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The human six-transmembrane epithelial antigen of the prostate (STEAP) proteins, which include STEAP1–4 and atypical STEAP1B, contain six transmembrane domains and are located in the cell membrane. STEAPs are considered archaeal metal oxidoreductases, based on their heme groups and F420H2:NADP+ oxidoreductase (FNO)-like structures, and play an important role in cell metal metabolism. Interestingly, STEAPs not only participate in biological processes, such as molecular transport, cell cycling, immune response, and intracellular and extracellular activities, but also are closely related to the occurrence and development of several diseases, especially malignant tumors. Up to now, the expression patterns of STEAPs have been found to be diverse in different types of tumors, with controversial participation in different aspects of malignancy, such as cell proliferation, migration, invasion, apoptosis, and therapeutic resistance. It is clinically important to explore the potential roles of STEAPs as new immunotherapeutic targets for the treatment of different malignant tumors. Therefore, this review focuses on the molecular mechanism and function of STEAPs in the occurrence and development of different cancers in order to understand the role of STEAPs in cancer and provide a new theoretical basis for the treatment of diverse cancers.
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INTRODUCTION

The six-transmembrane epithelial antigen of the prostate (STEAP) family proteins belong to a class of cellular transmembrane proteins. With five members so far, namely STEAP1–4 and STEAP1B, STEAP proteins possess a similar structure comprised of 4–6 transmembrane domains and intracellular amino- and carboxyl-terminal domains (Hubert et al., 1999; Rinaldy and Steiner, 1999; Zhang et al., 2001; Korkmaz et al., 2002, 2005; Grunewald et al., 2012a; Gomes et al., 2014b). Except for the highly homologous STEAP1 and STEAP1B, all other members have general metal reductase activity catalyzed by an F420H2:NADP+ oxidoreductase (FNO)-like domain (Knutson, 2007). However, it has been reported that the intramembrane heme group in STEAP1 and STEAP1B can still be involved in metal metabolism, especially for the reduction and absorption of iron and copper (Ohgami et al., 2006).

Not surprisingly, STEAP family proteins have been reported to affect both intracellular oxidative stress and inflammation, by reducing extracellular Fe3+/Cu2+ to Fe2+/Cu+, and cell uptake of Fe2+/Cu+ through transferrin and copper transport proteins, as well as other cellular biological processes (Ohgami et al., 2005; Liao et al., 2020; Wu et al., 2020). In addition, the abnormal expression of STEAP family members in malignancies has been reported to be related to cell proliferation, migration, invasion, apoptosis, and prognosis by activating or suppressing different signaling pathways. Importantly, the location and function of STEAP family members in cells and their differential expression in tumor tissues raise awareness of the roles of STEAPs in tumorigenesis and development. This review focuses on the current literature, discusses the expression and functions of STEAP family members in different tumors, and describes their roles in tumors in order to propose therapeutic strategies for the treatment of malignant tumors.



STRUCTURAL CHARACTERISTICS OF SIX-TRANSMEMBRANE EPITHELIAL ANTIGEN OF THE PROSTATE

To better understand the basic characteristics of STEAP family, the information for each gene was obtained from the National Biotechnology Information Center (Table 1). STEAP1, usually referred to as STEAP, is the first reported STEAP protein and is located on chromosome 7q21.13. The STEAP1 gene has a total length of 10,359 bp and is comprised of 5 exons (Hubert et al., 1999). Only one mRNA transcript (NM_012449.3) has been recorded, is 1,219 nt in length, and encodes a 331-amino acid STEAP1 protein (NP_036581.1). The STEAP2 (also known as STAMP1) gene is also located on chromosome 7q21.13 and has a total length of 31,669 bp and 9 exons. The STEAP2 gene can be transcribed into six different mRNAs, the longest (NM_152999.4) of which is 6,871 nt in length and encodes the largest STEAP2 protein (NP_694544.2) at 490 amino acids. Other mRNA transcripts result in shorter encoded proteins. The gene for STEAP3, also known as pHyde, TSAP6, or STAMP3, is located on chromosome 2q14.2 and has a total length of 43,177 bp and 11 exons. The STEAP3 gene produces four mRNA transcripts of varying lengths, with the longest (NM_182915.3) being 4,259 nt and encoding the largest STEAP3 protein (NP_878919.2) at 498 amino acids. Other mRNA transcripts lack certain exons, resulting in shorter encoded proteins. Because the sequence of STEAP4 is similar to that of STAMP1 (STEAP2), it is also named STAMP2 and was identified in 2005 (Korkmaz et al., 2005). The STEAP4 gene is located on chromosome 7q21.12 and encodes a total length of 36,003 bp and 6 exons. Three different mRNA transcripts are produced by the STEAP4 gene. Among them, the main mRNA transcript (NM_024636.4) is 9,991 nt long, while the longest mRNA transcript (NM_001205315.2) contains additional exons compared with the principal transcript, but encodes the same 459-amino acid protein (NP_078912.2). Other mRNA transcripts lack specific coding exons, resulting in shorter encoded proteins. STEAP1B is a newly discovered member of the STEAP family and has 88% homology with STEAP1 (Grunewald et al., 2012a), but its structure is different from that of other family members. The gene for STEAP1B is located on chromosome 7p15.3 and has a total length of 80,839 bp and 6 exons. Transcription of the STEAP1B gene produces two mRNA transcripts. The longer one (NM_001164460.1), namely STEAP1B1, is comprised of 1,299 nt and encodes a protein of 342 amino acids (NP_001157932.1), while the shorter one (STEAP1B2, NM_207342.2) uses an alternate in-frame splice site in the 5′ coding region and an alternate 3′ exon with a distinct 3′ coding region and 3′UTR compared to the longer one. The resulting protein lacks an internal segment near the N-terminus and has a shorter and distinct C-terminus.


TABLE 1. Members of the STEAP family.
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The structures of STEAP family proteins are similar. From the perspective of cell localization, all STEAP family proteins are located on the cell membrane and in the cytoplasm. The STEAP1–4 proteins located on the surface of the plasma membrane all have six potential transmembrane regions, as well as an intracellular hydrophilic amino and carboxyl-terminal, indicating that the STEAP proteins may function as a channel or transporter (Hubert et al., 1999). Furthermore, STEAP2 and STEAP4 are also located in vesicle-tubular structures of the trans-Golgi body network, plasma membrane, and cytoplasm, shuttle between the plasma membrane and Golgi body, and co-localize with early endosomal antigen 1 (EEA1), thereby participating in the secretion/endocytosis pathway (Korkmaz et al., 2005). STEAP3 is mainly located on the plasma and intracellular membranes (Valadi et al., 2007; Lespagnol et al., 2008). The protein structure of STEAP1 and STEAP2 contains at least one heme group, in the membrane, that may be related to the absorption of iron and copper (Finegold et al., 1996; Gomes et al., 2012). STEAP2, STEAP3, and STEAP4 have intrinsic metal reductase activity, endowed by its paleontological and bacterial FNO-like domain (Finegold et al., 1996), for transfer of electrons, which is necessary for iron and copper uptake (Passer et al., 2003; Ohgami et al., 2005). In addition, STEAP4 also has six-transmembrane domains, with the COOH end and the NH end containing dinucleotide binding regions, an NADP REDOX motif, and a pyrrolidine 5-carboxylate reductase motif, which may also be involved in the metal redox process (Korkmaz et al., 2005). However, different from other members, STEAP1 cannot reduce metals as it lacks the NADP+ oxidoreductase FNO-like domain homologous to paleontological and bacterial F420H2 (Ohgami et al., 2005). Nevertheless, it has been suggested that STEAP1 may be involved in iron metabolism, as it coexists with other iron uptake endosomal proteins, such as transferrin (Ohgami et al., 2006). The structure of STEAP1B is different from other proteins. STEAP1B has only four potential transmembrane regions and intracellular COOH and NH2 terminal regions (Gomes et al., 2014b). Without an NADPH oxidoreductase domain and a heme-binding site, STEAP1B is predicted to lack oxidoreductase activity (Grunewald et al., 2012a).



DIVERSE EXPRESSION PATTERNS OF SIX-TRANSMEMBRANE EPITHELIAL ANTIGEN OF THE PROSTATE AND THEIR REGULATORY MECHANISMS IN CANCERS

It is commonly found that STEAP1 is up-regulated in a variety of tumor tissues, especially in prostate cancer. Currently, investigations of STEAP1 mainly focus on prostate cancers and show that expression of STEAP1 is elevated compared with normal prostate tissue (Li et al., 2004; Challita-Eid et al., 2007; Wong and Abubakar, 2010; Hayashi et al., 2011; Gomes et al., 2013, 2014a, 2018; Ihlaseh-Catalano et al., 2013; Whiteland et al., 2014). The mutual regulation has been reported between STEAP1 and sex hormones. Gomes et al. (2013) showed that 5α-dihydrotestosterone (DHT) or 17β-estradiol (E2) treatment of prostate cancer cells suppresses the expression of STEAP1, but that this down-regulation of STEAP1 is AR-dependent and ER-independent. In addition, up-regulated STEAP1 expression has also been observed in renal cell carcinoma, bladder cancer, Ewing’s sarcoma, breast cancer, colorectal cancer (CRC), gastric cancer, ovarian cancer, and lung cancer (Maia et al., 2008; Azumi et al., 2010; Grunewald et al., 2012b; Zhuang et al., 2015; Wu et al., 2018; Nakamura et al., 2019; Guo Q. et al., 2020; Jiang et al., 2020; Jiao et al., 2020; Tian et al., 2020). Phosphorylated eIF4E is required for peritoneal metastasis of gastric cancer via initiating the cap-dependent translation of STEAP1, providing phosphorylation of eIF4E as an effective therapeutic target for patients with peritoneal metastasis through translational control of STEAP1 (Jiang et al., 2020). Importantly, high STEAP1 levels are associated with low overall survival (OS) rates of patients with prostate cancer, CRC, lung cancer, ovarian cancer, diffuse large B-cell lymphoma, acute myeloid leukemia and multiple myeloma (Moreaux et al., 2012; Ihlaseh-Catalano et al., 2013; Lee et al., 2016; Guo Q. et al., 2020; Jiao et al., 2020), suggesting the prognostic value of STEAP1 as a biomarker of cancer. At present, the carcinogenic effect of STEAP1 in tumor progression is being studied intensely. However, certain investigations have also shown that STEAP1 also plays a role in inhibiting tumor growth. Xie et al. (2019) compared the expression of STEAP1 in normal breast tissue (n = 40), benign fibroadenoma (n = 52), and primary breast cancer (n = 211), and found a low level of STEAP1 in primary breast cancer tissues. In the MCF-7 breast cancer cell line, treatment with E2 also reduces the expression of STEAP1 but is mediated by membrane-bound ERalpha (mbERalpha) (Maia et al., 2008). It is speculated that the carcinogenic and anti-cancer effects of STEAP1 in diverse types of cancer may be related to different hormone levels and regulation of hormone receptor locally or throughout the body. Furthermore, Sun et al. (2019) also showed down-regulation of STEAP1 expression in endometrial carcinoma cell lines compared with normal endometrial cells, and low expression of STEAP1 has been related to poor prognosis of patients with Ewing’s sarcoma, CRC, and breast cancer (Grunewald et al., 2012c; Lee et al., 2016; Xie et al., 2019). Although reports on down-regulation of STEAP1 expression in tumor tissues are limited, they evoke further studies to investigate a potential anti-cancer role of STEAP1 in cancers.

Studies on STEAP2 expression in cancers have also mainly focused on prostate cancers, although studies are limited. STEAP2 expression in prostate cancer was found to be significantly higher than that in normal tissues (Porkka et al., 2002; von Rozycki et al., 2004; Wang et al., 2010; Whiteland et al., 2014; Burnell et al., 2018, 2019). Specifically, Korkmaz et al. (2002) revealed that STEAP2 is highly expressed in androgen-sensitive, androgen receptor-positive prostate cancer cells, but not in androgen receptor-negative prostate cancer cells, suggesting that the regulation of STEAP2 expression may be related to sex hormone signaling. With regard to the molecular mechanism of STEAP2 in prostate cancers, Gonen-Korkmaz et al. (2014) overexpressed STEAP2, in AR-negative DU145 prostate cancer cells, and showed an NFκB-mediated downregulation of STEAP2 expression following treatment with tumor necrosis factor-α (TNF-α). The authors showed that NFκB silencing increased anti-apoptotic STEAP2 expression, as well as inhibited p53 and MDM2 expression in TNF-α-treated, STEAP2-overexpressing DU145 cells, suggesting inhibition of NFκB for prostate cancer prevention in specific patients (Gonen-Korkmaz et al., 2014). Interestingly, Wang et al. (2010) found that activation of extracellular signal-regulated kinase, implicated in prostate cancer progression, increased ectopic expression of STEAP2 in AR-negative DU145 cells, but decreased STEAP2 levels in AR-positive LNCaP cells, suggesting a potential interaction between STEAP2 and sex hormones. The expression of STEAP2 was also found to be up-regulated in colon cancers (Bhatlekar et al., 2014). Similar to the expression pattern of STEAP1, STEAP2 also has been reported to play conflicting roles in prostate and breast cancers, Yang et al. (2020) proposed STEAP2 to be a tumor suppressor in breast cancers, based on its low expression in breast cancer. Through bioinformatics methods, Liu et al. (2021) also predicted that the expression of STEAP2 in glioblastoma was down-regulated compared with normal brain tissue. To construct a multiple RNA-based prediction model in patients with ovarian cancer, Zhang et al. (2020) used sequencing data from The Cancer Genome Atlas (TCGA) database and identified TM4SF1-AS1-miR-186-STEAP2 and LINC00536-miR-508-STEAP2 as new interaction axes to explain the possible functions of these RNAs in the prediction model for disease-free survival in patients with ovarian cancer. However, further investigation of these new axes is required for verification (Zhang et al., 2020).

STEAP3 was first found in prostate tissues and proposed as a candidate for prostate cancer immunotherapy (Machlenkin et al., 2005). Although the expression of STEAP3 in poorly differentiated prostate cancer is lower than that in well-differentiated and moderately differentiated prostate cancer, there is no difference in STEAP3 expression between benign prostatic hyperplasia and prostate cancer (Porkka et al., 2003). It was also found that the expression of STEAP3 is up-regulated in glioma, bladder cancer, and colon cancer (Isobe et al., 2011; Kim et al., 2016; Weston et al., 2016; Han et al., 2018; Zhang et al., 2019), whereas the expression of STEAP3 in hepatocellular carcinoma (HCC), breast cancer, and lung cancer is lower than that in normal tissues (Boelens et al., 2009; Caillot et al., 2009; Savci-Heijink et al., 2016; Cadiou et al., 2017). Han et al. (2018) reported that the expression of STEAP3 in gliomas is negatively correlated with patient OS, and multivariate Cox regression analysis showed that STEAP3 is an independent prognostic indicator. Zhang et al. (2019) used TCGA and GSE16011 online datasets to show that overexpression of STEAP3 is associated with poor prognosis in patients with glioblastoma. Research focused on the regulation of STEAP3 in cancers is limited. In a transcriptome analysis of a CRC series, an increased level of membrane copper transporter 1 protein (CTR1) accompanied increased STEAP3 transcription (Barresi et al., 2016). Yu et al. (2020) demonstrated that in pancreatic cancer, heat shock protein family B member 2 (HSPB2) could combine with mutant p53 to change the DNA binding site of mutant p53, resulting in an upregulated level of STEAP3 and leading to an inhibition of both cell proliferation and angiogenesis.

As a relatively new member of the STEAP family, STEAP4 was found to be increased in human prostate cancers compared with normal prostate tissues (Korkmaz et al., 2005; Jin et al., 2015), and is up-regulated in human colon cancer cells, predicting poor prognosis of patients with colon cancers (Xue et al., 2017). In CRC, interleukin-17 (IL-17) drives cellular uptake of copper through upregulation of STEAP4 expression, and the proinflammatory cytokines interleukin (IL)-6 and IL-1β can synergistically increase androgen-induced STEAP4 expression in prostate cancer cells, with knockdown of STEAP4 enhancing the ability of IL-6 and IL-1β to inhibit cell growth (Pihlstrom et al., 2021). In addition, IL-17 and TNF-α rely heavily on TNF receptor associated factor 4 (TRAF4) to up-regulate the expression of STEAP4 and thus play a role in airway epithelial cells (Jiang et al., 2021). Interestingly, although the up-regulated expression of STEAP4 was also detected in alcohol-induced breast cancer cells (Gelfand et al., 2017), Wu et al. (2020) found that the mRNA level of STEAP4 was decreased in tissues of ductal breast carcinoma compared with normal tissues. In bladder cancers, low STEAP4 expression was found in cancer tissues compared with normal, and the circular RNA circPICALM competed with STEAP4 for binding to miR-1265 to eliminate the enhancing effect of miR-1265 on invasion (Yan et al., 2019). Meanwhile, bioinformatics analysis has also revealed that the transcription level of STEAP4 in head and neck cancer tissues is reduced compared with normal tissues, and a low level of STEAP4 resulted in poor disease-free survival, progression-free survival and OS (Lan et al., 2021).

Currently, the research on STEAP1B in tumor is very limited. STEAP1B1 and STEAP1B2 mRNA are differentially expressed in prostate cell lines. Non-neoplastic prostate cells show little to no STEAP1B1 and STEAP1B2 mRNA expression. On the other hand, in malignant prostate cells, LNCaP and PC3, STEAP1B2 is highly expressed, whereas STEAP1B1 mRNA is mainly expressed on PNT2 and PC3 cells, and under-expressed on LNCaP cells (Gomes et al., 2014b).



BIOLOGICAL FUNCTIONS AND RELATED MOLECULAR MECHANISMS OF SIX-TRANSMEMBRANE EPITHELIAL ANTIGEN OF THE PROSTATE IN CANCERS

Based on the above summary of differential expression patterns of STEAP1 in a variety of tumors, dysregulated STEAP1 affects the occurrence and development of different types of cancers (Figure 1). Some investigations evoke an oncogenic role for STEAP1 in cancers. Yamamoto et al. (2013) found that in prostate cancer, STEAP1, as a cell surface membrane protein, is required for intercellular communication between tumor cells and adjacent tumor stromal cells to augment tumor growth. In androgen-dependent prostate cancers, Gomes et al. (2018) showed that knockdown of STEAP1 inhibits cell growth and induces apoptosis of LNCaP prostate cancer cells in a DHT-independent manner. In lung cancers, STEAP1 was found to affect endothelial cell migration and angiogenesis, and knockout of STEAP1 could inhibit the proliferation, migration, and invasion of tumor cells via the JAK2/STAT3 signaling pathway (Zhuang et al., 2015; Tian et al., 2020). Based on transcriptome and proteome analyses, Grunewald et al. (2012b) showed that STEAP1 levels correlate with oxidative stress responses and elevated reactive oxygen species (ROS), which regulate redox-sensitive and proinvasive genes to promote tumor proliferation and invasive behavior, and that knockout of STEAP1 reduces ROS levels and inhibits Ewing tumor proliferation, anchorage-independent colony formation, invasion in vitro and metastasis in vivo. Oxidative stress and ROS levels are also suppressed in CRC cells, by STEAP1 silencing, through regulation of the nuclear erythroid 2-related factor (NRF2) transcription factor, resulting in reduced cell growth and elevated apoptosis (Nakamura et al., 2019). In gastric cancers, STEAP1 was shown to promote peritoneal metastasis, and up-regulation of STEAP1 was found to promote tumor proliferation, migration, invasion, and tumorigenicity (Wu et al., 2018; Jiang et al., 2020). Silencing of STEAP1 suppressed c-Myc expression in hepatocarcinoma to arrest cancer cells in G1 phase and inhibit cell proliferation (Iijima et al., 2021). Jiao et al. (2020) found a relationship between high STEAP1 levels and epithelial-mesenchymal transition (EMT)-related genes, and demonstrated that STEAP1 promotes ovarian cancer metastasis by aiding EMT progression. Interestingly, down-regulation of STEAP1 in this study inhibited the invasion, migration, proliferation, clone formation, and EMT progression of human ovarian cancer cells and the growth of xenografts in vivo, but promoted apoptosis at the same time (Jiao et al., 2020). Although an oncogenic role of STEAP1 in tumors is commonly observed, a tumor suppressive function has also been reported. Recently, Xie et al. (2019) showed that knockdown of STEAP1 expression enhances breast cancer cell invasiveness and migration, and is accompanied by increased expression of EMT-related genes, MMP2, MMP9, MMP13, VIM, and CDH2, as well as decreased CDH1 expression. In a tumor of the female reproductive system, STEAP1 was restrictively expressed in endometrial carcinoma, and down-regulation of STEAP1 increased cancer cell proliferation, colony formation, migration, invasion, and EMT progression of endometrial carcinoma (Sun et al., 2019) (Figure 2).
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FIGURE 1. Roles of STEAPs in prostate cancers.
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FIGURE 2. Molecular mechanisms of STEAPs in cancer. (A) STEAP1. (B) STEAP2. (C) STEAP3. (D) STEAP4.


An increased level of STEAP2 in prostate cancer suggests an oncogenic role. Wang et al. (2010) investigated STEAP2 function in prostate cancer and found that knockdown of STEAP2 dramatically retarded proliferation in vitro and in vivo, and interestingly, increased expression of STEAP2 was induced by the activation of extracellular signal-regulated kinase (ERK1/2). Whiteland et al. (2014) found that overexpression of STEAP2 resulted in the gain of ability to migrate and invade in normal prostate cells, and Burnell et al. (2018) showed that genes associated with STEAP2 enhancement of invasion were MMP3, MMP10, MMP13, FGFR4, IL-1β, KiSS1, and SERPINE1 in PC3 cells, and MMP7 in LNCaP cells, with altered CD82 in both. In contrast, in breast cancer, STEAP2 hinders cellular proliferation, invasion, and metastasis by inhibiting EMT through suppressing the PI3K/AKT/mTOR signaling pathway (Guo H. et al., 2020), predicting a tumor suppressor role in breast cancers.

The function of STEAP3 in tumors is also controversial. Zhang et al. (2001) first reported that STEAP3 induced apoptosis of prostate cells, based on a dose-dependent stimulation of endogenous caspase-3 expression. However, in glioblastoma, loss of STEAP3 attenuated the aggressive phenotype of glioma cells in regard to cell proliferation, invasion, sphere formation in vitro, and tumor growth in vivo, through suppressing mesenchymal transition, transferrin receptor expression and STAT3–FoxM2 signaling (Han et al., 2018). In biopsies from patients with HCC, decreased expression of STEAP3 was observed in cirrhotic tissues and related to decreased apoptosis, serving as a warning sign and predictive biomarker for the development of HCC (Caillot et al., 2009).

STEAP4, a relatively new STEAP, has been demonstrated to promote prostate cancer, based on its ability to increase cell growth and colony formation (Korkmaz et al., 2005). Jin et al. (2015) reported that STEAP4 increases ROS in prostate cancer cells through its iron reductase activity, and subsequently affects proliferation, colony formation, anchorage-independent growth, and apoptosis, involving a mechanism at least partly mediated by activating transcription factor 4 (ATF4). Recently, Orfanou et al. (2021) investigated the function of STEAP4 in breast cancer and demonstrated that knockdown of STEAP4 suppresses cell proliferation and enhances the inhibition of lapatinib in HER2-overexpressing breast cancer, predicting an oncogenic role for STEAP4 in breast cancer. On the contrary, STEAP4-mediated increases in intracellular copper levels result in activation of the E3 ligase X-linked inhibitor of apoptosis (XIAP), enhancing IL-17-induced NF-κB activation and inhibiting caspase-3 activity (Liao et al., 2020). However, in bladder cancer, the circular RNA circPICALM competed with STEAP4 for binding to miR-1265 and eliminated the ability of miR-1265 to enhance invasion (Yan et al., 2019).

Up to now, there are no relevant reports regarding the function of STEAP1B in cancer. However, considering the similar structural features of STEAP1B with other family members, STEAP1B may play a role in different cancers, but experimental proof is still required.



THERAPEUTIC IMPLICATIONS OF SIX-TRANSMEMBRANE EPITHELIAL ANTIGEN OF THE PROSTATE IN CANCERS

Considering their roles and location in the cell membrane, STEAPs are currently considered as promising therapeutic targets for cancers, especially prostate cancers. Therapeutic strategies have been discovered and developed during the last few years for targeting STEAP1, including monoclonal antibodies (mAbs), antibody-drug conjugates, DNA vaccines, and small non-coding RNAs (ncRNAs) (Barroca-Ferreira et al., 2018).

Challita-Eid et al. (2007) first generated two mAbs that bind to cell surface STEAP1 epitopes, and both of them inhibited STEAP1-induced intercellular communication in a dose-dependent manner to suppress tumor growth in vivo. Subsequently, Esmaeili et al. (2018) developed a single-chain fragment variable (scFv) antibody, against a STEAP1 epitope, that successfully inhibited intercellular communication between prostate cancer cells by blocking gap junctions between cells, demonstrating a high potential for mAbs or single-chain antibodies as effective agents for prostate cancer immunotherapy. To combine the specificity of antibodies with cytotoxic potency of chemotherapeutic drugs, Boswell et al. (2011) designed and produced a synthetic antitumor drug involving humanized anti-STEAP1-monomethylauristatin E (MMAE) conjugates to increase hepatic uptake and reduce drug levels in other highly vascularized organs. Based on a high expression level of STEAP1, Yuan et al. (2019) established a novel contrast agent for ultrasound imaging by conjugating biotinylated STEAP1 monoclonal antibodies with streptavidin-coated SonoVue microbubbles, providing a prospective method to identify prostate tumors effectively in vivo. These experiments suggest that STEAP1 targeting may be an attractive and selective way to deliver drugs to cancer cells.

In addition, immunotherapy may provide an alternative treatment for cancer patients, especially for tumors with overexpressed antigens that can be recognized by immune cells. Azumi et al. (2010) used STEAP-derived epitope peptides to stimulate T cells, in the context of multiple major histocompatibility complex class II alleles, and induce STEAP-specific helper T lymphocytes in patients with renal cell or bladder cancers. These studies demonstrated the therapeutic potential of optimizing T cell-based immunotherapy for STEAP-expressing renal cells and bladder cancer (Azumi et al., 2010).

Producing an effective vaccine is one of the most important goals of tumor immunotherapy. It has been found that mouse STEAP (mSTEAP)-based vaccination can induce a specific CD8 T cell response to newly defined mSTEAP epitopes and prolong the survival rate of tumor-challenged mice, showing that vaccination against mSTEAP is a feasible option to delay tumor growth (Garcia-Hernandez Mde et al., 2007). Similarly, Cappuccini et al. (2016) constructed a simian adenovirus and modified a vaccinia Ankara virus, ChAdOx1-MVA, encoding STEAP1, to induce strong, sustained antigen-specific CD8+ T-cell responses in male C57BL/6 and BALB/c mice, which when combined with PD-1 blocking antibody, significantly improved the survival rate of animals, indicating that a ChAdOx1-MVA vaccination regimen for STEAP1 combined with PD-1 treatment may have high therapeutic potential in the clinic. Machlenkin et al. (2005) identified two novel immunogenic peptides derived from overexpressed prostate antigens, prostatic acid phosphatase (PAP) and STEAP1, and found that they could induce peptide-specific CTLs targeting human leukocyte antigen-A2.1+ LNCaP cells to inhibit tumor growth in adoptive immunotherapy, providing great potential as candidate vaccines for patients with prostate cancers.

A mAb targeting STEAP4 has been shown to promote caspase-dependent apoptosis and inhibit the proliferation of pre-adipocytes and glucose uptake without affecting lipogenesis and lipogenic differentiation (Qin et al., 2010). Since mAb binding to STEAPs appears to inhibit the function of STEAPs, it is easy to speculate that specific small molecules that may interfere with STEAP ion channels or their active sites may impair their carcinogenic function and may therefore also serve as targeted therapeutic agents.

Although the current therapeutic strategies for STEAPs have not been used in the clinic, their role in molecular transport and involvement in cancer progression makes them promising targets in the treatment of patients with prostate cancer, and even other types of cancers. Overall, future immunotherapeutic strategies are likely to include all members of the STEAP family.



CONCLUSION

Six-transmembrane epithelial antigen of the prostate family members are very similar in structure and, except for STEAP1, all serve as metal oxidoreductases in the absorption of copper and iron. STEAP family members in different cancers are irregularly expressed and participate in the proliferation, migration, invasion, apoptosis, and prognosis of cancer cells, although STEAP3 and STEAP4 may have tumor suppressor functions in cancers. All in all, current studies clearly indicate that the members of the STEAP family are likely to become biomarkers of cancer diseases. Although the mechanisms of the STEAPs in the progression of different cancers are still largely elusive, it is clear that the STEAP family is closely related to the occurrence and development of tumors. Therefore, further investigations are needed to clarify the role of STEAPs in tumor cell proliferation, cell cycling, apoptosis, invasion, and metastasis. In addition, more attention should be paid to the regulatory mechanisms of STEAP family members in different cancers. Future work must systematically analyze and describe the STEAP family based on molecular, cellular, animal and clinical data, and further explore their regulation and role in cancer pathophysiology, diagnosis, and treatment.
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