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Background & aims—Chronic inflammatory liver diseases are associated with estrogen excess
and feminization in men, which is thought to be due to compromised liver function to breakdown
estrogens. The goal of this study is to determine whether the inflammatory induction of steroid
sulfatase (STS), which converts inactive estrogen sulfates to active estrogens, may have
contributed to the estrogen excess in chronic liver disease.

Methods—We performed bioinformatic analysis, real-time PCR, immunohistochemistry and
UPLC/MS-MS to analyze hepatic STS expression and serum estrogen levels in patients with
chronic liver diseases. The crosstalk between NF-kxB pathway and STS-regulated estrogen
signaling was investigated by electrophoretic mobility shift assay, chromatin immunoprecipitation,
luciferase assay and gene knockdown experiments in human hepatocytes.

Results—Hepatic STS was induced in patients with chronic inflammatory liver diseases, which
was accompanied by increased circulating estrogen levels. The human STS gene, but not the
mouse Sts gene, was induced by inflammatory stimuli in hepatic cells. Mechanistically, STS was
established as a novel NF-«xB target gene, whose induction facilitated the conversion of inactive
estrogen sulfates to active estrogens, and consequently attenuated the inflammatory response. In
contrast, genetic or pharmacological inhibition of STS or a direct blockade of estrogen signaling
sensitized liver cells to the transcriptional activation of NF-xB and inflammatory response,
possibly through the inhibition of IxB kinase (IKK) activation.

Conclusions—Our results suggest a negative feedback loop in chronic inflammatory liver
diseases, in which the inflammatory activation of NF-xB induces STS gene expression. The
induced STS facilitates the conversion of inactive estrogen sulfates to active estrogens, which in
return attenuates the NF-xB-mediated inflammation.

Keywords
steroid sulfatase; estrogens; estrogen metabolism; inflammation; liver disease

Introduction

Abnormal estrogen metabolism in liver disease has been long recognized in the clinic.
Concomitants of liver diseases are clinical signs and symptoms like palmar erythema, spider
nevus, gynecomastia and infertility due to disturbed homeostasis of steroid hormones,
especially the estrogens. Studies have reported increased estrogen levels and signs of
endocrine disturbance in patients with chronic liver diseases [1]. The hormone levels are
positively correlated to the severity of the liver disease [2], whereas treating patients towards
improved liver function resulted in regression of endocrine disturbance [3]. The liver is the
primary site of estrogen metabolism through phase | oxidation reactions, which are mainly
catalyzed by CYP1A2 and CYP3A4 [4], and phase Il conjugation reactions mediated by the
estrogen sulfotransferase (EST) [5]. It is thought that damage to the liver impairs its capacity
to metabolize and inactivate estrogens, resulting in increased estrogen levels in the
circulation [6]. However, there have been reports that changes in steroid hormone levels
may occur before the liver functions are compromised [7], suggesting additional
mechanisms by which liver disease causes estrogen excess. Although estrogens are known
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to be the anti-inflammatory hormones, it is unclear whether the estrogen excess can affect
the clinical outcome of the underlying liver diseases.

Estrogen sulfation and desulfation represent an important and unique mechanism to control
estrogen homeostasis by a reversible metabolic process of conjugation and deconjugation,
rather than the destruction of estrogens [8]. Estrogens can be sulfated and deactivated by
several sulfotransferases such as EST, SULT1A1 and SULT2A1, with EST being the
primary estrogen sulfotransferase at the physiological concentrations [5]. Unlike estrogens,
estrogen sulfates cannot bind to the estrogen receptor (ER) and thus are biologically
inactive; but they have higher concentrations and prolonged half-life in the circulation,
acting as a reservoir for regenerating active estrogens through the STS-mediated desulfation
reaction [9]. STS is believed to be the only enzyme responsible for the desulfation of
estrogen sulfates.

Consistent with the role of STS in hormonal homeostasis, STS gene deletion or mutation is
associated with reproductive manifestations, such as cryptorchidism in males and failed
labor progression in females due to disrupted steroid hormone homeostasis [10]. High
expression of STS is detected in malignant breast tissues and predicts poor prognosis [11],
suggesting an important function of STS in enhancing local estrogen signaling and
promoting the development of hormone-dependent breast cancer. Cytokines have been
suggested to regulate the expression and activity of STS, but the results have been
contradicting. Interleukin-1 decreased the expression and activity of STS in endometrial
stromal cells [12]. However, interleukin-6 and tumor necrosis factor a (TNFa) were
reported to increase STS activity in breast cancer cells, probably through post-translational
mechanisms [13]. It is possible that the effects of cytokines on the expression of STS depend
on the cellular context. Nevertheless, little is known about the transcriptional regulation of
STS, especially in the liver, the major estrogen-metabolizing organ.

The development of many chronic inflammatory liver diseases is more common in men than
in women. The prognosis of hepatocellular carcinoma is also worse for male than for female
patients [14]. These gender differences may be accounted for by sex hormones. Although it
is not a classic target organ of sex steroid hormones, the liver has been shown to express
functional ER and respond to estrogen stimulation. Since estrogens are known for their anti-
inflammatory activities [15], they may provide benefit in inhibiting the progression of
chronic inflammatory liver diseases.

In this study, we showed that STS is a novel NF-xB target gene that is induced in the liver
of patients with hepatitis and cirrhosis. Our data strongly suggest that the inflammatory
induction of STS may have contributed to the estrogen excess in chronic liver disease. Our
results also suggested an STS-mediated negative feedback loop to inhibit inflammation, in
which the NF-xB responsive activation of STS increases active estrogen levels, which in
turn attenuates the NF- xB-mediated inflammation.
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Materials and Methods

Microarray and bioinformatic analysis

We previously performed microarray analyses [16] on liver samples from human subjects
with normal (< 10 mg/L) or elevated (> 10 mg/L) C-reactive protein (CRP) levels. The data
have been deposited in the Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo) database
(GSE32504). The microarray results were verified by TagMan real-time PCR using the
following predesigned TagMan assays obtained from Life Technologies (Carlsbad, CA):
Hs00996676_m1 (STS); Hs00960941_m1 (SULT1E1), and Hs00174103_m1 (IL8). A
standard curve was generated for each assay using pooled cDNA from the liver sample
collections. With the help of the standard curve, a quantitative measure was calculated
which was normalized on the housekeeping gene RPLPO. The Gene Expression Omnibus
database was also mined for STS expression in subjects with chronic inflammatory liver
disease. The GSE28619 dataset, which contained 15 liver samples from alcoholic hepatitis
patients and 9 control liver samples, was analyzed on the Affymetrix Human Genome U133
Plus 2.0 microarrays.

Immunohistochemistry (IHC), real-time PCR analysis, and Western blotting

For IHC analysis, we used a commercial tissue microarray and archived paraffin sections
from West China Hospital, Sichuan University, China. The tissue microarray slides of
human liver diseases (Cat #L\VV1201) were purchased from US Biomax (Rockville, MD).
The slides were provided in a single core per case with clinical information of sex, age, and
pathological diagnosis. Samples contained on the tissue microarray were from autopsy and
surgical resection, according to the information provided by the vendor (http://
www.hiomax.us/fag.php). The tissue microarray contains 66 liver cases, including 22 cases
of hepatitis, 30 cases of cirrhosis and 14 cases of controls. One of the cirrhosis cases was
excluded because of the lack of hepatocytes. Additional liver tissue sections from 20
patients, including 10 cases of control liver samples and 10 cases of chronic hepatitis liver
samples, were collected from surgical resection at West China Hospital, Sichuan University,
China. Informed consent in writing was obtained from each patient, and the Ethics
Committee of the West China Hospital approved the study. The IHC staining was performed
using monoclonal anti-STS antibody (dilution 1:50) purchased from Abcam (Cambridge,
MA) following the heat-induced antigen-retrieval procedures. The stained slides were
evaluated by a surgical pathologist in a blinded fashion and scored according to the staining
intensity.

Real-time PCR analyses were performed on the GSE32504 samples, as well as samples
derived from the primary human hepatocytes and the human hepatoma Huh7 cells. For real-
time PCR analysis, cDNA was synthesized from total RNA by reverse transcription with
random hexamer primers and Superscript RT 111 enzyme from Invitrogen. SYBR Green-
based real-time PCR was performed with the ABI 7300 real-time PCR system. Data were
normalized against the GAPDH.

All Western blot analyses were performed on primary human hepatocytes or Huh7 cells. For
Western blotting, the anti-STS antibody was used at 1:200 dilution. The anti-IKKa (3G12),
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anti-IKKp (D30C6), anti-Phospho-1KKa (Serl76)/IKKp (Serl77) (C84E11) and anti-p65
(D14E12) antibodies were purchased from Cell Signaling Technology (Danvers, MA).
Quantification of the Western blotting was performed using the NIH Image J software.

Human serum samples and estrogen measurement

Patients with alcoholic cirrhosis were eligible for recruitment from University of Louisville
Hospitals between January 2013 and November 2014. Blood was drawn from the cubital
vein of subjects at fasting state. The serum samples were collected at the time of blood
collection and stored at -80°C before analysis. A control group of serum samples were
collected concurrently from healthy patients undergoing screening colonoscopy that
corresponded to patients by gender and age. We collected 6 alcoholic cirrhosis samples and
3 control samples from male subjects. Informed consent was obtained from all participants,
and the study was approved by the Institutional Review Boards at the University of
Louisville. To measure the level of serum estrogen and estrogen metabolite, UPLC/MS-MS
were carried out with a Waters Acquity UPLC system connected with the Xevo TQ triple
quadrupole mass spectrometer as we have previously described [17].

Cell culture and drug treatment

Human primary hepatocytes were obtained through the Liver Tissue Procurement and
Distribution System (Pittsburgh, PA). The Huh7 and HEK 293 cell lines were obtained from
the American Type Culture Collection (Manassas, VA). In experiments without adding
estrogen or estrogen sulfate, cells were cultured in DMEM containing 10% standard fetal
bovine serum (FBS) at 37 °C. In experiments in which estrogen, estrogen sulfate or anti-
estrogen were exogenously added, the cells were maintained in phenol red free DMEM and
dextran coated charcoal stripped FBS before treatment with estrogen or estrogen sulfate.
Chemicals used in this study include: estrone sulfate (cat #£0251), estradiol sulfate (cat #
E9505), p-estradiol (cat #E8875), STX64 (a STS inhibitor; cat #51950), Fulvestrant (an ER
antagonist, also called ICI 182,780; cat #14409), LPS 0111:B4 (a Toll-like receptor 4
agonist;cat #L.4391), phorbol 12-myristate 13-acetate (PMA, a protein Kinase C activator;
cat #P8139) and pyrrolidine dithiocarbamate (PFTC, a NF-xB inhibitor;cat #P8765), all
from Sigma. The recombinant human TNFa (cat #210-TA) was purchased from R&D
Systems. For PDTC treatment, cells were pretreated with PDTC for 30 min prior to the
treatment of NF-xB activators.

STS activity assay

The hepatic STS enzymatic activity, normalized to protein concentrations, was determined
from cell microsomes by an estrone sulfate conversion assay as described before [18].

Measurement of estrogen levels in cell culture medium

Cells were cultured in phenol red free DMEM and charcoal stripped FBS. Cell culture
medium was removed and centrifuged at 15,0009 for 10 min. The estradiol content of the
supernatant was measured by an ELISA assay kit (cat # 582251) from Cayman Chemicals.
The UPLC/MS-MS method was used to measure the estradiol level from culture supernatant
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of cells treated with exogenously added estradiol sulfate. Estrogen concentrations were
normalized by cellular protein concentrations.

Electrophoretic mobility shift assay (EMSA) and chromatin immunoprecipitation (ChIP)
assay EMSA was performed using an in vitro translated p65 protein prepared from T7 Quick
Coupled Transcription/Translation System from Promega (Madison, WI1) and [32P-dCTP]-
labeled DNA probes. The binding reaction mixture consisted of 2 pL of radioactive probe, 4
uL of p65 protein, 1 L of poly (dI-dC) (cat #P4929; Sigma), 4 uL of 5x binding buffer and
sterile water to bring the total volume up to 20 pL. For competition assays, a 200-fold excess
of unlabeled oligonucleotide was added to the reactions. For supershift assays, the binding
reaction mixture was pre-incubated with 1 pL of anti-p65 antibody for 10 min at room
temperature before adding the probe. The binding mixtures were incubated at room
temperature for 20 min before being resolved on 5% polyacrylamide gel in 0.5 x Tris borate-
EDTA at 4 °C for 1-3 h. ChIP assay was performed in Huh7 cells treated with vehicle or 40
ng/mL TNFa for 6 h. The same anti-p65 antibody was used for ChIP analysis following a
two-step cross-linking method as described [19]. See Supplementary Table for the EMSA
and ChIP primer sequences.

Plasmid construction, transient transfections, and luciferase assay

The 5’-regulatory sequence of the human STS promoter was inspected for potential NF-xB
binding sites by using the JASPAR matrices [20]. The WT (nt —447 to +150) the deletion
mutant reporter (nt —56 to +150) was generated by PCR amplification using the human
genomic DNA template. The PCR product was digested with Kpnl and Bglll and inserted
into the same enzyme-digested pGL3-basic luciferase reporter plasmid from Promega.
Mutations of NF-kB sites within the STS reporter plasmids were generated by PCR-based
mutagenesis. See Supplementary Table for the cloning primer sequences. All cloned
sequences were verified by DNA sequencing. HEK 293 cells were transfected in 48-well
plates using the polyethyleneimine polymer transfection reagent. When necessary, cells
were stimulated with drugs for 24 h before the luciferase assay. For experiments in which
estrogen and estrogen sulfate were added or estrogen signaling was evaluated, the cells were
cultured in phenol red free DMEM and charcoal stripped FBS. Relative reporter activity was
calculated by comparing with empty vector-transfected or vehicle-treated cells. All
transfections were performed in triplicates. For knockdown experiments, the human STS
SiRNA (J-009602-09) and control-scrambled siRNA (D-001810-10) were purchased from
Dharmacon Research (Lafayette, CO). SignalSilence® NF-xB p65 siRNA I (cat #6534)
was purchased from Cell Signaling Technology. Transfection of sSiRNA was performed
using DharmaFECT transfection reagent 4 from Dharmacon Research. After siRNA
transfection, the cells were collected at 24 h for mRNA expression analysis, and at 48 h for
protein expression analysis.

Statistical analysis

The Student's t-test was used to calculate statistical significance between two group means.
One-way ANOVA with Dunnett’s test or Tukey’s test was used to compare multiple group
means. Two-way ANOVA with Bonferroni post hoc tests was used to compare two groups
with multiple data sets. The association of STS expression with disease category was
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assessed using the Fisher’s exact test. Spearman rank correlation was used for the gene
expression correlation analysis. P< 0.05 was considered as statistically significant.

Results

Frequent induction of STS in chronic inflammatory liver diseases, and increased estrogen
levels in patients of alcoholic cirrhosis

The CRP is an inflammation marker that also predicts disease progression and clinical
outcome in patients with liver disease [21]. Microarray analysis on a cohort of human liver
samples revealed that the expression of the estrogen re-activating enzyme STS and the
estrogen de-activating enzyme EST were respectively induced and reduced in subjects with
elevated CRP levels (GSE32504) [16]. The regulation of STS (Fig. 1A, left) and EST (Fig.
1A, middle) was verified by real-time PCR. CRP has been reported to promote inflammation
by inducing NF-xB and up-regulation of interleukin-8 (IL-8) [22]. Indeed, our microarray
analysis showed that in the same cohort of patients with elevated CRP level, the expression
of 1L-8 was up-regulated (GSE32504) [16], which was also verified by real-time PCR (Fig.
1A, right).

In addition, our bioinformatic analysis of the Gene Expression Omnibus database revealed
that STS was up-regulated in a cohort of patients with alcoholic hepatitis (GSE28619) [23]
(Fig. 1B, left), which is a progressive inflammatory injury to the liver. Concomitant of STS
induction was the suppression of phase | and phase 11 drug-metabolizing enzymes that are
involved in estrogen metabolism and de-activation, including CYP1A2, CYP3A4 and EST
(Fig. 1B, middle left). Further analysis of this dataset revealed significant inverse
correlations between the mRNA expression of STS and CYP1A2 (Spearman R = -0.69; P =
0.0004), CYP3A4 (Spearman R = -0.69; P = 0.0003) and EST (Spearman R = —0.77; P <
0.0001). In patients of alcoholic hepatitis, the expression of I1L-8 was also up-regulated (Fig.
1B, middle right), whose expression was positively correlated with the expression of STS

(Fig. 1B, right).

To validate the STS induction at the protein level, we performed IHC staining of STS on
liver sections from control, cirrhosis or chronic hepatitis subjects. The STS protein exhibited
a cytoplasmic distribution pattern, whereas the negative control in which the primary
antibody was omitted had no detectable staining (Fig. 1C). We categorized patient samples
into weak or strong staining groups according to the immunoreactivity of STS. The
incidence of chronic hepatitis and cirrhosis was found to be positively associated with the
expression of STS (Table 1).

At the functional level, we reasoned the induction of estrogen re-activating STS and the
suppression of estrogen-deactivating CYP3A4/CYP1A2/EST might have functioned in
concert to increase the estrogen activity in chronic inflammatory liver disease. Indeed, we
found that patients with alcoholic cirrhosis showed an increased serum level of estrone and a
reduced level of estrone sulfate (Fig. 1D).

Since alcohol consumption has been reported to change estrogen levels and affect estrogen
receptor signaling [2, 24], we tested the direct effect of alcohol on STS expression by
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treating primary human hepatocytes with ethanol in the presence or absence of LPS, an
inflammatory inducer. We found that neither the basal nor the LPS-induced STS expression
was affected by ethanol (Fig. 1E). The effect of LPS in inducing inflammation was
confirmed by the induction of IL-8 (data not shown). However, we cannot exclude the
possibility that alcohol may independently affect hepatic STS expression in patients in vivo.

Treatment of human hepatocytes with NF-xB activators induces the expression and
activity of STS

The positive correlation between the expression of STS and the level of CRP/IL-8 strongly
suggested an association between inflammation and STS gene expression. The NF-xB
family of transcription factors mediates various aspects of the inflammatory responses.
Chronic NF-kB activation has been implicated in several chronic liver diseases, such as
hepatitis, liver fibrosis, cirrhosis and hepatocellular carcinoma. To determine whether
activation of NF-xB induced STS expression in liver cells, we treated primary human
hepatocytes with LPS, which signals through the toll-like receptors to stimulate NF-xB [25].
Treatment with LPS increased STSmRNA expression (Fig. 2A, left). In the same LPS-
treated primary human hepatocytes, the expression of estrogen-deactivating enzymes
CYP3A4, CYP1A2 and EST was down-regulated (Fig. 2A, middle), which was consistent
with the patient results (Fig. 1A and B). The induction of STS seemed to be human-specific,
because treatment of mice with LPS had little effect on the hepatic expression of Ss (Fig.
2A, right). The protein expression (Fig. 2B) and enzymatic activity (Fig. 2C) of STS were
also induced by LPS, as well as by two other NF-xB activators TNF-a [26] and PMA [27].

To determine whether activation of NF-xB was necessary for the STS induction, we
analyzed the STS induction in the presence of a selective NF-xB inhibitor PDTC [28]. As
shown in Fig. 2B, pretreatment of primary hepatocytes with PDTC abolished the protein
induction of STS by all three NF-xB activators, suggesting the induction was NF-xB
dependent. The NF-xB-dependent regulation of STS at the mRNA (Fig. 2D), protein (Fig.
2E) and enzymatic (Fig. 2F) levels was also observed in the human hepatoma Huh7 cell line.
Since PDTC has been reported to inhibit 113-hydroxysteroid dehydrogenase [29] and thus
may elicit off-target effect, we also used p65 siRNA to study the role of NF-xB in STS
induction. Consistent with the pharmacological inhibition by PDTC, genetic knockdown of
p65 by siRNA also attenuated the expression of STS in PMA-treated Huh7 cells (Fig. 2G),
further suggesting that the STS induction was NF-xB dependent.

Promoter analysis establishes STS as a NF-xB target gene

To determine whether STS is a direct NF-kB target gene, we cloned the human STS gene
promoter and analyzed its regulation by NF-kB. Inspection of the 5’-flanking region of the
STS gene revealed three potential NF-xB binding motifs located between nucleotides =50
and -500 (Fig. 3A). EMSA was used to assess the ability of these binding sites to form
complexes with the p65 protein, a major subunit of the NF-xB transcription complex. We
radiolabeled STS probes containing an individual NF-xB binding site and their mutant
variants. As shown in Fig. 3B, the radiolabeled WT probes formed complexes with p65 with
mobilities similar to that of the complex formed with the consensus NF-xB binding site
derived from the MHC class Il-associated invariant chain gene [30]. All three NF-xB
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binding sites were able to bind to p65, with NF-xB2 and NF-xB3 showing the strongest and
weakest binding, respectively. Mutations of the putative NF-xB binding sites attenuated or
eliminated the p65 binding, demonstrating the site-specific binding. The binding specificity
was further confirmed by competition experiments, in which excess unlabeled WT probes,
but not mutant probes, out-competed the p65 binding with the radiolabeled WT probes. To
verify the identity of the protein bound to the DNA, the p65 antibody was included in the
binding reaction, which decreased the mobility of the protein-DNA complex with a
supershift. ChIP assay on TNFa-treated Huh7 cells was used to assess the in situ recruitment
of p65 to the three NF-xB sites. As shown in Fig. 3C, the p65 protein was significantly
recruited to NF-xB1 and NF-xB2, but not NF-xB3, upon the TNFa stimulation. The
recruitment of p65 to a classical NF-xB site in the IL-8 gene promoter was included as a
positive control.

To functionally test the STS gene promoter and the three NF-xB binding sites, we cloned
the WT (nt —447 to +150), mutant and deletion variant of the STS promoter sequences and
placed them upstream of the luciferase reporter gene. The luciferase reporters were
transfected into human HEK?293 cells. As shown in Fig. 3D, co-transfection of p65 induced
the luciferase reporter gene driven by the WT STS promoter, but not by the deletion mutant
lacking all three NF-kxB binding sites or when all three sites were mutated. When the NF-xB
binding sites were mutated individually, mutations of NF-xB1 or NF-xB2 alone abolished
the transactivation by p65. However, mutation of NF-xB3 alone failed to abolish the p65
effect, consistent with its weak p65 binding in EMSA and lack of p65 recruitment in ChIP
assay.

The inflammatory induction of STS induces estrogen activity in liver cells

Estrogen sulfates are the preferred STS substrates that exist in high concentrations in vivo
[9]. We then hypothesized that the induction of STS by NF-xB activators may convert the
inactive estrogen sulfates to active estrogens, and thus enhance estrogen signaling in the
liver cells. Indeed, treatment of Huh7 cells cultured in charcoal stripped FBS with PMA
increased the estrogen level in the cell culture supernatant, which was abolished upon siSTS
knockdown (Fig. 4A). The STS knockdown efficiency was confirmed at both the mRNA
and protein levels (Fig. 4B and 4C). The estrogen may have been converted from serum
estrogen sulfate in the charcoal stripped FBS, which contained high levels of estrogen
sulfate but little estrogen (data not shown). Indeed, treatment of Huh7 cells with
exogenously added estradiol sulfate increased the culture supernatant level of estradiol likely
due to the expression of endogenous STS, whereas co-treatment with the STS-inducing
PMA further increased the estradiol level (Fig. 4D). Consistent with the increased estrogen
levels, the estrogen activity as measured by the activation of the estrogen-responsive
luciferase reporter gene ERE-Luc, was enhanced by the PMA treatment (Fig. 4E). The
induction of ERE-Luc by PMA was both NF-xB and STS dependent, because pretreatment
of cells with PDTC or the STS inhibitor STX64 [31] attenuated the PMA effect in inducing
the reporter activity (Fig. 4E). The PMA effect on the ERE-Luc reporter gene was also
abolished in cells treated with the ER antagonist ICI (Fig. 4E), suggesting that the PMA
effect on the ERE-Luc reporter was estrogen/ER dependent. When the expression of
endogenous estrogen-responsive genes TFF1 and XBP1 [32, 33] was measured, we found
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the expression of both genes was induced by TNFa, and this induction was abolished when
STS was knocked-down by siSTS (Fig. 4F).

The inflammation-responsive and STS-mediated induction of estrogen activity attenuates
the inflammatory response in liver cells, possibly through the inhibition of IxB kinase (IKK)

activation

Given the known anti-inflammatory activity of estrogens [15], we further hypothesized that
the induction of STS in response to NF-«xB activation may help to attenuate the NF-xB
response by activating the estrogen signaling pathway. Using an NF-xB responsive
luciferase reporter gene, we showed the PMA-induced activation of NF-xB was attenuated
by the treatment of either estrone sulfate or estradiol (Fig. 5A). The effect of estrone sulfate
may have resulted from its conversion to estrone by the endogenous STS. In contrast, the
PMA-induced NF-xB activation was enhanced by STX64 and ICI (Fig. 5B), presumably by
inhibiting the STS-mediated estrogen formation and a direct inhibition of estrogen activity,
respectively. When the expression of endogenous inflammatory/NF-«xB target genes was
measured, we found the TNFa-responsive activation of IL-8 and MCP-1 or VCAM was
enhanced when STS was pharmacologically inhibited by STX64 (Fig. 5C) or genetically
knocked down by siSTS (Fig. 5D). The pattern of the STX64 and siSTS effect was
recapitulated in cells co-treated with ICI (Fig. 5E), suggesting the effect of STX64 and
SiSTS was achieved through the inhibition of estrogen/ER signaling.

To understand the molecular mechanism by which estrogens inhibited NF-xB, we analyzed
the activation of IKK, which is an upstream kinase for NF-xB activation [34]. Pretreatment
of Huh7 cells with estradiol attenuated the PMA-induced phosphorylation of IKK a and
(Fig. 5F). In contrast, the PMA-induced IKK a and 3 phosphorylation was enhanced by the
co-treatment of STX64 or ICI (Fig. 5G). These results suggested that the estrogen/ER
signaling may inhibit NF-xB activation and inflammation by blocking the IKK
phosphorylation.

Discussion

In this study, we have uncovered a novel endocrine basis for the estrogen excess in chronic
liver diseases. Based on our results, we propose a negative feedback loop in chronic

inflammatory liver diseases that is triggered initially by inflammation and activation of NF-
kB, which then induces STS gene expression in hepatocytes and converts inactive estrogen
sulfates into active estrogens. The resulting estrogens in return, inhibit the NF-xB-mediated
inflammation via the estrogen/ER signaling, thereby completing the negative feedback loop

(Fig. 6).

Chronic inflammatory liver diseases are commonly associated with estrogen excess. The
conventional explanation is that liver damage weakens the liver's ability to metabolically
deactivate estrogens. Indeed, in both cohorts of patients we analyzed, the expression of
estrogen deactivating enzymes CYP1A2, CYP3A4 and EST was decreased. In the current
study, we presented comprehensive evidence demonstrating that in addition to the down-
regulation of estrogen deactivating enzymes, the transcriptional activation of the estrogen-
generating STS may have also contributed to the estrogen excess. Consistent with our
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hypothesis, patients with alcoholic cirrhosis showed decreased estrogen sulfate and
increased estrogen levels in their serum. Considering the high circulating level and longer
half-life of estrogen sulfates, it is even possible that the induction of STS may have played a
dominating role in causing the estrogen excess in patients of chronic inflammatory liver
diseases. Our results also provided an explanation why changes in steroid hormone levels in
patients can occur before the liver functions are compromised [7]. However, we cannot
exclude the possibilities that other mechanisms may also contribute to the estrogen excess in
liver disease, such as the alcohol responsive increase of conversion of androgens to
estrogens, and the relative hyperestrogenism due to alcohol induced gonadal toxicity as seen
in some patients with alcoholic liver disease [35].

One of our most interesting and surprising findings is the inflammatory induction of STS
and the establishment of STS as a NF-xB target gene. This finding is intriguing because
most drug- metabolizing enzymes as well as transporters are suppressed by inflammation
and NF-xB [36]. It is interesting to note that the induction of STS was human-specific
because LPS treatment had little effect on the expression of Sts in the mouse liver. The
species specificity of the regulation may be due to the substantial divergence between the
human and mouse STS genes. The genomic DNA of the mouse Sts gene spans
approximately 9-kb, which is substantially smaller than its 146-kb human counterpart [37,
38]. Despite the much-appreciated biological significance of STS, the transcriptional
regulation of this gene has been poorly understood. It has been reported that the human STS
gene promoter resembled neither a tightly regulated gene that often contains a TATA box to
position the RNA polymerase, nor a housekeeping gene that is usually GC rich and contains
binding sites for the Sp1 transcriptional factor. The human STS promoter is GC poor and
lacks the TATA box and Spl binding sites [39]. In the current study, we established the
human STS gene as a transcriptional target of NF-xB. NF-«B transactivates STS gene
expression through its binding sites in the STS gene promoter.

The biological and clinical relevance of the inflammatory regulation of STS is also
intriguing. Our results clearly show that the inflammatory induction of STS enhances
estrogen activity, which subsequently attenuates the NF-xB activation and inflammatory
response, possibly through the inhibition of IKK activation. The NF-xB and STS mediated
negative feedback loop to limit the NF-xB activity may however represent a double-edged
sword. Although the consequent increase in estrogen activity can limit inflammation as
suggested by our results, the induction of STS does have a potential to prevent the host’s
ability to launch an efficient and pro-survival inflammatory response. It is possible that the
significance of this negative feedback loop in liver diseases is disease stage-specific,
because the NF-xB-mediated inflammation in hepatocytes plays a dual role in the
progression of liver diseases. In the early stages of liver diseases, activation of NF-xB helps
to fight infection and prevent hepatocyte death by inducing the anti-apoptotic genes. In the
late stages, however, NF-xB also promotes the survival of hepatocytes harboring oncogenic
mutations, which increase the risk of hepatocellular carcinoma. Future studies are necessary
to pinpoint the stage when NF-«xB activation becomes oncogenic, so that more precise
treatment can be launched. On the other hand, the anti-inflammatory effect of estrogen may
not be limited to the suppression of NF-kB. Activation of the estrogen signaling has been
reported to inhibit the development of fatty liver, which is an important cause of hepatic
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inflammation [40]. Although estrogens may have beneficial effect in inhibiting
inflammation, potential adverse effects, such as tumor promotion, risk of cardiovascular
disease and feminization of males, limit the utility of systemic estrogen therapies. It will be
ideal that selective ER modulators can be developed to protect against liver injury without
causing adverse effect to extrahepatic tissues. More studies are needed in order to validate
STS activation or other estrogen-related therapies in the management of chronic liver
diseases.

Among the limitations, although the chemical inhibitors we used in this study, such as the
STS inhibitor STX64, NF-xB inhibitor PDTC, and ER antagonist ICI 182,780, are well-
established inhibitors to manipulate protein activities, we cannot exclude the possibilities
that these chemicals may interfere with the off-target regulatory pathways [29]. It is
encouraging to note that in the case of STS and NF-kB, the results from the use of
pharmacological inhibitors were consistent with those obtained from the genetic SIRNA
knockdowns. In conclusion, our results provide a novel endocrine basis for the estrogen
excess in chronic liver diseases, pointing to a critical and comprehensive role of the hepatic
microenvironment in the regulation of estrogen homeostasis. We propose that the
inflammatory regulation of STS represents a novel mechanism to control estrogen
homeostasis and inflammation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Frequent induction of STS in chronic inflammatory liver diseases, and increased
estrogen levels in patients of alcoholic cirrhosis

(A) Hepatic mRNA expression of STS (left), EST (middle) and IL-8 (right) in patients with
normal or elevated CRP (GSE32504)as determined by real-time PCR. (B) Hepatic mMRNA
expression of STS(left), CYP3A4, CYP1A2 and EST (middle left) and IL-8 (middle right),
and correlation between the expression of 1L-8 and STS (right) in control subjects and
patients with alcoholic hepatitis (GSE28619). (C) IHC analysis of STS expression. The top
panels are representative cases showing STS expression in control, hepatitis and cirrhosis
patients. The bottom panels are corresponding controls without the use of primary anti-STS
antibody. (D) Serum level of estrone (left) and estrone sulfate (right) in control subjects and
patients with alcoholic cirrhosis from the University of Louisville Hospitals. (E) The mRNA
expression of STS in human primary hepatocytes treated with vehicle (VEH), LPS (1 ug/
mL), Ethanol (EtOH, 100 uM) or LPS + Ethanol for 6 h. *, P<0.05; **, P<0.01; ***,
P<0.001; NS, statistically not significant.
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Figure 2. Treatment of human hepatocytes with NF-xB activators induces the expression and
activity of STS

(A) The mRNA expression of STS (left) and CYP3A4, CYP1A2 and EST (middle) in human
primary hepatocytes (HPH) treated with VEH or LPS (1 ug/mL) for 24 h, or mouse liver
treated with LPS (5 mg/kg) for 24 h. *, P<0.05; ***, P<0.001. (B) Western blotting results.
Top panel: the STS protein expression in HPH treated with VEH, LPS (1 pg/ml), or LPS (1
ug/ml) + PDTC (50 uM) for 24 h. Middle panel: the STS protein expression in HPH treated
with VEH, PMA (50 ng/mL) or TNFa (40 ng/mL) for 24 h. Bottom panel: the effect of
PDTC (50 uM) co-treatment on PMA (50 ng/mL) or TNFa (40 ng/mL) induced STS protein
expression in HPH. (C) The STS enzymatic activities in HPH treated with VEH, TNFa (40
ng/mL), PMA (50 ng/mL), or LPS (1 ug/ml). *, P<0.05; **, P<0.01. (D to F) The mRNA
expression (D), protein expression (E) and enzymatic activities (F) of STS in Huh7 cells
treated with vehicle, PMA (50 ng/mL) or TNFa (40 ng/mL) for 24 h. When applicable, the
cells were co-treated with PDTC (50 uM). (G) The protein expression of p65 and STS in
PMA (50 ng/mL)-treated Huh7 cells that were transfected with control siRNA or sip65. *,
P<0.05; ***, P<0.001.
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Figure 3. STS is a transcriptional target of NF-xB

(A) Schematic diagram of the 5’-flanking region of the human STS gene and the three
putative NF-kB binding sites. Sequences of the WT and mutant NF-xB binding sites and a
consensus NF-xB binding site are shown. (B) The binding of p65 to the three STS NF-xB
binding sites was evaluated by EMSA. (C) The recruitment of p65 to the three STS NF-xB
binding sites was evaluated by ChIP assay on Huh7 cells treated with VEH or TNFa using
an anti-p65 antibody. The recruitment of p65 to a NF-xB binding site on the IL-8 gene
promoter was included as a positive control. (D) The transactivation of the WT and mutant
STS promoter by p65 was evaluated by transient transfection and luciferase reporter assay.
Results are fold induction over the luciferase activity of the empty vector pGL-3 from
triplicate assays. *, P<0.05; **, P<0.01.

J Hepatol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Jiang et al.

Page 19
A B
10 i 157sTS c
5 . [CVeH < siControl  siSTS
° 2
HE L =
"]
E 4 28 10 04
i 25 ‘
w 8 x -actin
o 2 e % [— B
e
0 0.0
siControl  siSTS siControl siSTS
3 VEH-siControl
[ TNFo-siControl
D E EREdwc, e . F [ VEH-siSTS
5 b B TNFo-siSTS
80 A 25

* *
U M| -
2.0 —_

w

Fold induction
N

ng E2/mg protein
»
o
Relative mRNA
expression

-

=]

0
E2S+ PMA+ PMA+ PMA+ 0.0

VEH E2§
PMA VEH PMA ohre sTx  I1CI TFF1 XBP1

Figure 4. The inflammatory induction of STS enhances estrogen activity in Huh? cells
(A to C) The E; levels in cell culture supernatant from control SiRNA or siSTS-transfected

Huh7 cells treated with either VEH or PMA (50 ng/mL) for 24 h (A). The knockdown
efficiency of siSTS as determined by real-time PCR (B) and Western blotting (C). (D) The
level of E, in cell culture supernatant of Huh7 cells treated with VEH, E,S (10 pM), or E,S
(10 puM) + PMA (50 ng/mL) for 24 h. (E) The effects of PDTC (25 uM), STX (10 uM) or
ICI (100 nM) on PMA (50 ng/mL)-induced ERE-luciferase reporter activity. (F) TNFa (40
ng/mL)-induced expression of estrogen-responsive genes in Huh7 cells transfected with
control sSiRNA or siSTS.
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Figure 5. The inflammation-responsive and STS-mediated induction of estrogen activity
attenuates the inflammatory response in Huh? cells

(A) Treatment of Huh7 cells with E1S (100 nM) or E; (10 nM) attenuated the PMA (50 ng/
mL)-induced NF-kB luciferase reporter activity. (B) The effect of STX (10 uM) or ICI (100
nM) on PMA (50 ng/mL)-induced NF-xB reporter activity. (C to E) The effect of STX (10
M) (C), siSTS (D), or ICI (100 nM) (E) on TNFa (40 ng/mL)-induced expression of
endogenous NF-kB target genes. (F and G) The effects of E2 (F) and ICI and STX (G) on
PMA-induced phosphorylation of IKK a and § as shown by Western blotting.
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Chronic inflammation

Hepatocyte

Figure 6. A proposed STS-mediated negative feedback loop in chronic inflammatory liver
disease that limits the activity of NF-xB and attenuates inflammation

During chronic inflammation, inflammatory mediators such as LPS and TNFa act on
hepatocytes to elicit NF-xB activation. NF-kB then induces the expression of STS, which
converts inactive estrogen sulfates to active estrogens and increases estrogen level in the
liver and circulation. The estrogens/ER signaling in return suppresses the NF-xB response
and inhibits inflammation.
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Table 1

IHC analysis of STS in patients with chronic liver disease.

STS Staining

Total cases Weak (%) Strong (%) P-values

Control liver 24 17 (70.8) 7(29.2)
Chronic hepatitis 32 12 (37.5) 20 (62.5) 0.017"
Cirrhosis 29 7(24.1) 22(75.9) 0.0009™™*

Control liver vs. disease group.
P<0.05;

*%

*
P<0.001.
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