

29

Name of journal: World Journal of Gastroenterology
ESPS Manuscript NO: 16573
Columns: REVIEW

Androgens and esophageal cancer: What do we know?

Sukocheva OA et al. Androgens in esophageal cancer

Olga A Sukocheva, Bin Li, Steven L Due, Damian J Hussey, David I Watson

Olga A Sukocheva, Bin Li, Steven L Due, Damian J Hussey, David I Watson, Flinders University Department of Surgery, Flinders Medical Centre, Adelaide, South Australia 5042, Australia

Author contributions: Sukocheva OA and Li B wrote the first draft; Due SL, Hussey DJ and Watson DI critically reviewed and edited the paper; all authors contributed to design and structure of the paper.

Conflict-of-interest: The authors declare no conflicts of interest.

[bookmark: OLE_LINK507][bookmark: OLE_LINK506][bookmark: OLE_LINK496][bookmark: OLE_LINK479]Open-Access: This article is an open-access article which was selected by an in-house editor and fully peer-reviewed by external reviewers. It is distributed in accordance with the Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work non-commercially, and license their derivative works on different terms, provided the original work is properly cited and the use is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/

Correspondence to: David I Watson, Professor, Head, Flinders University Department of Surgery, Flinders Medical Centre, Room 3D211, Bedford Park, South Australia 5042, Australia. david.watson@flinders.edu.au

Telephone: +61-8-82046086
Fax: +61-8-82046130
Received: January 23, 2015 
Peer-review started: January 24, 2015
First decision: March 10, 2015
Revised: March 27, 2015
[bookmark: OLE_LINK99][bookmark: OLE_LINK104]Accepted: April 16, 2015
 
Article in press:
Published online:

Abstract
Significant disparities exist between genders for the development and progression of several gastro-intestinal (GI) diseases including cancer. Differences in incidence between men vs women for colon, gastric and hepatocellular cancers suggest a role for steroid sex hormones in regulation of GI carcinogenesis. Involvement of intrinsic gender-linked mechanisms is also possible for esophageal adenocarcinoma as its incidence is disproportionally high among men. However, the cause of the observed gender differences and the potential role of androgens in esophageal carcinogenesis remains unclear, even though the cancer-promoting role of androgen receptors (AR) shown in other cancers such as prostate and bladder suggests this aspect warrants exploration. Several studies have demonstrated expression of ARs in esophageal cancer. However, only one study has suggested a potential link between AR signaling and outcome - poorer prognosis. Two groups have analyzed data from cohorts with prostate cancer and one of these found a decreased incidence of esophageal squamous and adenocarcinoma after androgen deprivation therapy. However, very limited information is available about the effects of androgen and AR-initiated signaling on esophageal cancer cell growth in vitro and in vivo. Possible mechanisms for androgens/AR involvement in the regulation of esophageal cancer growth are considered, and the potential use of AR as a prognostic factor and clinical target is highlighted, although insufficient evidence is available to support clinical trials of novel therapies. As esophageal adenocarcinoma is a gender linked cancer with a large male predominance further studies are warranted to clarify the role of androgens and ARs in shaping intracellular signaling and genomic responses in esophageal cancer.

Key words: Esophageal cancer; Androgens; Androgen receptor

[bookmark: OLE_LINK98][bookmark: OLE_LINK156][bookmark: OLE_LINK196][bookmark: OLE_LINK217][bookmark: OLE_LINK242][bookmark: OLE_LINK247][bookmark: OLE_LINK311][bookmark: OLE_LINK312][bookmark: OLE_LINK325][bookmark: OLE_LINK330][bookmark: OLE_LINK513][bookmark: OLE_LINK514][bookmark: OLE_LINK464][bookmark: OLE_LINK465][bookmark: OLE_LINK466][bookmark: OLE_LINK470][bookmark: OLE_LINK471][bookmark: OLE_LINK472][bookmark: OLE_LINK474][bookmark: OLE_LINK512][bookmark: OLE_LINK800][bookmark: OLE_LINK982][bookmark: OLE_LINK1027][bookmark: OLE_LINK504][bookmark: OLE_LINK546][bookmark: OLE_LINK547][bookmark: OLE_LINK575][bookmark: OLE_LINK640][bookmark: OLE_LINK672][bookmark: OLE_LINK714][bookmark: OLE_LINK651][bookmark: OLE_LINK652][bookmark: OLE_LINK744][bookmark: OLE_LINK758][bookmark: OLE_LINK787][bookmark: OLE_LINK807][bookmark: OLE_LINK820][bookmark: OLE_LINK862][bookmark: OLE_LINK879][bookmark: OLE_LINK906][bookmark: OLE_LINK928][bookmark: OLE_LINK960][bookmark: OLE_LINK861][bookmark: OLE_LINK983][bookmark: OLE_LINK1334][bookmark: OLE_LINK1029][bookmark: OLE_LINK1060][bookmark: OLE_LINK1061][bookmark: OLE_LINK1348][bookmark: OLE_LINK1086][bookmark: OLE_LINK1100][bookmark: OLE_LINK1125][bookmark: OLE_LINK1163][bookmark: OLE_LINK1193][bookmark: OLE_LINK1219][bookmark: OLE_LINK1247][bookmark: OLE_LINK1284][bookmark: OLE_LINK1313][bookmark: OLE_LINK1361][bookmark: OLE_LINK1384][bookmark: OLE_LINK1403][bookmark: OLE_LINK1437][bookmark: OLE_LINK1454][bookmark: OLE_LINK1480][bookmark: OLE_LINK1504][bookmark: OLE_LINK1516][bookmark: OLE_LINK135][bookmark: OLE_LINK216][bookmark: OLE_LINK259][bookmark: OLE_LINK1186][bookmark: OLE_LINK1265][bookmark: OLE_LINK1373][bookmark: OLE_LINK1478][bookmark: OLE_LINK1644][bookmark: OLE_LINK1884][bookmark: OLE_LINK1885][bookmark: OLE_LINK1538][bookmark: OLE_LINK1539][bookmark: OLE_LINK1543][bookmark: OLE_LINK1549][bookmark: OLE_LINK1778][bookmark: OLE_LINK1756][bookmark: OLE_LINK1776][bookmark: OLE_LINK1777][bookmark: OLE_LINK1868][bookmark: OLE_LINK1744][bookmark: OLE_LINK1817][bookmark: OLE_LINK1835][bookmark: OLE_LINK1866][bookmark: OLE_LINK1882][bookmark: OLE_LINK1901][bookmark: OLE_LINK1902][bookmark: OLE_LINK2013][bookmark: OLE_LINK1894][bookmark: OLE_LINK1929][bookmark: OLE_LINK1941][bookmark: OLE_LINK1995][bookmark: OLE_LINK1938][bookmark: OLE_LINK2081][bookmark: OLE_LINK2082][bookmark: OLE_LINK2292][bookmark: OLE_LINK1931][bookmark: OLE_LINK1964][bookmark: OLE_LINK2020][bookmark: OLE_LINK2071][bookmark: OLE_LINK2134][bookmark: OLE_LINK2265][bookmark: OLE_LINK2562][bookmark: OLE_LINK1923][bookmark: OLE_LINK2192][bookmark: OLE_LINK2110][bookmark: OLE_LINK2445][bookmark: OLE_LINK2446][bookmark: OLE_LINK2169][bookmark: OLE_LINK2190][bookmark: OLE_LINK2331][bookmark: OLE_LINK2345][bookmark: OLE_LINK2467][bookmark: OLE_LINK2484][bookmark: OLE_LINK2157][bookmark: OLE_LINK2221][bookmark: OLE_LINK2252][bookmark: OLE_LINK2348][bookmark: OLE_LINK2451][bookmark: OLE_LINK2627][bookmark: OLE_LINK2482][bookmark: OLE_LINK2663][bookmark: OLE_LINK2761][bookmark: OLE_LINK2856][bookmark: OLE_LINK2993][bookmark: OLE_LINK2643][bookmark: OLE_LINK2583][bookmark: OLE_LINK2762][bookmark: OLE_LINK2962][bookmark: OLE_LINK2582]© The Author(s) 2015. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Esophageal cancers, especially adenocarcinoma, are gender-linked malignancies, with a male predominance. Previous studies have demonstrated expression of androgen receptors in both adenocarcinoma and squamous cell esophageal cancer. However, the impact of androgens in development and progression of these cancers is unclear. Androgen –deprivation therapy has not been explored, even though it is successfully used in treatment of prostate cancers. Further studies are warranted to clarify the role of androgens and androgen receptors in shaping intracellular signaling and genomic responses in esophageal cancer.
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WHY ANDROGEN RECEPTORS?
Gender associated differences in the incidence of various gastrointestinal (GI) cancers are well recognized, with some diseases dominated by the female gender, including gallstone disease and primary biliary cirrhosis, and others by the male gender, including gastroesophageal reflux disease (GERD) and colon cancer[1-4]. Esophageal cancers of both major subtypes show a male predilection, occurring 3-4 times more commonly in men than women globally[5]. This is most marked for esophageal adenocarcinoma (EAC), with reported sex ratios (M:F) ranging from 5:1 in France, 6:1 in Australia and Sweden, 8:1 in the United States to 10:1 in the United Kingdom[6-8]. An analysis of the Surveillance, Epidemiology and End Results (SEER) Registry in the United States confirmed a significant rise in EAC among males and a slower rise in females from 1973 to 2008, with an overall M:F ratio of 7.66[8]. This gender bias towards men is out of proportion to the gender distribution for the underlying risk factors, predominantly obesity and gastroesophageal reflux disease (GERD)[9]. For the other major subtype, esophageal squamous cell cancer (ESCC), a male propensity also occurs, but is less marked than in EAC, and it appears to occur concomitantly with male dominance of the main risk factors, smoking and alcohol consumption[10]. Reasons for the disproportionate rise in EAC in men have not been investigated in detail, but some studies implicate sex hormones as contributing factors[11].
Sex steroid hormones, predominantly estrogens in women and androgens in men, demonstrate gender specific concentration profiles. These hormones regulate cell growth and behavior via a variety of estrogen and androgen receptor subtypes which are distributed widely throughout normal and abnormal human tissues, including cancers. The role of sex hormones in the development of prostate and breast cancers is well known[12,13]. Estrogen receptors (ER) have been shown to have a role in esophageal adenocarcinomas[14,15]. Androgen receptors (AR) are also widely expressed in human tissues and have been identified in esophageal cancer[16-20]. Higher circulating levels of testosterone and dihydrotestosterone (DHT) have been identified in patients who develop Barrett’s esophagus, the precursor lesion for EAC, after controlling for age, body mass index (BMI), and GERD symptom profiles[21]. Analysis of the SEER database has shown that patients with a previous diagnosis of prostate cancer are less likely to develop EAC, raising the possibility that the androgen deprivation therapy used for prostate cancer may reduce the risk of EAC[22]. This study also found that the incidence of ESCC was lower in individuals with a previous diagnosis of prostate cancer and suggested that lifestyle modifications could be an additional factor. Nevertheless, the presence of ARs in EAC and the association between testosterone and Barrett’s esophagus suggest that androgens might play a role in the development of EAC, and would provide a logical explanation for the male dominance of the disease[21].
However, this hypothesis is contradicted by findings in overweight or obese individuals who develop esophageal adenocarcinoma. As obesity has been unequivocally shown to be a major risk factor for the development of esophageal adenocarcinoma, consideration must also be given to the lower level of circulating androgens in obese individuals[9,23]. Testosterone is converted into estrogens in intra-abdominal adipose tissues by aromatase, and this might further decrease local concentration of androgens. Hence, local conversion of androgens to estrogens might contribute to the development of EAC, and provide an explanation for an interaction between obesity, androgens, and male gender in the genesis of EAC.

CIRCULATING ANDROGENS
Testosterone, dihydrotestosterone (DHT), androstenedione, and dehydroepiandrosterone (DHEA) and its sulfate (DHEAS) comprise the group of circulating human androgens which prevail in men. These are 19-carbon steroid molecules synthesized from cholesterol in the adrenal cortex, testes (in men) and ovaries (in women). Androgens can be converted into 18-carbon estrogens by aromatase enzymes predominantly in the liver, but also in gonadal, adipose and other tissues. An estimated 5% of the serum testosterone produced in men is catalyzed to the more potent androgen DHT by 5α reductase enzymes. Androgen receptor (AR) affinity of DHT is 3-fold greater than the affinity of testosterone and 15- to 30-fold greater than adrenal androgens affinity[24]. High AR affinity of DHT makes this androgen the most potent hormone activator of AR-regulated transcription. The more abundant but less potent adrenal steroids DHEA and DHEAS, are precursors for intracellular production of more active androgens, and also estrogens under 5α reductase and aromatase activity[25] .
The vast majority of testosterone circulates bound to plasma proteins: 40%–50% of testosterone is bound to albumin, 50%–60% is strongly bound to sex hormone-binding globulin (SHBG), with only 1%-2% being free[26]. Both free testosterone and albumin-bound testosterone are bioavailable. However, they show some differences in biological effects[27]. For instance, free testosterone and DHT act via ARs in the cell nucleus and regulate AR-dependent gene transcription. Protein bound circulating androgens, however, are biologically active by a different signaling pathway. Testosterone and DHT bound to SHBG has been shown to act via a specific cytoplasmic G-protein coupled SHBG receptor in prostate cancer cells, rather than by binding nuclear AR[28]. Thus, the free circulating androgens are a potent minority and act via nuclear AR, whereas SHBG-bound testosterone and DHT may exert effects by cytoplasmic SHBG receptors.
The levels of all androgens increase at puberty and peak during adolescence, then gradually decrease with age[29]. Alterations in the ratios of circulating androgens followed by depletion of sex steroid hormones are important consequences of normal aging and are associated with vulnerability to disease in hormone-responsive tissues[30]. The significant decline in male sex steroids, and its clinical consequences, has been dubbed androgen deficiency in aging males (ADAM)[30]. In contrast to menopause in females, androgen deficiency in aging males is rarely accompanied by the loss of reproductive function. Androgen deficiency in aging males associated hormonal changes are gradual, with bioavailable testosterone levels declining 2%–3% annually from approximately 30 years of age[30,31].
In woman, testosterone is produced primarily through peripheral conversion of androstendione (50%). Testosterone is also produced in the ovaries (25%) and the adrenal glands (25%)[32]. During pregnancy, the placenta may also serve as a source of the testosterone[33]. There is at least a 10-fold difference in testosterone levels between males and females of reproductive age. The plasma concentration of the hormone in males is between 10 to 35 nmol/L and in females is 0.7-2 nmol/L[34]. This contrast adds support to the hypothesis that estrogens might be protective against development of gastrointestinal cancers, but androgens may facilitate carcinogenesis[15,35]. This hypothesis is compatible with epidemiological data, which show a decline in male dominance in older age groups, i.e., postmenopausal females. The SEER dataset has shown a peak gender ratio of 11:1 in favor of males in the 50-54 years age bracket, but falling to 4:1 in the 75-79 year age group[8].

ANDROGEN RECEPTOR SIGNALING
Androgens regulate protein synthesis and influence tissue remodeling via the AR, which along with other steroid hormone receptors are members of the nuclear receptor superfamily[36] (Figure 1). As the AR gene is located on the X chromosome (Xq11.2) it exists as a single copy in males. The AR protein is a ligand-inducible zinc finger transcription factor that regulates target gene expression[37]. Androgen receptors possess four structurally and functionally distinct domains: the NH2-terminal transactivation domain, the DNA-binding domain, a hinge region and the COOH-terminal ligand-binding domain[37]. Two AR isoforms have been found: the predominant isoform B (110 kDa) and the less dominant and shorter isoform A (80 kDa)[38]. Novel AR splice variants designated AR3, AR4 and AR5 in androgen-insensitive prostate cancer cell lines have recently been described[39] .
Non-ligand-bound AR is located in the cytoplasm where it associates with heat shock proteins (HSPs). Ligand binding induces a conformational change in the AR, resulting in release of heat-shock proteins, dimerization, phosphorylation, and translocation of the complex to the nucleus (Figure 1). Microtubule proteins, specifically filamin A (FlnA) help to transport ligand-AR complexes to the cell nucleus[40]. Homo-dimerized AR interacts with a constellation of transcriptional co-regulators and transcription factors leading to specific transcriptional activation or repression of target genes[41]. AR-inducible genes coordinate the development of male sexual characteristics (both anatomical and mental), spermatogenesis, and maintain skeletal homeostasis[42].

NONGENOMIC AR SIGNALING PATHWAY
Extranuclear or non-genomic androgen effects are distinct from androgen genomic actions, Extranuclear effects can be detected within in the first seconds or minutes after the application of androgen to cells or tissues[43,44]. Nongenomic androgen activity involves rapid induction of second messenger signal transduction cascades, including calcium and cAMP fluxes, activation of protein kinase A(PKA), protein kinase C (PKC), and mitogen-activated protein (MAP) kinases[45] (Figure 2). These dynamic changes in protein kinase activity shape a specific phosphorylation profile that, in turn, transfers new signals to the cell nucleus to switch on genes[46].
Extranuclear androgen signaling is not only faster than genomic signaling, but might occur through cytoplasmic receptors that are different to the traditional nuclear AR. Recent reports confirm that opposite androgen and AR-mediated effects in prostate cancers might depend not only on cell type and tumor stage, but also on AR type and localization[47]. Several membrane-localized receptor targets for androgens have been proposed[37,48]. Androgens have been shown to rapidly stimulate PKA and induce production of cAMP via binding to G-protein coupled membrane receptor for the SHBG–testosterone complex[28,37].
It has also been suggested that testosterone might bind a membrane-associated receptor (mAR) which might be distinct from the classical nuclear AR. Nuclear-localized ARs lack a standard transmembrane structure and hydrophobicity, and thus it is likely that AR should undergo significant posttranslational modification[49], and/or interact with other proteins that might facilitate AR anchorage to the membranes. Supporting this, Akt1 and lipid raft association with mAR has recently been demonstrated in prostate cancer cells[50]. Several groups have reported specific binding of testosterone to the plasma membrane in different cell types[48,51]. Although mAR has not yet been purified or cloned, using sub-cellular fractionation and immunohistochemistry techniques, membrane association of classical ARs has been shown in Xenopus oocytes, in Chinese Hamster Ovary (CHO) cells, Sertoli cells, and T cells[49,51-53]. Importantly, mAR activation has been shown to induce profound apoptosis of prostate cancer cells in vitro and in vivo in mouse xenografts, with suppression not only of cell growth, but also metastatic motility of cancer cells[48]. Activation of these mARs appears also to initiate apoptotic pathways in colon cancers, even in the absence of intracellular AR[54].
Data from these studies indicate that functional mARs trigger strong anti-tumorigenic effects, suggesting mAR as a novel target for the development of selective cancer treatments[55]. However, it remains unclear whether mARs are also expressed in other tumors, including esophageal cancers, and also whether activation of mAR could induce anti-tumorigenic effects similar to those seen in prostate cancer.

ANDROGEN RECEPTORS AS A THERAPEUTIC TARGET
Since Huggins and Hodges[56] demonstrated the effectiveness of surgical castration in men with prostate cancer in 1941, the role of androgens and AR signaling in the carcinogenesis of prostate cancers has been under investigation. Chemical castration with anti-androgen therapy for prostate cancer is standard clinical practice, and has led to substantial gains in survival[57]. Intriguingly, higher serum testosterone levels are not associated with higher rates of prostate cancer. It appears that the prostate is saturated at low levels of circulating androgens and that neither low or high serum testosterone levels are associated with a decrease or increase in the risk of this cancer[58]. When considering promotion of prostate cancer growth, the AR is sensitive to basal levels of androgens, and only complete elimination of circulating androgens is effective treatment. In a recent population study a reduced risk of developing esophageal cancer was shown in subset of 343538 patients with prostate cancer who were exposed to androgen deprivation therapy, supporting the involvement of androgens in the development and/or growth of esophageal malignancies[22].
Given the shared embryological origin of prostate and urogenital epithelium, it was also recently proposed that AR signaling might contribute to bladder cancer[59]. This is supported by evidence in murine models that bladder cancer is not induced in AR knockout mice compared with controls[60]. However, clinical studies associate the loss of AR with more advanced stage, indicating that ARs might not be a good therapeutic target[61]. 
The role of ARs has also been investigated in breast cancer. Emerging evidence suggests that androgen signaling pathways may exert inhibitory effects on the growth of normal mammary epithelial cells and thus play a protective role in the pathogenesis of breast cancer[62]. In vitro studies have demonstrated that androgens may counteract the proliferative effect of estrogens in AR-positive breast cancer cells[63]. Up-regulation of AR expression or treatment with AR agonists markedly decreases ER-alpha transcriptional activity[63]. However, the utility of AR ligand therapy has yet to be verified clinically.
While prostate and breast tissue develop and function under direct control of steroid hormones, gastrointestinal tissues are not traditionally considered to be targets of steroid hormones. The mechanisms of AR functioning in these tissues are largely unknown. The expression of ARs in normal and cancerous gastrointestinal tissues also remains controversial. Nevertheless, colonic tissues have been shown to express the majority of functional steroid hormone receptors[54,64]. In a clinical study conducted a decade ago, ARs were expressed in all samples from 35 patients with colon adenocarcinoma, with similar expression in both neoplastic and non-neoplastic surrounding mucosa. However, binding activity for AR exhibited in cancer specimens differed from non-neoplastic colonic mucosa[65]. Subsequent studies have shown specific AR genotypes to be associated with colorectal cancers[66].
In vivo studies also support a role for ARs in colon cancer. In 1983 Izbicki et al[67,68] reported that the administration of androgens promoted colon cancer tumorigenesis in rats, and a year later that the steroid hormones induced tumor growth remission in a mouse xenograft model. More recently, it has been suggested that enhanced susceptibility of male mice to intestinal tumor growth derives from the classical nuclear AR, while in contrast membrane-localized mAR has anti-tumorigenic effects independent of classical AR signaling[56]. mAR consistently induces tumor regression reduced invasiveness, and potent pro-apoptotic responses, supporting potential targeting of mAR for treatment of colon cancer[69].
A few studies have attempted to define the role of ARs in gastric cancers[70-72]. Gan and co-authors evaluated 60 pairs of fresh gastric cancers with matched normal gastric mucosa from patients undergoing gastrectomy[71]. Samples were processed to determine levels of AR mRNA and proteins. Unlike the typical nuclear expression seen in breast and prostate cancer cells, the ARs in the gastric cancers were localized mostly in cytoplasm. Also, the protein level of AR receptors in the gastric cancers was significantly lower than that expressed in normal gastric mucosa, but positive AR expression correlated with a better prognosis[71,72]. However, the authors ultimately concluded that the functional significance of ARs in gastric cancer appeared to be limited.

ANDROGEN RECEPTORS IN ESOPHAGEAL SQUAMOUS CELL CARCINOMA
In 1985, Kobayashi[73] investigated the effects of sex hormones on the development of esophageal squamous cancer (ESCC) in a rat model. The highest incidence of ESCC was in male rats, followed by female rats treated with testosterone. This fell to 0% in castrated rats treated with estradiol. Female rats with no hormonal manipulation also had low rates (8%). The authors concluded that ESCC growth is inhibited by estrogen and stimulated by androgens. However, the expression of ARs was not addressed in this study.
AR expression in ESCC is summarized in Table 1. Matsuoka et al[74] were the first to detect ARs in a cell line (KSE-1) derived from a male esophageal squamous cell cancer. The KSE-1 cell line had a binding content of 4.2 fmol/mg protein for the ER and 2.2 fmol/mg of protein for the AR in the cytoplasm. Proliferation of this cell line was suppressed by estrogen and accelerated by testosterone. Ueo et al[75] characterized ARs and conducted treatment experiments in two ESCC cell lines, KSE-1 and KSE-2. Similar to Matsuoka et al[74], the proliferation of KSE-1 was increased by dihydrotestosterone and decreased by estradiol, although sex hormones had no impact on the growth of KSE-2. Receptor analysis found KSE-1 to be positive for both AR and ER, but KSE-2 was negative for both. In a mouse xenograft model, KSE-1 tumor growth was suppressed by estradiol, whereas no effect was seen in KSE-2. Interestingly, no growth-promoting effect was seen with dihydrotestosterone in either cell line in vivo, which is consistent with the concept of testosterone saturation in the context of prostate cancer[58]. Tanaka et al[76] further investigated KSE-1, and found that the tumor growth stimulation that occurs with AR activation is mediated by fibroblast growth factor 8 (FGF-8) signaling known as androgen-induced growth factor.
Yamashita et al[77] identified ARs in ESCC specimens from 21 patients. Two tumors were successfully xenografted into male nude mice and cultured as cell lines, and the growth of the cell lines in the presence of sex hormones was assessed. Similar to the other studies, Testosterone stimulated growth, whereas estrogen had no impact. Tihan et al[19] used immunohistochemistry to determine AR expression in ESCC resection specimens. Positive staining for AR was found in 3 of 14 (21%) specimens. No differences in survival were found with respect to AR status, but the study size was small. Yang et al[20] detected ARs and ERs in ESCC specimens from 31 patients (26 male, 5 female) using a radio-ligand binding assay method. Compared with the normal esophageal tissues, more ARs were detected in the ESCC tissues (40.56 ± 18.19 fmol/mg vs 7.84 ± 3.21 fmol/mg). The expression of AR correlated with gender, tumor differentiation, invasion, and the lymph node metastasis status, but not age of the patient or tumor location[20]. The authors concluded that the expression of AR impacts on the biological behavior and prognosis of ESCC[19,20].
Dietzsch et al[78] (2003) investigated androgen pathways in ESCC arising in South African males by targeting AR mutations which were known to occur in prostate cancer. As in prostate cancer, known AR mutations were associated with increased susceptibility to the disease. These authors concluded that this may, in combination with sequencing for other known mutations, be useful in developing a test for genetic susceptibility to the cancer in order to target appropriate investigations. It also suggests that the mutation in question [a short (GGC)n allele] increases AR activity, which would explain the increased incidence of this cancer in men with this mutation, and also implicates AR signaling in the pathogenesis of the disease, at least in some patient populations.

ANDROGEN RECEPTORS IN ESOPHAGEAL ADENOCARCINOMA
Understanding whether androgens influence the development of esophageal cancers is important, as intervention before progression to malignancy offers the possibility of prevention. Barrett’s esophagus is recognized to be the precursor for EAC, and offers an opportunity for prevention or early intervention[79]. Case-control studies have tested associations between serum sex steroid hormones and the development of Barrett’s esophagus in men, and a strong positive association with free testosterone has been demonstrated[21,79]. This relationship appears to be independent of age or BMI suggesting a direct relationship between testosterone and the progression of Barrett’s esophagus to EAC. Contradicting this, however, Nordenstedt et al[18] failed to identify ARs in esophageal mucosal biopsies from 10 men with Barrett’s esophagus vs ARs seen in squamous epithelium from only 1 of 20 controls (10 males and 10 females). They concluded that the absence of ARs in Barrett’s esophagus meant that alternative explanations for the male predominance in Barrett’s esophagus and EAC should be sought. However, these findings were based on Barrett’s esophagus tissues rather than EAC, and the sample size was small. 
The first clinical study addressing the role of androgens and AR in EAC was reported by Lagergren and Nyren[35] (1998). This was a population-based, retrospective cohort study of 100215 individuals, including patients diagnosed with prostate cancer and receiving anti-androgen therapy (mainly in the form of estrogen analogues), which attempted to identify whether this treatment altered the risk of EAC. However, analysis by latency intervals after prostate cancer diagnosis revealed no clear trend toward increasing or decreasing risk of esophageal cancer over a 4 year time period[35]. This study did not support either the hypothesis of a tumor-promoting role for androgens, or a protective effect for estrogens. However, the levels of AR expression or serum androgens before and after treatment were not assessed in this study, and the study duration was relatively short. Furthermore, since estrogens were used as anti-androgen therapy, the study actually investigated mixed effects of two different signaling systems rather than AR blockade or deprivation specifically. A more recent study was reported by Cooper and Trudgill[22], who this time identified a reduced risk of developing EAC in the subset of prostate cancer patients undergoing androgen deprivation therapy. This later study suggests further investigation towards potential use of anti-androgens or androgen-deprivation approaches in esophageal cancers should be considered.
Tiffin et al[80] analyzed 20 paraffin-embedded specimens of EAC arising in Barrett’s esophagus from 10 male and 10 female patients. Both the EAC and Barrett’s esophagus regions of the resection specimens were examined. Weak staining for AR was only identified in EAC in one male, and in the Barrett’s esophagus segment in one female patient. Mild to moderate staining for estrogen receptors was identified in two EACs from men and in six EACs from women, leading the authors to conclude that androgen pathways were not responsible for gender inequalities in this disease, but that evaluation of ER signaling may be valuable. However, this contrasts with the findings of Tihan et al[19] (2001) in which 5 of 11 (45%) EAC specimens were assessed by immunohistochemistry to be AR positive.
Awan et al[17] determined AR expression in 18 patients with EAC and 5 with ESCC, with areas of both normal squamous epithelium and cancer examined. Thirteen EAC and three ESCC specimens showed positive stromal staining for AR, but no staining was seen in the cancer epithelium. In normal squamous epithelium from the same patients, ARs were expressed in 5 patients with EAC and 2 with ESCC. Interestingly, fasting serum testosterone values in male patients were significantly higher in patients with EAC than age-matched controls (median 18.2 nmol/L vs 12.5 nmol/L). These levels declined significantly following surgical removal of the cancer, suggesting that paracrine effects of androgens may be implicated in the pathogenesis of the disease[17]. In keeping with the findings of Tanaka et al[76] (2001), FGF-8b expression was common in cancer in males but absent in cancer in females and in normal mucosa, further supporting the theory that this is an important growth factor in men.

Paradox of obesity and androgen conversion in esophageal cancers
Androgen as a risk factor for the development of esophageal cancer, in particular EAC, appears at odds with evidence that obesity is a major risk factor for EAC, as obese individuals have lower levels of circulating androgens[7,9,23]. This paradox might be explained by the endocrine actions of visceral fat in males. Male pattern obesity is dominated by the expansion of visceral fat in the abdominal area, which contrasts to predominantly subcutaneous fat deposition in women. Visceral adipose tissue has been shown to act as an endocrine organ and so produces and secretes a wide range of biologically active molecules, including hormones and cytokines[81]. Adipose tissue pathogenicity markedly differs between visceral and subcutaneous fat location. Visceral fat is a highly metabolic tissue marked by higher production of TNFalpha, plasminogen activator inhibitor 1 (PAI1), IL6, and C-reactive protein (CRP), while producing lower amounts of the anti-inflammatory adipokine adiponectin, which correlates more strongly with subcutaneous fat[82-85].
While the accumulation of adipose tissue in abdominal area (visceral fat) is supported by androgens, increased aromatase activity and conversion of androgens to estrogen has been shown to occur in adipose tissues of aging and obese men. Furthermore, adipocytes can secrete estrogens in proportion to total fat mass, and influence physiological processes through paracrine and autocrine actions[85,86]. Active synthesis of estrogens is associated with increased plasma leptin, that, in turn, can stimulate a further reduction of androgen level[30]. In adipocytes, activation of aromatase is self-induced by pro-inflammatory cytokines such as TNF-α which is secreted locally by adipocytes and infiltrating macrophages, and secures conversion of testosterone to estrogen[82,87]. Locally synthesized estrogens may influence cancer cell growth[15]. It is also possible that estrogens may alter the sensitivity of AR to testosterone and thereby impact upon EAC growth, and this might represent a possible therapeutic target in esophageal cancers similar to what has been found in prostate cancers[22,37].
Supporting this, adipose-tissue secreted cytokines and hormones have been shown to exert local paracrine actions in the tissues in which they are formed and on surrounding neighbor cells[81,82,85]. Metabolic conversion of androgen precursors to estrogen and further estrogen metabolites has been observed in several normal tissue and tumors, facilitated by expression of the hormone converting enzyme aromatase as reviewed in detail elsewhere[88]. Notably, the observation that aromatase is often overrepresented in adipose tissue has not yet been verified in visceral fat proximal to esophagus in men. 
It has been suggested that increased aromatase activity and conversion of testosterone to estrogens are activated as a feed-back mechanism which regulate adipocyte numbers. This is supported by findings in an aromatase knockout mice where estrogen plays an inhibitory role during adipogenesis to limit adipocyte number[89]. It is possible that in aromatase activation an increased production of estrogen metabolites might result in ineffective, and potentially reversed action of the hormones in aging and obese men, although no work has been reported which addresses this possibility. The potential role of estrogen signaling in esophageal cancers has been recently reviewed, suggesting a role in the genesis of EAC[15]. It remains, however, to confirm that adipose tissue located in close proximity to the esophagus can actively transform androgens to estrogens and influence proliferation of ER-positive esophageal tumors. More detailed investigation of steroid hormone metabolism in adipose tissue located in close proximity to the esophagus is warranted, and an opportunity exists to evaluate abdominal adipose (visceral) tissue samples from individuals with EAC and Barrett’s esophagus to see if increased aromatase expression and active conversion of androgens to estrogens is evident. 

CONCLUSION
While epidemiological evidence for the male propensity for esophageal cancer is clear, especially the dominance of the male gender in EAC, data evaluating the role of male sex steroids and the androgen receptor in the pathogenesis of this cancer is more difficult to dissect apart. In vitro evidence from cell culture work and subsequent testing in murine models suggests a significant influence of sex hormones upon cancer growth, and that this effect is consistent with expression patterns of the receptors. However, the identification of ARs in human tissue specimens has been less straightforward, with expression reported by some authors, but not by others. While androgens and their receptors probably do play a role in the carcinogenesis of esophageal cancer, more work is required to evaluate this role and to understand their contribution to the genesis of esophageal cancer. Although therapeutic implications and novel therapies are desirable, there is currently insufficient evidence to support a clinical trial of androgen deprivation therapy in this cancer. Further investigation of sex hormone signaling pathways in esophageal cancer appears justified, and in the future this might lead to improved understanding of the genesis of esophageal cancer or even new treatments.
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Table 1 Androgen receptor expression in esophageal cancer
	Ref.
	No. of patients
	Male∶female
	Histological type
	AR
	Conclusion

	Matsuoka et al[74], 1987
	NA
	NA
	SCC cell line
	2.2 fmol/mg
	Proliferation of KSE-1 cell line is inhibited by estrogen and enhanced by testosterone.

	Tihan et al[19], 2001 
	25
	21∶4
	AC (n = 11)
SCC (n = 14)
	7 males and 1females, 5 EAC and 3 SCC were positive.
	Presence of AR in human esophageal cancer is an impetus for further studies to assess anti-androgen therapy for treatment and or prevention of these tumors.

	Yang et al[20], 2001 
	31
	26∶5
	SCC
	Cancer tissues: 40.56 ± 18.19 fmol/mg, normal tissues: 7.84 ± 3.21 fmol/mg.
	AR and estrogen receptors have close relationship with the biologic behavior and prognosis of esophageal SCC.

	Tiffin et al[80], 2003 
	20
	10∶10
	AC (ND)
BE (ND)
	Very weakly positive in 1 male with EAC and 1 female with BE.
	Androgen receptors are not implicated in BE or AC.

	Awan et al[17], 2007 
	23
	20∶3
	AC (n = 18)
SCC (n = 5)
	16 samples (EAC = 13, SCC = 3) showed positive nuclear staining. AC occurred in 12 males and 1 female, while in SCC 2 males and 1 female.
	AR expressed in the stroma of esophageal AC may induce paracrine effects following stimulation by androgens (including tumor-derived), possibly via FGFs.

	Nordenstedt, et al[18], 2012 
	30
	20∶10
	BE (n = 10)
Controls (n = 20)
	All BE cases were negative. Only 1 male control was found AR expressed in squamous esophageal mucosa.
	AR were negative in BE warrants further research to find alternative explanations for the male predominance in BE and EAC.


AR: Androgen receptor; EAC: Esophageal adenocarcinoma; SCC: Squamous cell cancer; BE: Barrett’s esophagus; NA: Not applicable; ND: Not described.
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[bookmark: _GoBack]Figure 1 Biological actions of androgens via androgen receptors. Testosterone molecules translocate via the plasma membrane and are transformed into dihydrotestosterone (DHT) by 5-reductase. The androgen receptor (AR) is located in cytoplasm and bound to heat shock protein (HSP). DHT binds to the AR and HSP is then released. Ligand-AR complexes can be phosphorylated (and/or are modified by other post-translational mechanisms). Two ligand-AR complexes form homodimers and move into the nucleus. AR nuclear translocation is facilitated by filamin A (FlnA). In the cell nucleus ligand-AR complexes bind to specific DNA elements - androgen-responsive elements (ARE), which are in target gene promoters. These regulate target gene expression at the transcriptional level. A large variety of co-factors and regulators can orchestrate AR-induced gene transcription. 

[image: Macintosh HD:Users:sur101:Desktop:Androgen receptor review:Figure 2.pdf]
Figure 2 Schematic presentation of testosterone-activated extra-nuclear signaling pathways. Testosterone binds to undefined membrane-associated androgen receptor(s) (mAR) that might transduce signaling downstream to phospholipase c (PLC). Activation of PLC produces several second messengers including Ins(1,4,5)P3 (IP3) and DAG. Ca2+ influx then leads to an increase in intracellular Ca2+. Alternatively, in the ERK pathway, Testosterone binds to the membrane-associated receptor, which associates with and activates Src kinase. In a third proposed mechanism SHBG-AR GPCR activates Ras, which in turn activates the cascade of phosphorylation. The ERK pathway phosphorylates CREB to modulate gene expression. AR: Membrane associated androgen receptor; CREB: cAMP response element binding protein; DAG: Diacylglycerol; GPCR: G-protein-coupled receptor; IP3: Inositol trisphosphate; PLC: Phospholipase C; SRC: Src kinase; RAS: RasGTPase protein; +: Indicates positive effect on activation.
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