km
values).

Whether dietary soy intake or high-dose isoflavone
supplements may cause or exacerbate breast cancer in post-
menopausal women remains controversial. Although soy food
and its isoflavones have been widely investigated in the past few
decades as cancer chemopreventives, conflicting data regarding
their efficacy and safety have been reported. Population-based
studies (Nechuta et al., 2012; Zhang et al., 2017) have indicated
beneficial effects of dietary soy food consumption for women
diagnosed with ERα− breast cancer, such as reduced risk of
mortality and improved treatment outcomes; however, these
effects have not been observed in patients expressing ERα.
Clinical trials have also raised concerns that isoflavone intake
may drive cancer cell proliferation (Shike et al., 2014) and
significantly increase the Ki-67 labeling index in premenopausal
women (Khan et al., 2012). Therefore, understanding of
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the metabolic interplay between genistein, daidzein and the
concentration of active E2, which is associated with breast cancer
risk and progression (Folkerd and Dowsett, 2013), is crucial for
risk assessments.

Concomitant with the observed inhibition of E1 and E2
conjugation, genistein and daidzein caused a minor, but
statistically significant increase of approximately 20% in the
active E2 levels (Figure 5). Based on increased E2 formation in
the presence of genistein and daidzein, inhibition of 17β-HSD
can be excluded. Our data are in contrast to a very recent study
showing an inhibition of this enzyme by genistein (Cassetta
et al., 2017). This discrepancy might be explained by the fact
that the authors used purified recombinant 17β-HSD from
the filantous fungus Cochliobolus lunatus and not a human
enzyme which might differ in activity. Both isoflavones, however,
significantly inhibited the activity of cellular SULTs responsible
for the formation of E1-S thereby increasing the E1 pool and
consequently leading to a higher E2-formation by 17β-HSD.
Furthermore, genistein and daidzein also demonstrated a
pronounced inhibition of E2-S, E2-G and E3 formation thereby
contributing to the observed increased E2 level (Figure 6).

The observed increase in E2 in our in vitro model was also
found in a previous human trial which examined the effect
of soy foods on urinary estrogens in premenopausal women
(Maskarinec et al., 2012). Participants who consumed a high-soy
diet for 13 months showed a non-significant increase of urinary
E2 levels of 18%. These findings were confirmed by a meta-
analysis (Hooper et al., 2009), in which the authors also reported
a small, non-significant increase in total estradiol concentrations
of 14% in post-menopausal women following soy isoflavone
consumption. Although both studies observed a minor, non-
significant increase in urinary E2 levels, soy food consumption
should be considered safe, as even the daily intake of two dietary
servings of soy powder (25 g each) for up to 30 days lead to mean
total plasma levels (parent compound, glucuronides and sulfates)
of only 11.6 ng/ml (0.042 µM) for genistein and 6.7 ng/ml
(0.026 µM) for daidzein (Shike et al., 2014). These concentrations
are far below our calculated K i values (0.3–1.6 µM for E1 and E2
sulfates, and 6.0–7.3 µM for E2 glucuronide) therefore suggesting
no significant effect of dietary soy intake on estrogen metabolism.

On the other hand, daily high-dose supplementation with
genistein (600 mg) and daidzein (300 mg) for 84 days has been
found to increase the trough plasma levels up to a concentration
of 15 µg/ml (55 µM) total isoflavones (Pop et al., 2008). Taking
into account that the majority of isoflavones are extensively
metabolized in vivo (up to 98%), the remaining free genistein
and daidzein plasma concentrations would reach approximately

1 µM, which is still high enough to inhibit E1 and E2 sulfation,
while leaving E2 glucuronidation unaffected. Whether genistein
or daidzein glucuronides and sulfates also exhibit an inhibitory
activity toward E1 and E2 conjugation is not known yet. However,
any additive inhibitory effects would further increase the plasma
concentration of free E2 following isoflavone supplementation.

CONCLUSION

The present work identified a non-competitive inhibition of
E1 and E2 conjugation by low micromolar concentrations of
soy isoflavones in the human breast cancer cell line MCF-
7, which leads to a minor but statistically significant increase
in unconjugated E2 of approximately 20%. As the content of
genistein and daidzein in soy food is relatively low, an increased
risk of breast cancer development and progression in women
might only be observed after the continuous consumption of
high-dose isoflavone supplements. Further long-term human
studies monitoring free estrogens and their conjugates are
therefore highly warranted to evaluate the efficacy and safety of
high-dose genistein and daidzein supplementation, especially in
patients diagnosed with ERα+ breast cancer.
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19-Nortestosterone C-17 epimers with prominent antiproliferative properties have been
previously described. In our present study, five novel 17α-19-nortestosterones (3–7)
were synthesized to increase their beneficial biological activities with no associated
undesired hormonal effects. The compounds were screened by a viability assay
against a panel of human adherent gynecological cancer cell lines. Three of the
tested derivatives (3–5) exhibited a remarkable inhibitory effect on the proliferation of
HeLa cells with IC50 values lower than that of our reference agent cisplatin (CIS).
These three active agents also displayed considerable cancer selectivity as evidenced
by their weaker growth inhibitory effect on non-cancerous fibroblast cells compared
to CIS. The most potent newly synthesized 17α-chloro derivative (3) was selected
for additional experiments in order to characterize its mechanism of action. Since
nandrolone (19-nortestosterone, 1) is a structural analog with selective antiproliferative
action on cervical carcinoma cells, it was utilized as a positive control in these studies.
A lactate dehydrogenase (LDH) assay demonstrated a moderate cytotoxic effect of the
test compounds. Cell cycle disturbance and the elevation of the hypodiploid population
elicited by the test agents were detected by flow cytometry following propidium
staining. The proapoptotic effects of the tested steroids were confirmed by fluorescent
microscopy and a caspase-3 activity assay. Treatment-related caspase-9 activation
without a substantial change in caspase-8 activity indicates the induction of the intrinsic
apoptotic pathway. The selected agents directly influence the rate of tubulin assembly
as evidenced by a polymerization assay. Yeast-based reporter gene assay revealed
that the androgenic activity of the novel 19-nortestosterone derivative 3 is by multiple
orders of magnitude weaker than that of the reference agent 1. Based on the behavior
of the examined compounds it can be concluded that a halogen substitution of the
19-nortestosterone scaffold at the 17α position may produce compounds with unique
biological activities. The results of the present study support that structurally modified
steroids with negligible hormonal activity are a promising basis for the research and
development of novel anticancer agents.

Keywords: 19-nortestosterone analogs, antiproliferative action, HeLa Cells, tubulin polymerization, androgenic
activity, cell cycle, caspase
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INTRODUCTION

Cancer is the second leading cause of death globally: in 2015
malignancies were responsible for 8.7 million deaths, and 17.5
million new cancer cases were registered worldwide. Based on
incidence estimates the number of new cases is expected to rise by
about 70% over the next two decades (Fitzmaurice et al., 2017).
Besides numerous preventive strategies and early diagnosis, the
research for and development of innovative anticancer agents is
one of the most important approaches to decrease global cancer
burden.

Steroidal agents used in oncological practice are typically
administered for their endocrine disruptor properties (e.g.,
estrogen antagonists, aromatase inhibitors). Synthetic analogs of
naturally occurring steroids are widely utilized in the treatment of
cancers of the reproductive system (Lin et al., 2010; Sharifi et al.,
2010).

Besides the well-known endocrine disruptors several other
steroids have been reported to exert pronounced anticancer
effects in a hormone-independent manner. 2-Methoxyestradiol,
an endogenous metabolite of estradiol without hormonal activity,
exhibits a potent antiproliferative action against various tumor
cell lines in vitro, and inhibits tumor growth in vivo (Fotsis et al.,
1994). It is also demonstrated to induce programmed cell death in
endothelial cells and suppresses cancer-related angiogenesis (Yue
et al., 1997; LaVallee et al., 2002).

Cardiac glycosides are a group of steroidal compounds
traditionally utilized in the management of congestive heart
failure. Epidemiological studies have revealed that many of them,
including digitoxin, oleandrin, bufalin, and calotropin exert a
potent anticancer effect against different malignancies via the
inhibition of proliferation and apoptosis induction involving
complex cell signal transduction mechanisms (Mijatovic et al.,
2007; Newman et al., 2008).

Steroidal alkaloids are nitrogen containing secondary
metabolites found in many plant families (e.g., Liliaceae,
Solanaceae), and many of them are well characterized as potent
anticancer agents against human malignant cell lines (Koduru
et al., 2007). Solasodine glycosides have been investigated in the
clinical setting against basal cell carcinoma, and a locally applied
cream was found to be effective in a substantial proportion of
patients (Punjabi et al., 2008).

Androstanes and their structural analogs are regarded as
a promising skeleton for the development of steroid-based
anticancer agents. A large body of evidence indicates the
outstanding importance of these compounds and their versatile
antitumor effects. A considerable antiproliferative action of
several sets of innovative androstane analogs have been reported
against a broad variety of cell lines, including prostate, breast,
cervix, ovarium, leukemia, melanoma, colon, and gastric cancers
(Iványi et al., 2012; Ajdukovic et al., 2013, 2015; Acharya
and Bansal, 2014; Cui et al., 2015; Jakimov et al., 2015).
19-Nortestosterone derivatives, e.g., levonorgestrel, desogestrel,
and dienogest, an important division of testosterone-derived
molecules are widely utilized in hormone replacement therapy
(Campagnoli et al., 2005), contraception (Minami et al., 2013;
Royer and Jones, 2014), and treatment of endometriosis

(Minami et al., 2013; Miyashita et al., 2014). Beyond these
well-established clinical applications, several 19-nortestosterone
derivatives have recently been reported as potential anticancer
agents. Mibolerone (7α,17α-dimethyl-19-nortestosterone), a
metabolically stable synthetic member of this class has been
demonstrated to effectively inhibit estrogen-stimulated breast
cancer cell proliferation in vitro (Cops et al., 2008).

Tibolone, a selective regulator of tissue estrogen activity for
postmenopausal women, is also known to induce apoptosis
in breast cancer cells in vitro, and has been demonstrated to
suppress tumor growth in animal models (Franke and Vermes,
2003; Erel et al., 2006). Further, 19-nortestosterones, such
as gestodene and 3-ketodesogestrel exhibit antitumor activity
against several breast cancer cell lines in vitro, as well as
in vivo, in rat model of breast cancer (Kloosterboer et al.,
1994). Additional, 19-nortestosterone derivatives as potential
proliferation inhibitors in brain, prostate, and renal cancer cell
lines have also been described (Mohamed et al., 2015).

Although several analogs truly possess a promising anticancer
effect, their actions are mainly mediated by their hormonal
activity, hindering a wide-scale utilization of these compounds
in cancer therapy.

Since the 17β-hydroxy function of endogen androgens play
a crucial role in the molecule’s interaction with its hormone
receptors, modifications of this group reduce hormonal activity.
The lack of the C-19 methyl group also decreases the hormonal
properties of such analogs substantially (Fragkaki et al., 2009).
In a previous research, we have reported on the synthesis of
a series of 17-substituted 19-nortestosterone derivatives and
demonstrated their antiproliferative properties against human
ovarium, cervix, and breast cancer cell lines. Nandrolone (19-
nortestosterone, 1) was found to exhibit a selective proliferation
inhibitory effect against cervical cancer cells (HeLa) at low
concentrations (Schneider et al., 2016). As an extension of this
previous research a set of novel 19-nortestosterone analogs with
various substituents at position C-17 have been synthesized.
Recent reports about halogen-substituted androstane-derivatives
with an increased in vitro anticancer activity encouraged us
to introduce halogens in order to enhance the antiproliferative
activity (Banday et al., 2010; Iványi et al., 2012). The aims of
our current study were to assess the antiproliferative properties
of these analogs, including tumor selectivity, as well as to
characterize the mechanism of action of the most potent
compound. Since, the endocrine actions of steroid-based drug
candidates are exceptionally relevant, the androgenic potentials
of the compounds were also tested.

MATERIALS AND METHODS

Synthesis and Chemicals
The exact conditions applied for the preparation processes of
the synthesized 19-nortestosterone analogs 2–7 and their detailed
characterization are provided as Supplementary Material. 10 mM
stock solutions of the tested agents were prepared with dimethyl
sulfoxide (DMSO) for all in vitro experiments. The medium
with the highest DMSO concentration (0.3%) did not exert any
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notable effect on cell proliferation. Unless otherwise specified, all
other chemicals and kits were purchased from Sigma-Aldrich Ltd.
(Budapest, Hungary).

Cell Cultures
Gynecological cancer cell lines, including ovarian (A2780),
cervical (HeLa), and breast cancer cell lines (MCF7, T47D,
MDA-MB-231, and MDA-MB-361) were purchased from the
European Collection of Authenticated Cell Cultures (ECACC,
Salisbury, United Kingdom). Additional cervical cell lines (SiHa
and C33A) and a non-cancerous immortalized, mammary gland
epithelial cell line (hTERT-HME1) were purchased from LGC
Standards GmbH (Wesel, Germany). Non-cancerous fibroblast
cells (MRC-5) were also obtained from the ECACC. All cells
were cultured in minimal essential medium supplemented with
10% fetal bovine serum, 1% non-essential amino acids, and
1% antibiotic-antimycotic mixture, in humidified air containing
5% CO2 at 37◦C. Immortalized hTERT-HME1 cells were
maintained in serum-free mammary epithelial cell growth
medium (MEGM) supplemented with insulin, human epidermal
growth factor (hEGF), hydrocortisone, bovine pituitary extract,
and an antibiotic-antimycotic mixture. All the medium and
supplements were purchased from Lonza Group Ltd. (Basel,
Switzerland).

Assessing the Antiproliferative Effect
The antiproliferative properties of the compounds were assessed
by an MTT assay (Mosmann, 1983). Cells were seeded onto
96-well microplates at a density of 10,000 cells/well (MDA-
MB-361 and C33A) or 5,000 cells/well (all other cell lines).
After an overnight incubation, fresh medium containing the test
compounds (at a concentration of 10 or 30 µM) was added.
After incubation for 72 h at 37◦C in humidified air, [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT)
solution (5 mg/mL) was added. Purple formazan crystals were
formed by the living cells during a 4 h contact period, which
were assayed by spectrophotometry after having been dissolved
in 100 µL DMSO. Untreated cells served as control, and cisplatin
(CIS) (Ebewe Pharma GmbH, Unterach, Austria) was used as
a reference compound. When a test agent elicited over 50%
growth inhibition at the 30 µM concentration, the assay was
repeated with a series of dilutions (0.1–30 µM) and IC50 values
were calculated (GraphPad Prism 5.0, GraphPad Software, San
Diego, CA, United States). Two independent measurements
were performed with five parallel wells. To present preliminary
data concerning tumor selectivity of the potent compounds, the
procedure was repeated on MRC-5 fibroblast and hTERT-HME1
immortalized mammary gland epithelial cells under the same
experimental conditions.

Assessing the Cytotoxic Effect
The direct cytotoxic effects of the test agents were determined
by a lactate dehydrogenase (LDH) assay. Cells were seeded
onto 96-well microplates at a density of 5,000 cells/well and
were incubated overnight, after which the medium containing
the test compounds at proper concentrations was added. After
incubation for 24 h, the activity of LDH released by the treated

cells was determined by a commercially available colorimetric
kit according to the manufacturer’s instructions (Hoffmann-La
Roche Ltd., Basel, Switzerland). Untreated cells served as control,
while detergent Triton X-100 and CIS were used as reference
agents.

Flow Cytometric Analysis of Cell Cycle
and Apoptosis
The distribution of cells in different cell cycle phases (subG1,
G1, S and G2/M) was analyzed via the measurement of cellular
DNA content by flow cytometry. HeLa cells were seeded onto 6-
well plates and allowed to stand for an overnight. The cells were
treated with the selected compounds for 24, 48, or 72 h. Then
cells were harvested, washed and fixed in ice cold 70% ethanol
and stored at −20◦C at least for an hour. Next, a DNA staining
solution (containing distilled water, propidium-iodide, Triton-
X100, sodium citrate, and ribonuclease-A) was added to each
sample and stored in the dark at room temperature for an hour.
Stained cells were analyzed by flow cytometry (Partec CyFlow,
Partec GmbH, Munster, Germany) with at least 20,000 cells being
evaluated for each analysis. Data processing was performed using
the ModFit LT 3.3.11 software (Verity Software House, Topsham,
ME, United States).

Morphological Studies Using
Fluorescent Microscopy
Fluorescent double staining was performed in order to
detect apoptosis induction and morphological changes using
fluorescent microscopy. HeLa cells were seeded into a 96-
well plate at the density of 3,000–5,000 cells per well. After
an overnight incubation, the cells were treated with various
concentrations of the test compounds for 24 h. The treated
cells were then incubated with a fluorescent staining solution
(containing Hoechst 33258 and propidium iodide, 500 and
300 µg/mL, respectively) for an hour. After staining, the
cells were analyzed using a fluorescent microscope (Nikon
ECLIPSE 146 TS100, Nikon Instruments Europe, Amstelveen,
Netherlands) equipped with appropriate optical filters. For all
different conditions, at least six fields were recorded with an
attached QCapture CCD camera. This way cells with an intact,
apoptotic or necrotic morphology can be distinguished based
on their different nuclear morphological appearance and distinct
membrane integrity.

Caspase Activity Measurements
In order to detect, whether the test compounds induce
programmed cell death, the activity of caspase-3 was determined
by a colorimetric assay. To elucidate the exact pathway of
apoptosis, activities of caspase-8 and caspase-9 were additionally
determined by colorimetric kits. In all cases approximately 12
million cells were treated with appropriate concentrations of the
compounds for 24 or 72 h. After the treatment, the cells were
scraped and the enzyme activities were determined by means
of colorimetric assays mentioned above. All kits were purchased
from Abnova Corp. (Taipei, Taiwan) and used in accordance with
the instructions of the manufacturer.
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FIGURE 1 | Chemical structures of the synthesized 19-nortestosterone
derivatives. Applied reagents and conditions: (i) Ph3P, aryl acids or alkyl
halogenides, diethyl azodicarboxylate, toluene, 80◦C.

Tubulin Polymerization Assay
In order to determine the direct action of the test compounds on
the microtubular system, an in vitro tubulin polymerization assay
was performed using a commercially available kit (Cytoskeleton
Inc., Denver, CO, United States) in accordance with the
provider’s instructions. The assay reactions were performed
on a pre-warmed (37◦C), UV-transparent 96-well microplate.
Ten microliters of the test solutions were placed on the wells

supplemented with 2 mM MgCl2, 0.5 mM ethylene glycol
tetraacetic acid (EGTA), 1 mM guanosine triphosphate (GTP)
and 10.2% glycerol. Ten microliters of general tubulin buffer was
used as untreated control, and paclitaxel (PAC) served as the
reference compound. The polymerization reaction was initiated
by adding 100 µL of 3.0 mg/mL tubulin in 80 mM PIPES, pH
6.9, to each sample. Absorbance of the samples was measured
per minute, at 340 nm, using a 60-min kinetic measurement
protocol. Each sample was prepared in two parallels. To
characterize the process, polymerization curves were fitted to the
measured data. The highest difference between the absorbances
measured at two consecutive time points was regarded as
Vmax (1absorbance/min) for the tested compound. A clinically
applied reference agent, PAC was used at a relatively high
concentration (10 µM) as recommended by the manufacturer.
This concentration is approximately 1,000-fold higher than the
IC50 value of PAC on HeLa cells (Jordan et al., 1996). Since
similarly high concentrations of the tested compounds were
not possible to be applied because of the limited solubility of
the substances in the recommended buffer, we used the highest
concentrations reflecting the differences in the efficacies of the
tested compounds.

Assessing Hormonal Effect
An endocrine bioassay kit (Xenometrix AG, Allschwil,
Switzerland) was used to test for a potential residual androgenic

TABLE 1 | Antiproliferative effects of the synthesized compounds (1–7) on human cell lines.

Comp. Conc. (µM) Growth inhibition (%) ± SEM [calculated IC50 value (µM)]a

HeLa SiHa C33A A2780 MCF-7 MDA-MB-231 MDA-MB-361 T47D MRC-5 hTERT-HME1

1b 10 99.5 ± 0.2 –c – – – – – – 5.4 ± 1.2 16.9 ± 1.2

30 99.5 ± 0.3 20.7 ± 2.6 25.2 ± 1.7 – – 21.4 ± 1.2 – – 11.3 ± 0.5 37.1 + 1.0

[0.65]

2b 10 28.1 ± 4.0 – – – – – – – n.d.d n.d.

30 37.9 ± 3.4 – – – 27.7 ± 3.7 – – –

3 10 95.9 ± 0.3 – – – – – – – 4.3 ± 3.7 76.2 ± 0.5

30 95.1 ± 0.5 26.0 ± 2.3 61.7 ± 1.7 32.7 ± 1.0 36.9 ± 2.0 – 21.8 ± 2.5 – 8.0 ± 2.3 99.9 ± 0.1

[1.21] [4.63]

4 10 94.4 ± 0.7 – – – – – – – 11.9 ± 2.3 n.d.

30 94.1 ± 0.5 – – 54.4 ± 1.6 – – – – 20.4 ± 2.1

[1.69]

5 10 95.2 ± 0.4 – – 27.7 ± 1.3 – – – – 13.1 ± 1.9 n.d.

30 95.8 ± 0.2 – – 61.6 ± 1.8 – – – – 13.8 ± 2.0

[1.49]

6 10 32.0 ± 2.9 – – – – – – – n.d. n.d.

30 26.5 ± 2.3 – – 31.9 ± 2.6 35.9 ± 1.4 – – 47.2 ± 2.6

7 10 26.6 ± 1.8 – – 49.2 ± 0.9 25.9 ± 3.1 – – – n.d. n.d.

30 21.5 ± 1.9 – – 58.1 ± 2.0 37.7 ± 3.4 – 22.0 ± 1.6 –

CISe 10 42.6 ± 2.3 88.6 ± 0.5 83.8 ± 0.8 83.6 ± 1.2 66.9 ± 1.8 – 67.5 ± 1.0 51.0 ± 2.0 60.3 ± 3.3 97.7 ± 0.3

30 99.9 ± 0.3 90.2 ± 1.8 93.9 ± 0.6 95.0 ± 0.3 96.8 ± 0.4 71.5 ± 1.2 87.8 ± 1.1 55.0 ± 1.5 61.9 ± 1.0 99.1 ± 0.3

12.43 7.84 1.77 1.30 5.78 19.13 3.74 9.78 6.19 [2.45]

a IC50 values were calculated when the growth inhibition value for a compound exceeded 75% at a concentration of 30 µM. See Supplementary Figure S1 for representative
concentration-response curves. bData previously reported (Schneider et al., 2016). c Inhibition values less than 20% are not presented. dn.d., not determined. eReference
agent cisplatin.
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activity of the selected agents. Genetically modified yeast cells
(Saccharomyces cerevisiae) containing the human androgenic
receptor gene integrated into a yeast chromosome, as well
as an expression plasmid with the sequences of both the
androgen responsive element and a lacZ reporter gene were
cultured in humidified air at 31◦C with agitation for 2 days. The
appropriate concentrations of the test compounds and a CPRG
substrate solution (chlorophenol red-β-D-galactopyranoside) for
β-galactosidase were added into a 96-well microplate according
to the instructions of the manufacturer. Androgen agonistic and
antagonistic properties of the test compounds were determined
by a colorimetric assay. For the antagonistic measurements the
medium was supplemented with 5α-dihydrotestosterone (DHT).
Once the reporter gene is expressed, β-galactosidase is secreted
into the medium, and converts the yellow CPRG substrate into
a red product, which can be quantified at 570 nm. Quantities of
this red product correlate with the liberation of β-galactosidase,
which is increased when an agonistic effect is present, while it is
decreased when the test compound exerts an antagonistic effect.
For the agonistic and antagonistic assays, nandrolone (1) and
flutamide were used as reference agents, respectively.

Statistical Analysis
In all experiments, the statistical evaluation of the results
was performed by one-way analysis of variance followed by
the Dunnett posttest, using the GraphPad Prism 5 software
(GraphPad Software; San Diego, CA, United States). Mean values
and the SEM were calculated in all cases.

RESULTS

Synthetic Studies
The Mitsunobu reaction is widely employed for the inversion
of stereogenic centers of secondary alcohols including steroid
alcohols. The reaction allows the conversion of alcohols with
alkyl or aryl carboxylic acids in the presence of diethyl
azodicarboxylate and triphenylphosphine (Ph3P). The result
is an alkyl- or aryl carboxylic ester of the alcohol with
inverted configuration (Mitsunobu, 1981). Here, we describe
the Mitsunobu reaction for 19-nortestosterone (1) utilizing
2,4-, or 3,5-dinitrobenzoic acid in the presence of diethyl
azodicarboxylate and Ph3P in toluene at 80◦C leading to
the corresponding 17α-19-nortestosterone-17-yl 2′,4′- or 3′,5′-
dinitrobenzoate (6 or 7, respectively; Figure 1). Reacting
compound 1 with isopropyl halides under the same conditions
produces the corresponding 17α-chloro-, bromo-, and iodo-19-
nortestosterone (3–5, respectively). Hydrolyzing compounds 6
or 7 in methanol, in the presence of NaOCH3 yields 17α-19-
nortestosterone (2).

Antiproliferative Properties of
19-Nortestosterone Derivatives
The antiproliferative activities of the test compounds were
determined by MTT assay on a panel of adherent gynecological
cancer cell lines (Table 1). Nandrolone (1) as reported previously,

FIGURE 2 | Cytotoxic effects of compounds 1, 3 and cisplatin on HeLa cells
after 24 h treatment. The effect of Triton X-100 (T) was considered 100%.
Results are mean values ± SEM of the data from two separate
measurements, n = 4. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 compared to
untreated control (C).

exerted a considerable antiproliferative effect against HeLa cells.
Compounds 2, 6, and 7 exerted no remarkable antiproliferative
action against the gynecological cancer cell lines. 17α-Halogen
derivatives (3–5) exerted a pronounced antiproliferative effect
against HeLa cells, while they did not elicit any notable
influence on the remaining cell lines including fibroblasts. These
derivatives had lower IC50 values on HeLa cells than that of the
reference agent CIS. Compound 3 proved to be the most potent
antiproliferative agent, characterized by an effect size comparable
to that of 1. Cancer selectivity of the potent compounds
was determined by the same method using human fibroblasts
(MRC-5) and non-cancerous immortalized, mammary gland
derived epithelial (hTERT-HME1) cells. None of the test agents
exhibited a considerable growth inhibitory effect against intact
fibroblasts up to a concentration of 30 µM. Compound 1 had
no pronounced action on immortalized epithelial cells, while
compound 3 inhibited the growth of these cells with an IC50 value
approximately four times higher than that obtained on HeLa
cells. Compound 3 exerted the most explicit tumor selectivity,
showing a substantially weaker effect on non-cancerous cells
than CIS. Due to their potent and selective antiproliferative
actions, compound 3 and nandrolone (1) were selected for
further investigations to characterize their mechanism of action
and assess their hormonal effect.

Cytotoxic Activity
Cytotoxic properties of the selected compounds were ascertained
by measuring LDH activity resulting from cell membrane
damage. Each molecule exerted a concentration-dependent
increase of LDH activity compared to the untreated control
after 24 h treatment (Figure 2). Compound 1 elicited a
substantial LDH release at a concentration of 1.5 µM. The
effect of compound 3 proved to be significant when applied at
concentrations above its IC50 values (3.0 or 5.0 µM). None of the
test agents induced an LDH activity comparable to the maximum
LDH release triggered by detergent Triton X-100.

Cell Cycle Analysis
Alterations in cell cycle and apoptotic fragmentations were
determined by flow cytometry after treatment with the test
compounds for 24 and 48 h. Since 1 elicited no change in
the subG1 population at these time points this agent was
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FIGURE 3 | Effects of compounds 1 and 3 on cell cycle phase distribution of HeLa cells determined by flow cytometry after incubation for 24, 48, or 72 h. Results
are mean values ± SEM of the data from two independent measurements, n = 6. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 compared to untreated control.

re-tested after 72 h incubation. Treatment with 1 for 24 h
resulted in a concentration-dependent and significant decrease
in the G1 and a moderate but significant increase in the G2/M
phase cell population (Figure 3). After 48 h of exposure these
changes became more pronounced, and completed with the
elevated ratio of the S phase cell population in the presence of
1.5 µM of 1. A longer incubation time (72 h) with 1 elicited
a substantial disturbance in the cell phase distribution and
a concentration-dependent accumulation of hypodiploid cells
indicating apoptotic nuclear fragmentation. Compound 3 did
not have any remarkable effect on cell cycle after 24 h exposure,
while a longer incubation time (48 h) resulted in a substantially
elevated increase of the subG1 population at the expense of G1
cells.

Morphological Changes
To characterize the morphological features of the apoptosis
induced by compounds 1 and 3 HeLa cells were examined
by fluorescent microscopy after 24 h treatment with three
different concentrations (1.0, 3.0, or 5.0 µM) of the test

compounds. For the quantitative analysis, cells with intact,
apoptotic and necrotic morphological features were labeled,
and the ratios of different morphologies were calculated.
Treatments with 1 and 3 resulted in a substantial and
concentration-dependent increase in both the apoptotic and
necrotic cell populations, at the expense of the intact population
(Figure 4).

Induction of Apoptotic Enzymes
Based on the above results, changes of the activities of
caspase-3, caspase-8, and caspase-9 were determined using
a colorimetric assay. After treatment with 1 for 72 h, the
activity of executive caspase-3 increased significantly and in a
concentration-dependent manner (Figure 5). Under the same
experimental conditions 1 also activated the initiator caspases,
although the induction of caspase-8 was less pronounced.
Compound 3 enhanced caspase-3 activity at 5.0 µM even after
a shorter incubation period (24 h). Caspase-9 activity was also
significantly elevated, while there was no change in the function
of caspase-8.
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FIGURE 4 | Qualitative evaluation of fluorescent double staining of HeLa cells
after 24 h treatment with compounds 1 or 3. ∗p < 0.05 and ∗∗∗p < 0.001
compared to untreated control (C). See Supplementary Figure S2 for
representative pictures.

Tubulin Polymerization
The direct effect of the test compounds on microtubule formation
was determined by a specific photometric assay in a cell-
free system. The tested concentrations of the compounds were
chosen based on their calculated IC50 values according to the
recommendation of the manufacturer. Both compounds 1 and 3
induced a significant acceleration of tubulin polymerization
compared to untreated control samples (Figure 6). Calculated
values of maximal rate of tubulin polymerization (Vmax) were
elevated compared to control, although none of theseVmax values
were comparable to that of the reference agent PAC.

Hormonal Effect
Since residual hormonal activity of a potential sterane lead
compound is a crucial aspect of further drug development,
the androgenic properties of the most promising agents were
investigated by a yeast-based reporter assay. As 1 is a well-
characterized androgen, it was used as a reference agent (Bergink
et al., 1985). According to our results 3 exerts a substantially
lower hormonal activity, with no relevant action unless applied
in extremely high concentrations (Figure 7). Calculated EC50
values of 1 and 3 differed by approximately 2 orders of magnitude
(3.43 × 10−8 and 3.80 × 10−6 M, respectively). Compound 3
exhibited no antagonistic activity in the assay system (data not
shown).

DISCUSSION

Various biological effects of compounds with an androstane
skeleton mostly stem from their endocrine disruptor properties,
thus the medical use of androgens is mainly limited to androgen
replacement and androgen deprivation therapies, including
the management of some hormone dependent malignancies
(Wadosky and Koochekpour, 2016). Beyond their approved
medical applications, numerous androgenic anabolic steroids
are utilized illegally to enhance physical performance, a risky
use often accompanied by serious adverse effects. Recently,
numerous androstanes with anticancer potential have been
described, and the importance of androstane compounds and

their derivatives in the research and development of steroid-
based anticancer agents for hormone-independent malignancies
is continuously increasing (Frank and Schneider, 2013; Wadosky
and Koochekpour, 2016). Although several 19-nortestosterone
derivatives have been identified as potent anticancer agents
(e.g., mibolerone, tibolone, gestodene), most of them have
pronounced hormonal properties involved in their therapeutic
action, as well as in their undesired adverse effects (Saito et al.,
2016). In a previous research, we investigated a set of newly
synthesized 19-nortestosterone analogs, and reported that some
of them exhibited a moderate antiproliferative activity. That
study of our research group revealed that the widely known 19-
nortestosterone analog 1 (nandrolone) has a potent and selective
antiproliferative effect against cervical carcinoma cells positive
for type 18 of human papilloma virus (HPV-18) (Schneider et al.,
2016).

The aim of our present study was to synthesize and investigate
a set of novel 19-nortestosterone derivatives with improved
antiproliferative properties and limited hormonal activities.
Three of the novel compounds (3–5) were found to exhibit a
pronounced antiproliferative effect against HeLa cells (calculated
IC50 values: 1.21–1.69 µM), while exerting a negligible or
lower impact on other cell lines including intact fibroblasts
(MRC-5) and the immortalized mammary gland epithelial cell
line (hTERT-HME1). In contrast, dinitrobenzoates (6 and 7)
appeared to be ineffective in terms of growth inhibition of cancer
cells. The most potent compound, 3 was further investigated
to describe its possible mechanism of action. A well-known
androgen, 1 a with similar antiproliferative capacity was utilized
as a steroidal reference agent.

The antiproliferative property of a compound is typically
reflected by a disturbance induced in cell cycle distribution.
These changes in cell cycle phases inform about the probable
mechanism of the antiproliferative action. Both 1 and 3 caused
a cell cycle disturbance characterized by the accumulation of
hypodiploid (subG1) cells at the expense of the G1 population.

The increase of hypodiploid cell populations can be
regarded as an evidence for proapoptotic properties of the
test compounds. Alterations in cell cycle during physiological
conditions usually lead to induction of programmed cell death.
Activation of the apoptotic machinery, selectively in cancer
cells without a substantial necrotizing effect is one of the
most desirable characteristics of a promising anticancer agent
(Tolomeo and Simoni, 2002). Some steroidal compounds with
anticancer activity (e.g., 2-methoxyestradiol, D-homoestrone, a
D-secoestrone-triazole analog) have been described as efficacious
inducers of programmed cell death in cancer cells (Li et al.,
2004; Minorics et al., 2015; Bózsity et al., 2017). Therefore, the
demonstration of apoptosis induction was a basic feature of our
study. We utilized fluorescent microscopy and observed the
characteristic features of apoptosis elicited by the test agents in a
concentration-dependent manner.

Caspase enzymes are crucial implementers of the apoptotic
program executed by downstream effector caspases such as
caspase-3. Caspase-9 is the major enzyme involved in the
initiation of the intrinsic apoptotic pathway, while caspase-
8 plays an essential role in the extrinsic pathway of the
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FIGURE 5 | Activation of caspase-3, caspase-8, and caspase-9 enzymes in HeLa cells after incubation with compounds 1 and 3 for 72 or 24 h, respectively. Results
are mean values ± SEM of the data from two independent measurements, n = 6. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 compared to untreated control.

apoptotic process (Hajra and Liu, 2004). Treatments with
the test compounds resulted in a significant elevation in the
activity of caspase-3, reflecting the activation of apoptotic
cell death. Both agents elicited a considerable increase in
activity of caspase-9 at both concentrations tested (1 and
5 µM) without expected concentration-dependency. The exact
reason for this is not elucidated, but based on the results
of our fluorescent microscopy analysis, necrotic cell death
induced by the higher concentration could be a plausible
explanation. Based on these findings activation of the intrinsic
apoptotic pathway is hypothesized. Although, the activity of
caspase-8 was slightly but significantly increased by 1 at a
concentration of 1 µM, this limited change seems to be
inefficient to indicate a dominant role of the extrinsic apoptotic
pathway.

Previous studies revealed that some proapoptotic steroidal
compounds induced a pronounced cell cycle arrest via a
direct influence on tubulin polymerization during mitosis. The
inhibitory effect of 2-methoxyestradiol on microtubule formation
resulting from its interaction with the colchicine-binding site of
β-tubulin has also been reported (Peyrat et al., 2012). Thus, a

possible direct influence of 1 and 3 on the polymerization of
tubulin heterodimers in a cell-free system was also investigated.

Both of our test agents elicited a concentration-dependent
acceleration of the polymerization reaction as reflected by
significantly increased Vmax values. This molecular behavior
indicates a possible PAC-like microtubule stabilizing effect of the
test compounds which may contribute to cell cycle arrest and lead
to the induction of the apoptotic machinery.

The possible androgenic activity of a novel steroid-based
agent may implicate a source of potential adverse reactions
limiting its therapeutic value. Receptor binding properties of
1 and 5α-dihydrotestosterone are indistinguishable by a radio
ligand assay using androgen receptors prepared from rat prostate
and MCF-t cells (Bergink et al., 1985). Therefore, 1 can be
utilized as a reference agent when novel compounds with
possible androgenic properties are characterized. Compound 3
was detected to possess a substantially lower androgenic activity
compared to 1.

Moreover, 3 had no androgen antagonistic properties when
tested in the presence 5α-dihydrotestosterone. This hormonal
neutrality of 3 could be explained by the α-position of chlorine
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FIGURE 6 | Direct effects of compounds 1 and 3 on tubulin polymerization. Kinetic curves characterizing tubulin polymerization in the presence of 1, 3 or paclitaxel
(PAC) were recorded after 58 min kinetic measurements (Left). Direct effects of the test agents on the maximal rate of polymerization were evaluated (Right). Results
are mean values ± SEM of the data from two independent measurements, n = 4. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 compared to untreated control sample.

on the ring D of the skeleton. The substituent at position 17
determines receptor binding, and only the β configuration is
favored. Consequently, 17α-testosterone has virtually no affinity
for the receptor (Fragkaki et al., 2009).

Although mediated by the same nuclear receptor,
androgenic and anabolic actions of a ligand can be partially
dissociated depending on the tissue expression of crucial
metabolic enzymes including 5α-reductase. While the
androgenic action may be disadvantageous and may limit
the development of a drug candidate, an anabolic or
“myotropic” property could theoretically be advantageous
when a chronic or devastating disease is treated (Tóth and Zakár,
1982).

Beside the well-characterized action of androgens mediated
via androgen response elements within the DNA, the presented
19-nortestosterone analogs may also interact with membrane-
associated androgen receptors (Kampa et al., 2006). This latter
action could be of special importance since the stimulation
of these receptors elicits an increase in the intracellular free
zinc concentration accompanied by induction of apoptosis
in cancer cell (Thomas et al., 2014).Two further membrane-
bound proteins have been recently reported as potential
non-genomic receptors for androgens and related steroids.
One of them is the putative G-protein coupled receptor
GPRC6A, an amino acid, calcium, and osteocalcin sensing
receptor. The interaction of this receptor with testosterone
is reported to result in increased phosphorylation of
extracellular signal-regulated kinases in human embryonic
kidney cells expressing the GPRC6A protein (Pi et al.,
2010).

FIGURE 7 | Effects of compounds 1 and 3 in the yeast-based androgenic
reporter assay. Results are mean values ± SEM of the data from two
independent measurements, n = 4.

Oxoeicosanoid receptor 1 (OXER1) is a membrane receptor
for the arachidonic acid metabolite 5-oxoeicosatetraenoic acid (5-
oxoETE) and serves as a binding site for testosterone in prostate
cancer cells. The steroid testosterone is reported to antagonize
the action of the natural agonist 5-oxoETE on the intracellular
cAMP production, and the interaction between testosterone and
OXER1 was confirmed by an in silico molecular docking study as
well (Kalyvianaki et al., 2017).

Since apoptosis and cell growth are indirectly involved in
the signal mechanism of these non-genomic receptors, an action
mediated by membrane-bound steroid receptors may contribute
to the overall effects of the presented compounds.

In summary, our present results demonstrated that three of a
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set of newly synthesized 19-nortestosterone exhibit a pronounced
antiproliferative activity against cervical carcinoma cells with
lower influence on fibroblasts and a modest action on non-
cancerous immortalized epithelial cells. The most potent
agent 3 is characterized by a moderate cytotoxic effect,
elicits cell cycle disturbance and induces the mitochondrial
pathway of apoptosis. As a possible molecular mechanism
of these actions, a PAC-like microtubule-stabilizing property
is suggested based on its direct effect on the microtubular
system.

Based on our present findings, the 19-nortestosterone
backbone with a 17α-halogen substitution provides an
excellent skeleton for designing novel antiproliferative steroidal
compounds with negligible androgenic activity.
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Margarita A. Yastrebova 1, Olga E. Andreeva 1, Valerii Z. Shirinian 2, Alakananda Hajra 3,

Igor V. Zavarzin 2 and Yulia A. Volkova 2*
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Most breast and prostate tumors are hormone-dependent, making it possible to use

hormone therapy in patients with these tumors. The design of effective endocrine

drugs that block the growth of tumors and have no severe side effects is a challenge.

Thereupon, synthetic steroids are promising therapeutic drugs for the treatment

of diseases such as hormone-dependent breast and prostate cancers. Here, we

describe novel series of steroidal pyrimidines and dihydrotriazines with anticancer

activities. A flexible approach to unknown pyrimidine and dihydrotriazine derivatives of

steroids with selective control of the heterocyclization pattern is disclosed. A number

of 18-nor-5α-androsta-2,13-diene[3,2-d]pyrimidine, androsta-2-ene[3,2-d]pyrimidine,

11,3,5(10)-estratrieno[16,17-d]pyrimidine, and 17-chloro-16-dihydrotriazine steroids were

synthesized by condensations of amidines with β-chlorovinyl aldehydes derived from

natural hormones. The synthesized compounds were screened for cytotoxicity against

breast cancer cells and showed IC50 values of 7.4µM and higher. Compounds were

tested against prostate cancer cells and exhibited antiproliferative activity with IC50

values of 9.4µM and higher comparable to that of cisplatin. Lead compound 4a

displayed selectivity in ERα-positive breast cancer cells. At 10µM concentration, this

heterosteroid inhibited 50% of the E2-mediated ERα activity and led to partial ERα

down-regulation. The ERα reporter assay and immunoblotting were supported by the

docking study, which showed the probable binding mode of compound 4a to the

estrogen receptor pocket. Thus, heterosteroid 4a proved to be a selective ERαmodulator

with the highest antiproliferative activity against hormone-dependent breast cancer and

can be considered as a candidate for further anticancer drug development. In total,

the synthesized heterosteroids may be considered as new promising classes of active

anticancer agents.

Keywords: heterosteroids, steroidal pyrimidines, steroidal dihydrotriazines, breast cancer, prostate cancer,

estrogen receptor α, anticancer drugs
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INTRODUCTION

Breast cancer is the most common cancer in women worldwide,
with more than 1.5 million new cases recorded every year; it is
also the fifth highest cause of cancer death (Nathan and Schmid,
2017). Estrogens are steroid hormones that play a critical role
in the regulation of growth, differentiation, and metabolism of
mammary cells, including malignant cells. Due to the ability of
estrogens to significantly stimulate the growth of mammary cells,
these hormones are involved in the progression of breast cancer.
For more than 40 years, the antiestrogen tamoxifen (ICI 46474)
is considered as the absolute leader in the endocrine therapy of
hormone-dependent breast cancers (Jameera Begam et al., 2017).
Tamoxifen belongs to selective estrogen receptor modulators
(SERMs) (Cosman and Lindsay, 1999; Jameera Begam et al.,
2017), which, in certain circumstances, perform the role of
estrogen agonists or antagonists and modulate the effect of
hormones in the target cells; otherwise, SERMs are also called
estrogen agonists/antagonists. Due to convenient dosage forms
for oral use, high efficiency, and low cost of the prolonged
course of therapy, tamoxifen is considered as the “gold standard”
for the treatment of patients with ERα-positive breast cancer.
On the other hand, the effectiveness of tamoxifen may be
limited by the development of resistance, an increased risk of
endometrial cancer, and individual drug intolerance (Scherbakov
et al., 2006; Ali et al., 2016; Traboulsi et al., 2017). This is why the
development of novel classes of agents that effectively inhibit the
growth of ERα-positive tumors and have no severe side effects is
a challenge (Tryfonidis et al., 2016).

Synthetic steroids encompass a wide range of compounds with
various specific anticancer activities, e.g., aromatase inhibitors
such as formestane and exemestane (Carlini et al., 2001),
antiproliferative agents such as 2-methoxyestradiol (Lakhani
et al., 2003), androgen signaling inhibitors such as galeterone
and abiraterone (Bryce and Ryan, 2012), the SERM compound
PSK3471, the steroid sulfatase inhibitor EMATE (Purohit and
Foster, 2012), and the selective estrogen receptor degrader
(SERD) fulvestrant (Nathan and Schmid, 2017; Figure 1).

Aromatase and steroid sulfatase inhibitors, SERDs, and
SERMs synthetically derived from natural hormones are of great
interest for the development of new breast cancer treatment
regimens, especially for metastatic forms of the disease (Singer
et al., 2006; Scherbakov et al., 2013; Secky et al., 2013; Boer,
2017; Kaklamani and Gradishar, 2017). Fulvestrant is an estrogen
receptor degrader that binds with high selectivity to target cells,
causes their degradation, resulting in the complete inhibition
of the estrogen-mediated growth of breast cancer cells (Nathan
and Schmid, 2017). First approved in the US in 2002, fulvestrant
is not associated with tamoxifen-like agonist side effects, is not
cross-resistant to tamoxifen or exemestane, and produces very
high response rates in breast cancer patients. A combination
of fulvestrant with other drugs seems to be very promising.

Abbreviations: SERM, Selective estrogen receptor modulator; SERD, selective

estrogen receptor degrader; ER, estrogen receptor; MTT, methylthiazolyldiphenyl-

tetrazolium bromide; ERE, estrogen response element; DCC serum, dextran-

coated charcoal-treated serum; AR, androgen receptor; E2, 17β-estradiol.

In this regards, the combination of anastrozole and fulvestrant
is superior to anastrozole alone or sequential anastrozole and
fulvestrant for the treatment of ERα-positive metastatic breast
cancer (Mehta et al., 2012).

In fulvestrant, the alkylsulfinyl moiety is attached to the
endogenous estrogen receptor ligand, 17β-estradiol, at the 7-
position, providing a structure similar to that of natural
hormones but showing reverse biological activity. Recently, we
have demonstrated that the modification of 17β-estradiol with
imidazo[1,2-a]pyridine pendant at the 17α-position has the
same effect (Rassokhina et al., 2016). 17α-Imidazopyridine-17β-
methoxyestradiol showed remarkable effects as a selective ERα

receptor modulator. In this study, we turned to an investigation
of the structure—ERα-modulator activity relationship for two
novel classes of heterosteroids possessing an N-heterocycle
attached at the 16-position and fused to the A/D ring of the
steroid core. We report the unique derivatives of the androstene
and estrane series containing A/D-ring annulated pyrimidine or
linked dihydrotriazine moieties. The antiproliferative potential
of all synthesized compounds was evaluated in the MCF-7
and MDA-MB-231 breast cancer cell lines. The compounds
were also tested toward two prostate cancer cell lines PC3 and
22Rv1. Taking into account activities of the compounds against
hormone-dependent breast cancer ERα was analyzed as possible
target for this series. Four compounds proved to be active as
ERα antagonists. Steroidal dihydrotriazine 4a was selected as
the lead compound and analyzed by the ERα-reporter assay,
immunoblotting, and docking simulation. Finally, the binding
of compound 4a to the estrogen receptor pocket was discussed
using different docking models.

MATERIALS AND METHODS

Chemistry
General Information
NMR spectra were acquired on Bruker Avance 600 and 300
spectrometers at 293, 303, and 333K; the chemical shifts δ

were measured in ppm relative to the solvent (1H: DMSO-d6,
δ 2.50 ppm; 13C: DMSO-d6, δ 39.50 ppm). Splitting patterns
are designated as s, singlet; d, doublet; t, triplet; q, quartet;
m, multiplet; dd, double doublet; ddd, double double doublet;
dt, doublet triplet. The coupling constants (J) are in Hertz.
The structures of compounds were established using 1D NMR
(1H, 13C) and 2D NMR (1H-1H COSY, 13C-1H HMBC, 13C-
1H HSQC) spectroscopy. Infrared spectra were measured on a
FT-IR spectrometer in KBr pellets. High-resolution mass spectra
(HRMS) were measured using electrospray ionization (ESI) in
positive ion mode (interface capillary voltage 4,500V); the mass
range was from m/z 50 to 3,000 Da; external/internal calibration
was performed using an electrospray calibrant solution. A
syringe injection was used for solutions in CH3CN (flow
rate 3 ml/min). Nitrogen was applied as a dry gas and the
interface temperature was set at 180◦C. Melting points were
measured on a Boetius capillary melting point apparatus and are
uncorrected. Analytical thin-layer chromatography (TLC) was
carried out on silica gel plates (silica gel 60 F254 aluminum
supported plates); the visualization was accomplished with
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FIGURE 1 | Steroidal anticancer agents.

an UV lamp (254/365 nm) and using chemical staining with
[Ce(SO4)2/H2SO4]. Column chromatography was performed
on silica gel 60 (230–400 mesh, Merck). Androst-5-en-3β-ol-
17-one-3β-acetate, 17β-hydroxy-5α-androstan-3-one, estrone,
phosphorus oxychloride, guanidine salts, and acetimidamide
hydrochloride were commercially available and were used as
purchased. The spectroscopic data for steroidal chlorovinyl
aldehydes 2a–c are consistent with those reported previously
(Komkov et al., 2015; Volkova et al., 2016). All reactions were
carried out in freshly distilled and dry solvents.

3-Hydroxy-2′-methyl-11,3,5(10)-estratrieno[17,16-

d]pyrimidine (3a)
Chloro-16-formyl-11,3,5(10)-estratetraen-3-ol 2a (113mg, 0.36
mmol) was added to a suspension of acetamidine hydrochloride
(51mg, 0.54 mmol) and potassium carbonate (120mg, 0.89
mmol) in DMF (4mL). The mixture was stirred at 80◦C
for 9 h until the complete conversion of the intermediates
(TLC monitoring). The resulting mixture was cooled to room
temperature and diluted with water (30mL). The precipitate
that formed was filtered, dried, and washed with water (3 ×

5mL). The product was isolated by column chromatography
using petroleum ether/ethyl acetate, 1:1, to obtain colorless
solid (34mg, 30% yield). Rf 0.27 (petroleum ether:EtOAc, 1:2;

visualized by UV light at 254 nm); m.p. 264–266◦C. 1H NMR
(600 MHz, DMSO-d6), δ: 0.92 (s, 3H, 18-CH3), 1.35–1.41 (m,
1H, 7-CH2), 1.50–1.56 (m, 1H, 11-CH2), 1.61–1.69 (m, 2H, 8-
CH2, 12-CH2), 1.70–1.76 (m, 1H, 14-CH), 1.90–1.95 (m, 1H,
7-CH), 2.14–2.18 (m, 1H, 12-CH2), 2.21–2.27 (m, 1H, 9-CH),
2.37–2.42 (m, 1H, 11-CH2), 2.48–2.54 (m, 1H, 15-CH2), 2.56 (s,
3H, 2′-CH3), 2.73–2.85 (m, 3H, 6-CH2, 15-CH2), 6.47 (s, 1H,
4-CH), 6.53 (dd, J = 2.4, 8.4Hz, 1H, 2-CH), 7.07 (d, 1H, J =
8.4Hz, 1-CH), 8.46 (s, 1H, 4-CH), 9.00 (br.s, 1H, OH). 13C NMR
(125MHz, DMSO-d6), δ: 17.1 (18-CH3), 25.5 (2

′-CH3), 25.8 (11-
CH2), 26.9 (7-CH2), 27.0 (15-CH2), 28.9 (6-CH2), 32.7 (12-CH2),

37.2 (8-CH), 43.7 (9-CH), 45.8 (13-C), 54.3 (14-CH), 112.8 (2-
CH), 115.0 (4-CH), 125.8 (1-CH), 130.1 (10-C), 130.5 (16-C),
137.0 (5-C), 151.8 (4′-CH), 155.0 (3-C), 165.1 (2′-C), 181.0 (17-
C). IR (KBr), cm−1: 3179 (OH), 2986, 2929, 2859 (CH), 1607,
1585, 1555, 1501 (C=C, C=N). HRMS (ESI) for C21H25N2O
([M+H]+): calcd 321.1961, found 321.1951.

2′-Amino-3-hydroxy-11,3,5(10)-estratrieno[17,16-

d]pyrimidine (3b)
17-Chloro-16-formyl-11,3,5(10)-estratetraen-3-ol 2a (142mg,
0.45 mmol) was added to a suspension of guanidine acetate
(80mg, 0.67 mmol) and potassium carbonate (180mg, 1.34
mmol) in methanol (10mL). The mixture was refluxed for
6 h until the complete conversion of the intermediates (TLC
monitoring). The resulting mixture was cooled to room
temperature and the solvent was removed under reduced
pressure. The solid reside was washed with water (10mL) and
dried. The workup afforded the analytically pure product as
colorless solid (129mg, 89% yield). Rf 0.31 (CHCl3:MeOH,
5:0.2; visualized by UV light at 254 nm). The spectral data are
consistent with those reported by Forgo and Vincze (2002); m.p.
285–287◦C [m.p.lit (Forgo and Vincze, 2002) = 284–286◦C]. 1H
NMR (600 MHz, DMSO-d6), δ: 0.89 (s, 3H, 18-CH3), 1.32–1.36
(m, 1H, 7-CH2), 1.45–1.50 (m, 1H, 11-CH2), 1.54–1.64 (m, 2H,
8-CH2, 12-CH2), 1.65–1.68 (m, 1H, 14-CH), 1.86–1.90 (m, 1H,
7-CH2), 2.03–2.08 (m, 1H, 12-CH2), 2.20–2.25 (m, 1H, 9-CH),
2.31–2.38 (m, 2H, 11-CH2, 15-CH2), 2.62 (dd, J = 6.6, 14.4Hz,
1H, 15-CH2), 2.69 (dt, J = 5.4, 16.2Hz, 1H, 6-CH2), 2.77 (dt,
J = 11.4, 16.2Hz, 1H, 6-CH2), 6.36 (br.s, 2H, NH2), 6.40 (s,
1H, 4-CH), 6.45 (dd, J = 1.8, 8.4Hz, 1H, 2-CH), 6.98 (d, 1H,
J = 8.4Hz, 1-CH), 8.00 (d, J = 1.8Hz, 1H, 4-CH) (the signal
of OH group was not observed in the 1H NMR spectrum). 13C
NMR (125 MHz, DMSO-d6), δ: 17.1 (CH3), 26.0 (11-CH2),
26.6 (15-CH2), 27.1 (7-CH2), 29.1 (6-CH2), 32.9 (12-CH2),
37.4 (8-CH), 43.9 (9-CH), 45.8 (13-C), 54.4 (14-CH), 113.5
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(2-CH), 115.6 (4-CH), 121.0 (16-C), 125.6 (1-CH), 128.2 (10-C),
136.7 (5-C), 152.6 (4′-CH), 157.5 (3-C), 162.9 (2′-C), 182.0
(17-C). IR (KBr), cm−1: 3361, 3181 (OH), 2930, 2858 (CH), 1637
(NH2), 1608, 1560 (C=C, C=N). HRMS (ESI) for C20H24N3O
([M+H]+): calcd 322.1914, found 322.1903.

3β-Acetoxy-3′-methyl-5-androsteno[17,16-

d]pyrimidine (3c)
3β-Acetoxy-17-chloro-16-formylandrosta-5,16-diene 2b (130
mg, 0.34 mmol) was added to a suspension of acetamidine
hydrochloride (65mg, 0.69 mmol) and potassium carbonate
(190mg, 1.36 mmol) in DMF (5mL). The mixture was
stirred at 80◦C for 6.5 h until the complete conversion of the
intermediates (TLC monitoring). The resulting mixture was
cooled to room temperature and the solvent was removed under
reduced pressure. The crude product was isolated by column
chromatography using petroleum ether/ethyl acetate, 1:2, to
obtain colorless solid (52mg, 40% yield). Rf 0.47 (petroleum
ether:EtOAc, 1:2; visualized by UV light at 254 nm). The spectral
data are consistent with those reported by Gogoi et al. (2013).
m.p. 169–171◦C [m.p.lit (Gogoi et al., 2013) = 165–167◦C]. 1H
NMR (600 MHz, DMSO-d6 at 303K), δ: 0.91 (s, 3H, 18-CH3), 1.05
(s, 3H, 19-CH3), 1.07–1.13 (m, 2H, 1-CH2, 9-CH), 1.49 (dt, J =
4.2, 12.6Hz, 1H, 12-CH2), 1.53–1.65 (m, 4H, 2-CH2, 11-CH2,
12-CH2, 14-CH), 1.67–1.73 (m, 2H, 7-CH2, 11-CH2), 1.74–1.82
(m, 2H, 2-CH2, 8-CH), 1.86 (dt, J = 3.6, 13.2Hz, 1H, 1-CH2),
1.99 (s, 3H, CH3CO), 2.05–2.12 (m, 1H, 7-CH2), 2.28–2.32 (m,
2H, 4-CH2), 2.47 (dd, J = 15.0Hz, 1H, 15-CH2), 2.54 (s, 3H,
2′-CH3), 2.72 (dd, J = 6.6,15.0Hz, 1H, 15-CH2), 4.43–4.48 (m,
1H, 3-CH), 5.39–5.40 (m, 1H, 6-CH), 8.43 (s, 1H, H-4′). 13C
NMR (125 MHz, DMSO-d6 at 303K), δ: 16.7 (18-CH3), 18.9 (19-
CH3), 20.0 (11-CH2), 21.0 (CH3), 25.4 (2′-CH3), 27.3 (2-CH2),
27.3 (15-CH2), 30.1 (8-CH), 30.6 (7-CH2), 32.4 (12-CH2), 36.3
(10-C), 36.3 (1-CH2), 37.7 (4-CH2), 45.4 (13-C), 49.8 (9-CH),
55.0 (14-CH), 73.1 (3-CH), 121.6 (6-CH), 130.5 (16-C), 139.8
(5-C), 151.8 (4′-CH), 165.1 (2′-C), 169.7 (CO), 180.8 (17-C).
IR (KBr), cm−1: 2941, 2903, 2858 (CH), 1732 (CO), 1589, 1556
(C=C, C=N). HRMS (ESI) for C24H33N2O2 ([M+H]+): calcd
381.2537, found 381.2535.

3β-Hydroxy-3′-methyl-5-androsteno[17,16-

d]pyrimidine (3d)
A mixture of steroidal pyrimidine 3c (50mg, 0.13 mmol) and
potassium carbonate (200mg, 1.44 mmol) in MeOH (8mL) was
refluxed for 3 h until the complete conversion of the starting
material (TLC monitoring). The resulting mixture was cooled to
room temperature and the solvent was removed under reduced
pressure. The crude product was washed with water (6mL)
and dried to get colorless solid (42mg, 95% yield). Rf 0.28
(CHCl3:MeOH, 5:0.1; visualized by UV light at 254 nm); m.p.
182–183◦C. 1H NMR (600 MHz, DMSO-d6 + CCl4), δ: 0.92 (s,
3H, 18-CH3), 1.03 (s, 3H, 19-CH3), 0.99–1.09 (m, 2H, 1-CH2, 9-
CH), 1.32–1.38 (m, 1H, 2-CH2), 1.48 (dt, J = 4.2, 12.6Hz, 1H,
12-CH2), 1.50–1.55 (m, 1H, 14-CH), 1.58–1.73 (m, 4H, 2-CH2,
7-CH2, 11-CH2), 1.74–1.82 (m, 2H, 1-CH2, 8-CH), 2.04–2.19
(m, 4H, 4-CH2, 7-CH2, 12-CH2), 2.46 (dd, J = 14.4Hz, 1H,
15-CH2), 2.55 (s, 3H, 2′-CH3), 2.72 (dd, J = 14.4Hz, 1H, 15-
CH2), 3.22–3.32 (m, 1H, 3-CH), 5.28–5.30 (m, 1H, 6-CH), 8.39

(s, 1H, H-4′) (the signal of OH group was not observed in the
1H NMR spectrum). 13C NMR (125 MHz, DMSO-d6 + CCl4),
δ: 16.7 (18-CH3), 19.1 (19-CH3), 20.0 (11-CH2), 25.3 (2′-CH3),
27.4 (15-CH2), 30.2 (8-CH), 30.7 (7-CH2), 31.3 (2-CH2), 32.5
(12-CH2), 36.3 (10-C), 36.8 (1-CH2), 42.2 (4-CH2), 45.4 (13-C),
50.1 (9-CH), 55.2 (14-CH), 69.9 (3-CH), 119.8 (6-CH), 130.4 (16-
C), 141.6 (5-C), 151.5 (4′-CH), 164.9 (2′-C), 180.7 (17-C). IR
(KBr), cm−1: 3378 (OH), 2965, 2938, 2858, 2818 (CH), 1599, 1554
(C=C, C=N). HRMS (ESI) for C22H31N2O ([M+H]+): calcd
339.2431, found 339.2431.

2′-Amino-3β-hydroxy-5-androsteno[17,16-

d]pyrimidine (3e)
3β-Acetoxy-17-chloro-16-formylandrosta-5,16-diene 2b (122
mg, 0.32 mmol) was added to a suspension of guanidine acetate
(58mg, 0.48 mmol) and potassium carbonate (134mg, 0.97
mmol) in methanol (10mL). The resulting mixture was refluxed
for 6 h until the complete conversion of the intermediates
(TLC monitoring). The resulting mixture was cooled to
room temperature. The precipitate that formed was filtered,
washed with H2O (5mL), and dried. The workup afforded the
analytically pure product as colorless solid (92mg, 84% yield). Rf

0.56 (CHCl3:MeOH, 5:0.2; visualized by UV light at 254 nm). The
spectral data are consistent with those reported by Matsumoto
et al. (2003). m.p. 342–344◦C [m.p.lit (Matsumoto et al., 2003) =
308–312◦C]. 1H NMR (600 MHz, DMSO-d6 at 333K), δ: 0.90 (s,
3H, 18-CH3), 1.03 (s, 3H, 19-CH3), 0.98–1.10 (m, 2H, 1-CH2,
9-CH), 1.34–1.42 (m, 1H, 2-CH2), 1.42–1.50 (m, 1H, 12-CH2),
1.44–1.52 (m, 1H, 14-CH), 1.55–1.83 (m, 6H, 1-CH2, 2-CH2,
7-CH2, 8-CH, 11-CH2), 1.99–2.09 (m, 2H, 7-CH2, 12-CH2),
2.09–2.22 (m, 2H, 4-CH2), 2.29 (dd, J = 6.0, 13.8Hz, 1H,
15-CH2), 2.55 (dd, J = 6.0, 13.8Hz, 1H, 15-CH2), 3.24–3.32
(m, 1H, 3-CH), 4.41 (br.s, 1H, OH), 5.30–5.32 (m, 1H, 6-CH),
6.11 (br.s, 2H, NH2), 7.98 (s, 1H, H-4′). 13C NMR (125 MHz,
DMSO-d6 at 333K), δ: 16.4 (18-CH3), 18.8 (19-CH3), 19.9 (11-
CH2), 26.6 (15-CH2), 30.1 (7-CH2), 30.5 (8-CH), 31.2 (2-CH2),
32.5 (12-CH2), 36.1 (10-C), 36.6 (1-CH2), 42.0 (4-CH2), 45.0
(13-C), 50.0 (9-CH), 55.1 (14-CH), 69.7 (3-CH), 119.6 (6-CH),
121.0 (16-C), 141.5 (5-C), 152.2 (4′-CH), 162.6 (2′-C), 181.5
(17-C). IR (KBr), cm−1: 3535 (OH), 3368, 3314, 3159 (NH2),
2935, 2893, 2844 (CH), 1647 (NH2), 1608, 1559 (C=C, C=N).
HRMS (ESI) for C21H30N3O ([M+H]+): calcd 340.2383, found
340.2382. Anal. calcd for C21H29N3O:C, 74.30; H, 8.6; N, 12.38.
Found: C, 73.83; H, 8.65; N, 12.15.

2′-Amino-17β-hydroxy-5α-androstano[2,3-

d]pyrimidine (3f)
3-Chloro-2-formyl-17β-formyloxy-5α-androstane 2c (108mg,
0.30 mmol) was added to a suspension of guanidine acetate
(53mg, 0.45 mmol) and potassium carbonate (124mg, 0.90
mmol) in methanol (10mL). The mixture was refluxed for
4 h until the complete conversion of the intermediates (TLC
monitoring). The resulting mixture was cooled to room
temperature. The precipitate that formed was filtered, washed
with water (5mL), and dried. The workup afforded analytically
pure product as colorless solid (91mg, 89% yield). Rf 0.67
(CHCl3:MeOH, 5:0.2; visualized by UV light at 254 nm).
The spectral data are consistent with those reported by
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De Ruggieri et al. (1962). m.p. > 350◦C (m.p.lit > 300◦C). 1H
NMR (600 MHz, DMSO-d6), δ: 0.68 (s, 3H, 18-CH3), 0.69 (s, 3H,
19-CH3), 0.78–0.84 (m, 1H, 9-CH), 0.86–0.95 (m, 2H, 7-CH2,
14-CH), 0.98–1.06 (m, 1H, 12-CH2), 1.14–1.29 (m, 2H, 6-CH2,
15-CH2), 1.32–1.42 (m, 3H, 8-CH, 11-CH2, 16-CH2), 1.49–1.56
(m, 3H, 5-CH, 6-CH2, 15-CH2), 1.58–1.64 (m, 1H, 11-CH2),
1.64–1.70 (m, 1H, 7-CH2), 1.77–1.82 (m, 1H, 12-CH2), 1.83–
1.89 (m, 1H, 16-CH2), 2.16 (d, J = 15.6Hz, 1H, 1-CH2), 2.24
(dd, J = 12.6, 18.0Hz, 1H, 4-CH2), 2.43–2.56 (m, 2H, 4-CH2,
1-CH2), 3.47 (t, J = 8.4Hz, 1H, 17-CH), 4.18 (br.s, 1H, OH),
5.90 (br.s, 2H, NH2), 7.91 (s, 1H, H-4′). 13C NMR (125 MHz,
DMSO-d6), δ: 10.8 (18-CH3), 10.9 (19-CH3), 20.2 (11-CH2), 22.7
(15-CH2), 27.8 (6-CH2), 29.6 (16-CH2), 30.5 (7-CH2), 34.5 (10-
C), 35.0 (8-CH), 35.2 (4-CH2), 36.3 (12-CH2), 38.4 (1-CH2), 40.8
(5-CH), 42.1 (13-C), 50.4 (14-CH), 53.0 (9-CH), 79.8 (17-CH),
116.7 (2-C), 157.9 (4′-CH), 161.6 (2′-C), 164.2 (3-C). IR (KBr),
cm−1: 3322, 3169 (NH2), 2969, 2923, 2905, 2849 (CH), 1659
(NH2), 1596, 1561 (C=C, C=N). HRMS (ESI) for C21H32N3O
([M+H]+): calcd 342.2540, found 342.2538.

16-(4,6-Dimethyl-1,2-dihydro-1,3,5-triazin-2-yl)-17-

chloro-11,3,5(10),16-estratetraen-3-ol (4a)
17-Chloro-16-formyl-11,3,5(10)-estratetraen-3-ol 2a (100mg,
0.32 mmol) was added to a suspension of acetamidine
hydrochloride (150mg, 1.3 mmol) and potassium carbonate
(260mg, 1.92 mmol) in DMF (4mL). The mixture was stirred at
80◦C for 8 h until the complete conversion of the intermediates
(TLC monitoring). The resulting mixture was cooled to room
temperature and diluted with water (30mL). The precipitate
that formed was filtered and washed with water (5mL) and
hot benzene (5mL). The workup afforded the analytically pure
product as colorless solid (40mg, 32% yield). Rf 0.37 (petroleum
ether:EtOAc, 1:2; visualized by UV light at 254 nm); m.p.
209–210◦C. 1H NMR (600 MHz, DMSO-d6), δ: 0.84 (s, 3H,
18-CH3), 1.30–1.36 (m, 1H, 7-CH2), 1.37–1.50 (m, 3H, 8-CH,
11-CH2, 12-CH2), 1.58–1.62 (m, 1H, 14-CH), 1.75–1.83 (m, 2H,
7-CH2, 12-CH2), 1.80 (s, 3H, 4′-CH3), 1.82 (s, 3H, 6′-CH3),
1.95 (dd, J = 12.0, 14.4Hz, 1H, 15-CH2), 2.14 (dd, J = 6.6,
14.4Hz, 1H, 15-CH2), 2.18–2.22 (m, 1H, 9-CH), 2.31–2.36 (m,
1H, 11-CH2), 2.68–2.78 (m, 2H, 6-CH2), 5.35 (s, 1H, 2′-CH),
6.44 (d, J = 2.4Hz, 1H, 4-CH), 6.51 (dd, 1H, J = 2.4, 9.0Hz,
2-CH), 7.02 (d, 1H, J = 9.0Hz, 1-CH), 9.03 (br.s, 1H), 9.37 (br.s,
1H). 13C NMR (150 MHz, DMSO-d6), δ: 15.0 (18-CH3), 20.2
(4′-CH3, 6

′-CH3), 25.8 (11-CH2), 26.7 (7-CH2), 28.9 (15-CH2,
6-CH2), 33.6 (12-CH2), 36.9 (8-CH), 43.7 (9-CH), 47.9 (13-C),
53.1 (14-CH), 67.8 (2′-CH), 112.7 (2-CH), 115.0 (4-CH), 125.6
(1-CH), 130.2 (10-C), 135.4 (17-C), 137.0 (5-C), 138.6 (16-C),
151.6 (4′-C, 6′-C), 155.0 (3-C). IR (KBr), cm−1: 3198 (NH), 2929,
2857 (CH), 1703, 1611 (C=C, C=N), 1499, 1456, 1435, 1378,
1287, 1248. HRMS (ESI) for C23H29ClN3O ([M+H]+): calcd
398.1994, found 398.1995.

3β-Acetoxy-16-(4,6-dimethyl-1,2-dihydro-1,3,5-

triazin-2-yl)-17-chloroandrosta-5,16-diene (4b)
3β-Acetoxy-17-chloro-16-formylandrosta-5,16-diene 2b (100
mg, 0.26 mmol) was added to a suspension of acetamidine
hydrochloride (125mg, 1.3 mmol) and potassium carbonate

(220mg, 1.6 mmol) in DMF (4mL). The mixture was stirred at
80◦C for 8 h until the complete conversion of the intermediates
(TLC monitoring). The resulting mixture was cooled to room
temperature and diluted with water (30mL). The precipitate
that formed was filtered, washed with water (5mL), and dried.
The crude product was purified by column chromatography
using chloroform/MeOH, 10:1, to obtain colorless solid (45mg,
30% yield). Rf 0.45 (petroleum ether:EtOAc, 1:2; visualized by

UV light at 254 nm); m.p. 158–160◦C. 1H NMR (600 MHz,
DMSO-d6), δ: 0.84 (s, 3H, 18-CH3), 1.01 (s, 3H, 19-CH3),
1.02–1.11 (m, 2H, 1-CH2, 9-CH), 1.32 (dt, J = 4.2, 12.6Hz, 1H,
12-CH2), 1.36–1.41 (m, 1H, 14-CH), 1.43–1.49 (m, 1H, 11-CH2),
1.51–1.65 (m, 4H, 2-CH2, 7-CH2, 8-CH, 11-CH2), 1.69–1.73 (m,
1H, 12-CH2), 1.76–1.84 (m, 2H, 1-CH2, 2-CH2), 1.79 (s, 3H,
4′-CH3), 1.81 (s, 3H, 6′-CH3), 1.88 (dd, J = 14.4, 15.0Hz, 1H,
15-CH2), 1.92–1.97 (m, 1H, 7-CH2), 1.98 (s, 3H, CH3CO), 2.07
(dd, 1H, J = 6.6, 15.0Hz, 15-CH2), 2.26–2.31 (m, 2H, 4-CH2),
4.42–4.48 (m, 1H, 3-CH), 5.32 (s, 1H, 2′-CH), 5.34–5.36 (m,1H,
6-CH), 9.40 (br.s, 1H, NH). 13C NMR (125 MHz, DMSO-d6),
δ: 14.8 (18-CH3), 18.8 (19-CH3), 19.9 (11-CH2), 20.3 (4′-CH3,
6′-CH3), 20.9 (CH3COO), 27.3 (2-CH2), 29.2 (15-CH2), 29.9
(8-CH), 30.3 (7-CH2), 33.4 (12-CH2), 36.3 (1-CH2), 36.3 (10-C),
37.6 (4-CH2), 47.5 (13-C), 49.8 (9-CH), 53.6 (14-CH), 67.4
(2′-CH), 73.1 (3-CH), 121.8 (6-CH), 135.4 (17-C), 138.5 (16-C),
139.8 (5-C), 152.0 (4′-C, 6′-C), 169.7 (CO). IR (KBr), cm−1: 3183
(NH), 2945, 2857 (CH), 1735 (COO),1704, 1629 (C=C, C=N).
HRMS (ESI) for C26H37ClN3O3 ([M+H]+): calcd 458.2569,
found 458.2558.

17β-Hydroxy-2-(4,6-dimethyl-1,2-dihydro-1,3,5-

triazin-2-yl)-3-chloro-5α-androstane (4c)
3-Chloro-2-formyl-17β-formyloxy-5α-androstane 2c (120mg,
0.34 mmol) was added to a suspension of acetamidine
hydrochloride (160mg, 1.69 mmol) and potassium carbonate
(280mg, 2.0 mmol) in DMF (5mL). The mixture was stirred
at 60–65◦C for 6 h until the complete conversion of the
intermediates (TLC monitoring). The resulting mixture was
cooled to room temperature and the solvent was removed
under reduced pressure. The product was purified by column
chromatography using chloroform/MeOH, 6:1, to obtain
colorless solid (41mg, 29% yield). Rf 0.30 (CHCl3:MeOH, 5:0.3;

visualized by UV light at 254 nm); m.p. 210–212◦C. 1H NMR
(600 MHz, DMSO-d6), δ: 0.62 (s, 3H, 18-CH3), 0.68 (s, 3H,
19-CH3), 0.65–0.71 (m, 1H, 9-CH), 0.78–0.88 (m, 2H, 7-CH2,
14-CH), 0.90–0.96 (m, 1H, 12-CH2), 1.11–1.18 (m, 2H, 6-CH2,
15-CH2), 1.22–1.39 (m, 5H, 8-CH, 11-CH2, 16-CH2), 1.40–1.50
(m, 3H, 5-CH, 6-CH2, 15-CH2), 1.60 (d, J = 12.0Hz, 1H, 7-
CH2), 1.64 (d, J = 16.8Hz, 1H, 1-CH2), 1.71 (d, J = 12.6Hz, 1H,
12-CH2), 1.80 (s, 3H, 4′-CH3), 1.82 (s, 3H, 6′-CH3), 2.00–2.05
(m, 1H, 4-CH2), 2.06 (d, J = 16.8Hz, 1H, 1-CH2), 2.14–2.19 (m,
1H, 4-CH2), 3.39–3.43 (m, 1H, 17-CH), 4.40 (br.s, 1H), 5.48 (s,
1H, 2′-CH), 9.50 (br.s, 1H). 13C NMR (150 MHz, DMSO-d6),
δ: 11.1 (18-CH3), 11.6 (19-CH3), 20.3 (4′-CH3, 6

′-CH3), 20.4
(11-CH2), 23.0 (15-CH2), 27.2 (6-CH2), 29.8 (16-CH2), 30.6
(7-CH2), 34.1 (10-C), 35.0 (8-CH), 36.4 (12-CH2), 38.1 (4-CH2),
39.1 (1-CH2), 42.4 (13-C), 42.5 (5-CH), 50.4 (14-CH), 53.1
(9-CH), 70.7 (2′-CH), 80.0 (17-CH), 123.0 (3-C), 134.0 (2-C),
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152.2 (4′-C, 6′-C). IR (KBr), cm−1: 3205 (NH), 2926, 2872 (CH),
1708, 1665 (C=C, C=N), 1498, 1469, 1444, 1380, 1380, 1338,
1250. HRMS (ESI) for C24H37ClN3O ([M+H]+): calcd 418.2620,
found 418.2610.

Cell Cultures and Evaluation of Inhibitory

Activity
The MCF-7 and MDA-MB231 human breast cancer cell lines
and the PC3 and 22Rv1 prostate cancer cell lines were purchased
from the ATCC collection. Cells were cultured in standard high
glucose DMEMmedium (Hyclone) supplemented with 10% fetal
calf serum (FCS) (HyClone) and 0.1 mg/ml sodium pyruvate
(Santa Cruz) at 37◦C, 5%CO2 and 80–85%humidity (NuAir CO2

incubator). The cell growth was evaluated by the modified MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide)
(Applichem) test (Iselt et al., 1989) as described in Volkova
et al. (2016). Briefly, the cells were seeded at a density of 2.5
× 104 cells per well in 24-well plates (Corning) in 900 µL of
the medium. The tested compounds were dissolved in DMSO
(Applichem) to 10mM before experiments and then were diluted
in the medium to the required concentrations. Compounds with
different concentrations in 100 µL of the medium were added
24 h after the seeding, and the cells were grown for 72 h. After
incubation with the compounds, the medium was removed, and
the MTT reagent dissolved in the medium was added to the final
concentration of 0.2 mg/mL to each well and incubated for 3 h.
Then the cell supernatants were removed and theMTT formazan
purple crystals were dissolved in 100% DMSO (350 µL per well).
Plates were gently shaken and the absorbance was measured at
571 nm with a MultiScan reader (ThermoFisher). The viability
of the cells was assessed after subtraction of the blank value (the
absorbance in the well w/o cells) from all wells. Dose-response
curves were analyzed by regression analysis using sigmoidal
curves (Log(concentration) vs. normalized absorbance). The half
maximal inhibitory concentrations (IC50) were determined with
GraphPad Prism.

Transient Transfection and Measurement

of Estrogen Receptor α Activity
To determine the transcriptional activity of the estrogen receptor
α (ERα), MCF-7 cells were transfected with the plasmids
containing luciferase reporter gene under the control of the
promoter containing estrogen responsive elements. Assay was
performed in steroid-free conditions (phenol red-free DMEM
medium supplemented with 10% DCC serum). The reporter
plasmid ERE-TK-LUC used in this work was kindly provided
by Reid et al. (2003). The transfection was carried out for 24 h
at 37◦C using Metafectene (Biontex Laboratories). To control
the efficiency and potential toxicity of the transfection, the cells
were co-transfected with the β-galactosidase plasmid. The tested
compounds were added to phenol red-free DMEM medium
supplemented with 10% DCC serum. The luciferase activity was
measured according to a standard protocol (Promega) using a
Infinite M200 Pro luminometer (Tecan). The β-galactosidase
activity was analyzed using a substrate, p-nitrophenyl β-D-
galactopyranoside (ONPG). Briefly, cell lysates were mixed with

0.1M phosphate buffer (pH 7.5) containing 1.0mM MgCl2,
3.3mM ONPG and 53mM β-mercaptoethanol. After incubation
for 1 h at 37◦C, the absorbances at 405 nm were measured on the
MultiScan FC reader (ThermoFisher). The luciferase activity was
calculated in arbitrary units evaluated as the ratio of the luciferase
activity to the galactosidase activity.

Western Blot Analysis
The cells were removed from the dishes with 1.2ml of phosphate
buffer, twice washed, and incubated for 10min on ice in the
modified lysis buffer containing 50mM Tris-HCl, pH 7.5, 0.5%
Igepal CA-630, 150mM NaCl, 1mM EDTA, 1mM DTT, 1mM
PMSF, 0.1mM sodium orthovanadate and aprotinin, leupeptin,
pepstatin (1µg/mL each) as described earlier (Scherbakov et al.,
2006). The protein content was determined by the Bradford
method.

Cell lysates (40 µg protein) were separated in 10% SDS-
PAGE under reducing conditions, transferred to a nitrocellulose
membrane (SantaCruz), and processed according to the standard
protocol. To prevent nonspecific absorption, the membranes
were treated with 5% nonfat milk solution in TBS buffer (100mM
Tris, 150mM NaCl, pH 7.5) with 0.1% Tween-20 and then
incubated with primary antibodies overnight at 4◦C.

Primary antibodies to ERα were purchased from Sigma-
Aldrich (Merck); the antibodies against α-tubulin (Cell Signaling
Technology) were added to standardize loading. Goat anti-rabbit
IgGs (Jackson ImmunoResearch) conjugated to horseradish
peroxidase were used as secondary antibodies. Signals were
detected using the ECL reagent as described in Mruk and Cheng
(2011) and an ImageQuant LAS4000 system (GE HealthCare).
ImageJ software (NIH) was used for densitometry.

Statistical Analysis
Each biology experiment was repeated three times. Statistical
analysis was performed using Microsoft Excel and GraphPad
Prism. Results were expressed as mean ± S.D. (standard
deviation value). Student’s t-test was used to evaluate the
significance of differences in comparisons. P-value of <0.05 was
considered statistically significant.

Molecular Docking Analysis
In silico docking was performed using Autodock Vina (Trott and
Olson, 2010) run through PyRx interface tomanage the workflow
and PyMol to visualize the results. Ligands were prepared
by generating the energy-minimized 3D structures using
ChemBioDraw3D followed by processing with Autodock Tools
1.5.4 to assign Gasteiger charges, merge nonpolar hydrogens, and
set torsional bonds. Initial docking runs were performed within
a 25–30 Å cubic search space surrounding the binding pocket,
with solutions found using an exhaustiveness of 8, and output
modes ranked according to binding affinity (BA). For a detailed
comparison, multiple runs with a reduced search space were run
with an increased exhaustiveness of 16 and 32. The Autodock
Vina produced ligand poses with the best fit and strongest
BA (global minima) using a stochastic algorithm to explore
surfaces/pockets of the rigid macromolecule, through an iterative
series of local optimizations evaluating both intermolecular

Frontiers in Pharmacology | www.frontiersin.org January 2018 | Volume 8 | Article 979199

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Scherbakov et al. Heterosteroids and Their in Vitro Anticancer Activities

(hydrophobic interactions, repulsions, hydrogen bonding, etc.)
and intramolecular (torsion, rotational torque) factors. SAR
insights are greatly aided by molecular docking analysis but must
be taken as putative due to the rigidmodeling of the protein target
and the potential for conformational bias (Bissantz et al., 2010).

RESULTS

Chemistry
Our interest in the preparation of structurally diverse
heterosteroids lead to a need for a facile flexible strategy, in which
a common intermediate can be used in a conjunctive fashion to
form an array of N-heterocycles attached or fused to the steroid
core. Hence, we turned to β-chlorovinyl aldehydes, which are
readily available by the Vilsmeier–Haack reaction (Tasneem,
2003) and proved to be highly reactive ambident electrophiles
(Bera et al., 2008; Bezboruah et al., 2013; Brockmeyer et al., 2014;
Kroger et al., 2015). Recently, we have reported the synthesis
of steroidal pyridazines (Komkov et al., 2015; Volkova et al.,
2016), thiadiazoles (Zavarzin et al., 2013), and 4,5-disubstituted
pyrimidines (Komendantova et al., 2017) via condensation of
β-chlorovinyl aldehydes with bis-nucleophiles such as oxamic
acid thiohydrazides and amidines. Based on these results, we
accomplished the efficient synthesis of heterosteroids possessing
a six-membered N-heterocycle attached or fused to the A/D ring
of the steroid core starting from readily available materials. Thus,
the synthesis of derivatives of the androstene and estrane series
containing A-/D-ring annulated pyrimidine (Schemes 1, 3a–f)
or linked dihydrotriazine (Schemes 1, 4a–c) moieties was
accomplished starting from natural hormones 1a–c (estrone,
dihydrotestosterone, and dehydroepiandrosterone) by the
general two-step sequence involving: (1) the Vilsmeier–Haack
reaction giving steroidal β-chlorovinyl aldehydes 2a–c, (2) the
condensation of the former with amidines (Scheme 1).

The heterocyclization pattern was directed to dihydrotriazines
by increasing amidine excess up to 4–5 equivs. The
dihydrotriazine ring was constructed from two acetimidamide
molecules and one steroid molecule via the nucleophilic attack
of two amidine molecules on the formyl group. The reaction
of acetimidamide with potassium carbonate in DMF produced
heterosteroids 4a–c containing the dihydrotriazine substituent
at the 16-C or 2-C position of the steroid core in 29–32% yields.
The structural assignments for all compounds 3a–f and 4a–c

were confirmed by 2D NMR (1H-1H COSY, 13C-1H HMBC,
and 13C-1H HSQC, see Supplementary Material) techniques and
HRMS.

Antitumor Evaluation
Cytotoxic Effects against Breast and Prostate Cancer

Cells
The antiproliferative activity of all the synthesized compounds
was evaluated against the human estrogen-responsive MCF-
7 breast cancer cell line and ERα-negative MDA-MB231 cells
using the MTT assay (Figures S1, S2). Cisplatin, a standard
chemotherapy drug, was used as the reference compound. All
compounds were also tested for cytotoxicity toward prostate

cancer cells (Figures S3, S4). AR-negative PC3 cells and AR-
positive 22Rv1 cells were used in this assay. The corresponding
inhibitory concentrations IC50 (IC50 is the half maximal
inhibitory concentration) are given in Table 1.

Most of the tested heterosteroids showed remarkable
anticancer activity against ERα-positive MCF-7 cancer cells.
Estranes 3a,b containing the D-ring-fused pyrimidine moiety
proved to be inactive, while their androstene analogs 3c–e were
active with the IC50 values in the range of 12.0–21.6µM. It is
remarkable that the IC50 value for compound 3d containing the
3-OH group is higher than that for compound 3c possessing
the 3-OAc protected group. The solubility of steroidal A-ring
annulated pyrimidine 3f in DMSO is too low to perform the
MTT assay.

Steroidal dihydrotriazines 4a–c proved to be more
active against MCF-7 cancer cells compared to steroidal
fused pyrimidines. Androstene derivative 4c bearing the
dihydrotriazine moiety at C-2 had the IC50 value of 14.8µM,
while the IC50 value for compound 4b modified at 16-C reached
11.2µM. The 16-C dihydrotriazine-modified estrane 4a was
shown to be the most active derivative. Moreover, only steroidal
dihydrotriazines 4a, 4b, and 4c were active against ERα-negative
MDA-MB231 cells; their IC50 values vary in the range of
12.2–19.1µM.

All compounds were tested against 22Rv1 and PC3 prostate
cancer cells. Among them, compounds 4a, 4b, and 4c displayed
antiproliferative activity. Estrane derivative 4a inhibited the
growth of PC3 and 22Rv1 prostate cancer cells with IC50

of 13.5 and 11.7µM, respectively, while androstene derivative
4b displayed cytotoxicity comparable to that of cisplatin in
hormone-dependent 22Rv1 prostate cancer cells. Androstene
derivative 4c was less active against prostate cancer cells than
compounds 4a and 4b, and revealed the IC50 value about 20µM
(Table 1).

ERα Activity and Immunoblotting
Considering indicated antiproliferative activity of compounds in
ERα-positive MCF-7 breast cancer cells, ERα was analyzed as
a possible target for these synthetic steroids. For this purpose
the luciferase reporter assay was used to determine ERα activity
in MCF-7 cells. The ERα-mediated reporter constructs were
provided to express luciferase under the control of the promoter
containing estrogen responsive elements (ERE-TK-LUC). Thus,
ERα activity was correlated to luciferase activity measured in
treated or control cells.

As can be seen in Figure 2A, estranes 3a,b containing the
D-ring-fused pyrimidine moiety did not inhibit ERα activity
at 10µM concentration. Moreover, these 3a and 3b stimulated
ERα activity at low (10 nM) concentration acting as partial
receptor agonists (Table S1). Androstene derivative 4b proved
to be inactive as ERα inhibitor. Compound 4c showed weak
inhibitory activity, while steroids 3c, 3d, 3e, and 4a highly
inhibited E2-mediated ERα activity at 10µM concentration.
These compounds showed no ERα agonist activity in the
luciferase reporter assay (Table S1).

Taking into consideration the two-fold gain in cytotoxicity
of compound 4a against ERα-positive breast cancer cells vs.
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SCHEME 1 | Synthesis of A-/D-ring functionalized azasteroids of the androstene and estrane series. Steroidal β-chlorovinyl aldehydes 2 as ambident elecrophiles

easily undergo cyclizations with bis-nucleophilic guanidine and acetimidamide under mild reaction conditions (2 equiv excess, under reflux in methanol with potassium

carbonate) providing A-/D-fused steroidal pyrimidines 3a–f in 30–89% yields. The reaction of acetimidamide with 2 equiv excess of potassium carbonate in DMF

produced heterosteroids 4a–c containing the dihydrotriazine substituent at the 16-C or 2-C position of the steroid core in 29–32% yields.

ERα-negative cells and its high activity as ERα inhibitor we
performed immunoblotting of ERα in MCF-7 cells. The data
obtained by immunoblotting confirmed that compound 4a

exerted ERα inhibitory activity. The incubation of MCF-7
cells with compound 4a resulted in the partial suppression
of ERα expression, as can be seen in Figure 2B. Tamoxifen
was used as the standard reference drug and its application
resulted in an increase in ERα expression, which may
be attributed to tamoxifen-induced stabilization of inactive
ERα in the cell cytoplasm as discussed in Wijayaratne and
McDonnell (2001). As compared with tamoxifen, compound
4a was found to be active as the partial ERα downregulator
(Figure 2B).

Estrogen Receptor Docking Analysis
In order to gain insight into the structural basis of the observed
ERα inhibitory effects of compound 4a, we performed in silico
docking analysis using Autodock Vina. Low-energy binding
poses were generated by evaluating the combined energetic
contributions of torsion, steric repulsion, hydrogen bonding, and
hydrophobic interactions between the ligand and the protein
binding pocket. Using the crystal structures of ERα in complexes
with estradiol [PDB: 1GWR (Warnmark et al., 2002), Figure 3A]
and the weak agonists 17α-modified estradiol analogs TFMPV-
E2 [PDB: 2P15 (Nettles et al., 2007), Figure 3B] and EEu
[PDB: 2YAT (Li et al., 2011), Figure 3C], we found that the
steroidal moiety of compound 4a in the docked poses differs
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TABLE 1 | Antiproliferative activity of the synthesized heterosteroidal compounds.

Entry IC50, µM

Breast cancer Prostate cancer

MCF-7 MDA-MB231 PC3 22Rv1

3a NA NA NA NA

3b NA NA NA NA

3c 21.6 ± 2.2 NA NA NA

3d 12.0 ± 1.4 NA NA NA

3e 14.9 ± 1.5 NA NA NA

4a 7.4 ± 0.9 14.7 ± 1.6 13.5 ± 1.5 11.7 ± 1.4

4b 11.2 ± 1.4 12.2 ± 1.4 12.9 ± 1.4 9.4 ± 1.0

4c 14.8 ± 1.6 19.1 ± 2.1 22.7 ± 2.4 18.1 ± 1.9

Cisplatin (reference drug) 6.5 ± 0.9 14.1 ± 1.7 4.9 ± 0.7 9.8 ± 1.1

NA indicates that the compound does not inhibit the growth by 50% at concentrations lower than 25µM.

FIGURE 2 | Evaluation of ERα activity and expression. (A) MCF-7 human breast cancer cells were transfected with the ERE-TK-LUC plasmid containing the luciferase

reporter gene under the estrogen responsive element (ERE) and co-transfected with β-galactosidase plasmid. The media was removed 24 h after transfection and

10 nM of 17β-estradiol was used to induce ERα activity. Synthesized compounds at 10µM concentration or vehicle control (cont) was added to phenol-free DMEM

supplemented with 10% steroid-free serum (Hyclone). The luciferase and β-galactosidase activities were determined in 24 h. The luciferase activity was calculated in

relative units evaluated as the ratio of the luciferase activity to the galactosidase activity. *P < 0.05 vs. E2-treated cells. (B) MCF-7 cells were treated with or without

tamoxifen or compound 4a. The cell samples were subjected to Western blot analysis of ERα and α-tubulin as the loading control; Densitometry for ERα/α-tubulin

ratio was carried out using ImageJ software with the densitometry protocol provided by The University of Queensland. *P < 0.05 vs. control cells, #P < 0.05 vs.

tamoxifen-treated and control cells.

from the estradiol moieties of the original ligands (Table 1,
Figures 3A–C,E).

Compound 4awas found to be too big for the accommodation
in the estradiol-binding pocket of ERa in the structure 1GWR.
Meanwhile, the ligands TFMPV-E2 (PDB: 2P15) and EEu (PDB:
2YAT) are known to modulate the dynamics of the ERα helix
12 (shown in red, Figures 3A–D), resulting in an increase in the
ligand-binding pocket surface of ER without changing the shape
of the ligand-binding domain of ER due to the presence of bulky
substituents at the 17α position of the estradiol core (Eignerova
et al., 2010; Gryder et al., 2013). Compound 4a bearing the bulky
dihydrotriazine ring at the 16-position is docked against the
ERα crystal structures 2P15 and 2YAT with reasonable binding
affinity (−8.1 and −8.9 kcal/mol, respectively). However, the

major binding modes of compound 4a for 2P15 and 2YAT
are as follows: the A-ring phenolic hydroxyl group points
away the binding pocket of ER and the dihydrotriazine moiety
points inward the binding pocket. The critical hydrogen-bonding
interactions between the steroid estradiol, TFMPV-E2 and the A-
ring phenolic hydroxyls of EEu with Arg-394/Glu-353 were not
found for compound 4a (Figures 3A–C), which can be attributed
to steric hindrance caused by the bulky substituent at the 16-
position and spatial aliasing of the estrane core due to the
addition of the C16=C17 double bond.

Alternatively, compound 4a docked against the crystal
structure of ERα in complex with the ER antagonist
4-hydroxytamoxifen (PDB: 3ERT, Figures 3D,E) is able to
fill the hydrophobic space and latch onto Arg-394/Glu-353.
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FIGURE 3 | Crystal structures of agonist-bound ERα 1GWR (A), 2P15 (B), 2YAT (C) and antagonist-bound 3ERT (D) used in the docking analysis of ER modulator

4a. Their original ligands (E) are in purple, modulator 4a in orange, and helix 12 in red. Only the highest ranked poses with the strongest BA were selected: (A) +0.1

kcal/mol, (B) −8.1 kcal/mol, (C) −8.9 kcal/mol, (D) −8.9 kcal/mol.

Tamoxifen prevents the helix 12 from closing properly upon the
binding pocket of the ligand-binding domain, while compound
4a can extend the steroidal moiety through the opening left
by the displaced helix 12. The D ring of steroid 4a modified
at the 16-and 17-positions can go inside the pocket potentially

stabilized by polar interactions with TRP-383, Phe-404, Leu-387,
Met-388, and Leu-391. These docked structures may reflect
the most probable mode of binding. Although the direct
comparisons are speculative, our docking outputs are supported
by our observation with compound 4a in ER luciferase reporter
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assays. The antagonist effect of compound 4a is interesting,
because D-ring modifications of estradiol commonly result in
weak ER agonists (Yang et al., 2000; Kreis et al., 2001).

DISCUSSION

The initial synthesis of annulated steroidal pyrimidines by the
groups of Clinton (Ackerman et al., 1964) and Ruggieri (De
Ruggieri and Gandolfi, 1965; De Ruggieri et al., 1965, 1966a,b)
dates back to the mid-1960s. Their synthetic approach was based
on condensation of guanidines with activated α,β-unsaturated
ketones, primarily β-enol ethers, and have become widely applied
in chemistry of steroids due to a great diversity of obtainable
products (Romo et al., 1968; Bajwa and Sykes, 1978; Hajos
and Snatzke, 1989; Mallamo et al., 1992; Hasan et al., 1995;
Forgo and Vincze, 2002). Unfortunately, this method suffers
from drawbacks, such as harsh reaction conditions, moderate
yields and high labor content/cost of preparing startingmaterials.
Therefore, over the years a considerable effort has been directed
toward the development of alternative methods for steroidal
pyrimidines synthesis. Improved solid phase protocol of β-
enol ethers heterocyclization was elaborated toward synthesis
of steroidal A-ring fused pyrimidines (Barthakur et al., 2009).
Although there is an example of condensation using β-enamino
ketones (Xu et al., 2012). Boruah group have developed a range
of methods, among which are three-component condensation
of steroidal ketones with aromatic aldehydes and amidine
derivatives in presence of potassium tert-butoxide (Saikia et al.,
2014), Pd(OAc)2-catalyzed hetrocyclization of steroidal β-halo-
α,β-unsaturated aldehydes with amidines (Gogoi et al., 2013)
and SmCl3-catalyzed condensation of β-formyl enamide with
urea under microwave irradiation (Barthakur et al., 2007). Baran
group reported synthesis of 4,5-disubstituted pyrimidines from
steroidal ketones and formamidine acetate (Baran et al., 2006).
Here we have achieved high-yielding syntheses of novel A-
and D-rings annulated steroidal pyrimidines via developed by
us metal-free condensations of β-chlorovinyl aldehydes with
amidines (Komendantova et al., 2017). These reactions are
efficiently occur undermild conditions, with the added advantage
that heterocyclization pattern can be easily switch to steroidal
dihydrotriazines, previously unexplored class of heterosteroids.

Steroidal pyrimidines may be considered as promising
compounds for the design of novel antitumor drugs. This line
of research has been extensively developed in recent years. In
2017, Ke et al. designed novel steroidal[17,16-d]pyrimidines
derived from dehydroepiandrosterone and evaluated their in
vitro inhibitory activity against liver and gastric cancer cells (Ke
et al., 2017). Briefly, 16 steroidal[17,16-d]pyrimidines derived
from dehydroepiandrosterone were designed and synthesized
via a sequence transformation, and their activities were assessed
by MTT. Ke et al. found that some of these heterocyclic
steroidal[17,16-d]pyrimidines showed antiproliferative activities
against HepG2, Huh-7, and SGC-7901 cell lines compared to the
reference 5-fluorouracil. Eight novel compounds synthesized by
Ke et al. exhibited excellent inhibitory activities against all three
cell lines with 70–82% growth inhibition at the concentration of

40µg/mL. Thus, steroidal[17,16-d]pyrimidines might be used as
promising compounds for discovery of novel anticancer drugs for
treatment of liver and gastric cancers.

Other promising steroidal pyrimidines were discussed by Ali
et al. (2017). The antitumor activity of the B-ring fused steroidal
pyrimidines was tested in vitro against the MDA-MB231, HeLa,
and HepG2 cancer cell lines and the non-cancer normal cell line
PBMCs (peripheral blood mononuclear cells) by the standard
MTT assay. The compounds showed moderate to good activity
and proved to be nontoxic to normal PBM cells. One of the
synthesized compounds was found to be active against all three
cancer cell lines but more specific against the MDA-MB231 cells
with IC50 of about 9µM, which is similar to our data on the
activity of the compounds against breast cancer cells. Finally, the
authors discussed the ability of steroidal compounds to interact
with the protein HSA involved in drug delivery.

Metastatic bone tumors occur at particularly high rates in
cancers of the breast, prostate, and lung, accounting more
than 70% of all patients. Treatment of skeletal metastasis and
development of new specific “blockers” of bone resorption are
relevant. Pyrimidine-fused betulinic acid may be considered
as promising compounds for the design of novel inhibitors
of osteoclast differentiation and bone resorption. Jun Xu et
coworkers synthesized over 20 heterocyclic ring-fused betulinic
acid derivatives and evaluated their inhibition on RANKL-
induced osteoclast formation in preosteoclast RAW264.7 cells
(Xu et al., 2012). Some compounds exhibited potent inhibitory
activity on RANKL-induced osteoclast formation by TRAP assay.

The elucidation of the mechanism of action of compounds
in target cells and understanding of their common metabolism
in human body are of interest. The structural optimization will
be performed and the molecular mechanism of novel steroidal
pyrimidines will be investigated in due course. On the other hand,
the activity of steroidal dihydrotriazines against cancer cells is less
well known described, and our study is very relevant.

CONCLUSION

Here, we describe novel series of steroidal anticancer agents.
In summary, this study demonstrates that the cyclization of
steroidal β-chlorovinyl aldehydes with bis-nucleophilic amidines
provides an easy approach to various novel heterosteroids.
Natural hormones 1a–c (estrone, 3β-acetoxyandrostene, 3-
keto-17β-hydroxyandrostane) were transformed into the
corresponding A- and D-modified steroidal pyrimidines and
dihydrotriazines in moderate to high yields (29–89%) using
a two-step sequence involving the Vilsmeier–Haack reaction
and condensation with amidines, such as guanidine and
acetimidamide. The new compounds showed remarkable
cytotoxic activity against breast and prostate cancer cells.
Furthermore, lead compounds demonstrated selectivity toward
ERα in MCF-7 breast cancer cells. Compound 4a inhibits
50% of ERα activity at its cytotoxic concentration. Using
immunoblotting, partial ERα downregulation was observed
in compound 4a-treated MCF-7 cells. Docking approaches
confirmed the ability of compound 4a to bind to ERα. Thus,
compound 4a may be considered as a candidate for future
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anticancer drug design, in particular, for ERα-positive breast
cancers.

Despite a limited number of compounds in series, it provides
significant novel insight into the structure–activity relationship
of heterosteroids as anticancer agents. Biological studies show
that annulation of androst-5-ene core with pyrimidine is
efficient for development of novel selective compounds for
treatment of hormone-dependent breast cancer. Moreover,
installation of dihydrotriazine pendant at A- and D-rings of
estrane and androst-5-ene cores results in strong antiproliferative
activities against breast and prostate cancer cells comparable
with cisplatine. The two-fold gain in cytotoxicity of 16-C
dihydrotriazine-modified estrane against ERα-positive breast
cancer cells vs. ERα-negative cells and its high activity as ERα

inhibitor were shown while similar androstene derivative was less
selective.

These results offer new knowledge about the binding site
and receptor flexibility of ERα. The described heterosteroids will
be useful lead agents for the development of more potent and
selective SERMs.
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