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Abstract

Cancer is a complex disease where cancer stem cells (CSCs) maintain unlimited replicative 

potential, but evade chemotherapy drugs through cellular quiescence. CSCs are able to give rise to 

bulk tumor cells that have the capability to override anti-proliferative signals and evade apoptosis. 

Numerous pathways are dysregulated in tumor cells, where increased levels of pro-oxidant 

reactive oxygen and nitrogen species (RONS) can lead to localized inflammation to exacerbate all 

three stages of tumorigenesis: initiation, progression, and metastasis. Modulation of cellular 

metabolism in tumor cells as well as immune cells in the tumor microenvironment (TME) can 

impact inflammatory networks. Altering these pathways can potentially serve as a portal for 

therapy. It is well known that selenium, through selenoproteins, modulates inflammatory pathways 

in addition to regulating redox homeostasis in cells. Therefore, selenium has the potential to 

impact the interaction between tumor cells, cancer stem cells, and immune cells. In the sections 

below, we review the current status of knowledge regarding this interaction, with reference to 

leukemia stem cells (LSCs), and the importance of selenium-dependent regulation of inflammation 

as a potential mechanism to affect the TME and tumor cell survival.

Tumor microenvironment- interplay with immune cells and pathways of 

inflammation

The tumor tissue consists of parenchyma that includes malignant cells and the stromal 

compartment. This heterogeneous milieu comprises of various cell types that express 

adhesion molecules, which provide functional activity and structural support to the TME. 

The TME is also highly vascularized, which allows infiltrating inflammatory cells and a 

variety of associated tissue-resident cells entrance into the tumor. Most importantly, the 

infiltrates of inflammatory cells in TME are enriched with different T cell populations, B-

cells, and innate immune cells such as macrophages, polymorphonuclear leukocytes 

(PMNLs; neutrophils) and natural killer cells (NK cells)(Whiteside, 2008). Among these, 

presence of cytotoxic CD8+ memory T cells (CD8+ CD45RO+) and their supporter CD4+ T 

helper1 (Th1) cells with signature cytokines such as interleukin -2 (IL-2) and interferon –γ 
(IFN-γ) in TME correlate with better prognosis (Fridman, Pagès, Sautès-Fridman & Galon, 
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2012). Other CD4+ cells such as Th2 cells producing IL-4, IL-5, and IL-13 that support B 

cell responses, macrophages, or CD4+ Th17 T cells that produce IL-17A, IL-17F, IL-21 and 

IL-22, all of which favor antimicrobial tissue inflammation are generally thought to promote 

tumor growth (Fridman, Pagès, Sautès-Fridman & Galon, 2012). The immunosuppressive T 

regulatory cells (Tregs; CD4+CD25hiFOXP3+) exert tumor promoting function through 

production of IL-10 and transforming growth factor-β (TGF-β) inhibiting recognition and 

clearance of tumor cells. Furthermore, high numbers of Tregs in TME correlates with poor 

prognosis in many types of cancer (Bates et al., 2006; Curiel et al., 2004; Hiraoka, Onozato, 

Kosuge & Hirohashi, 2006). Studies in rodent models have shown that selenium synergizes 

with fish oil to affect anti-tumor immunity through a decrease in Tregs that is also associated 

with a decrease in cancer cachexia (Wang et al., 2013). However, in an iodine-induced 

autoimmune thyroiditis (AIT) model in mice, selenite administration in drinking water (0.3 

mg/L) actually increased Tregs with a concomitant decrease in lymphocyte infiltration and 

anti-thyroglobulin antibody titres leading to decreased AIT (Xue et al., 2010). This clearly 

suggests divergent effects of selenium supplementation with regard to the regulation of 

Tregs in immune suppression that adds another layer of complexity to the Yin-Yang 

functions of these cells in immune regulation.

Natural killer cells (NK cells) spontaneously kill cells deemed dangerous to the host. This 

process is regulated by complex integration of signals from receptors expressed on them 

including inhibitory receptors (Ly49 in mouse and killer immunoglobulin receptor in 

humans) that recognize the inhibitory signals and activate receptors that recognize stress-

induced ligands on target cells such as antibodies and soluble factors like cytokines 

(Guillerey, Huntington & Smyth, 2016). In the tumor microenvironment, tumor cells, tumor 

associated fibroblasts and other tumor –induced aberrant infiltrates including tolerogenic 

macrophages, dendritic cells and T cells can either secrete immunosuppressive products or 

interfere with complex receptor array that regulates the activation and anti-tumor activity of 

NK cells (Vitale, Cantoni, Pietra, Mingari & Moretta, 2014). Additionally, activated platelets 

can directly inhibit NK cells and platelet cloak formation seems to be critical for inhibition 

of NK cell mediated killing of circulating tumor cells (Krasnova, Putz, Smyth & Souza-

Fonseca-Guimaraes, 2017). Selenium potentiates NK cell activity in two ways (Figure 1). 

First, it prevents the non-enzymatic formation of parafibrin that surrounds tumor cells 

rendering the tumor vulnerable to immune surveillance (Lipinski, 2016). Second, selenium 

activates the NK cell population in TME (Kiremidjian-Schumacher, Roy, Wishe, Cohen & 

Stotzky, 1996). It is shown that selenite has a property of oxidizing polythiols but not 

monothiols such as cysteine or glutathione (Frenkel, Falvey & MacVicar, 1991). The oxidant 

property of selenite is seen only in the presence of polythiols where selenite oxidizes thiol 

groups to form selenopersulfides at the surface of tumor cells that abolishes proteolytically-

resistant fibrin coat formed around the tumor (Lipinski, 2005). These changes provide NK 

cells an opportunity to recognize tumor cells as foreign and mount an immune response 

(Lipinski, 2016). Selenite (0.5 μM and higher) induced oxidation of polythiols is implicated 

in death of prostate cancer cells (Zhong & Oberley, 2001) and hepatoma cells(Shen, Yang & 

Ong, 1999).

Selenium also exhibits cancer preventive properties as a regulator of cellular redox via 

selenoproteins at low concentrations; whereas at higher concentrations selenite is shown to 
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induce apoptosis in malignant cells through oxidative stress (Nilsonne et al., 2006). Further, 

Se-organic compounds (diselenides) act as glutathione peroxidase (GPx) mimetic drugs in 

cells with high thiol content such as cells exhibiting a high rate of metabolism and 

proliferation, all characteristics of tumor (Bartolini et al., 2015b; Frenkel, Falvey & 

MacVicar, 1991). Furthermore, in malignant cells, toxicity to selenium is reached at 

considerably lower concentrations compared to non-malignant cells suggesting the cytotoxic 

effects are specific for tumor cells (Husbeck, Nonn, Peehl & Knox, 2006). While the exact 

mechanisms are unclear, it is plausible that redox modulation of signalling pathways through 

changes in cellular oxidant tone combined with changes in redox status of protein thiols, 

selenium could interfere with the pre-metastatic niche created by platelet mediated fibrin 

deposition on tumor cells (Bartolini et al., 2015a; Bartolini, et al., 2015b; Quail & Joyce, 

2013).

Inflammatory responses play decisive roles at different stages of tumor development, 

including initiation, promotion, malignant conversion, invasion, and metastasis. Immune 

cells that infiltrate the tumor engage in an extensive and dynamic crosstalk with cancer cells. 

The key molecular pathways involved are activation of transcription factors, mainly nuclear 

factor-κB (NF-κB), signal transducer and activator of transcription 3 (STAT3) and hypoxia-

inducible factor-1α (HIF-1α), in tumour cells. These transcription factors coordinate the 

production of inflammatory mediators, including cytokines and chemokines, as well as the 

production of cyclooxygenase-2 (COX-2) leading to production of prostaglandins (PGs). 

These factors recruit and activate various leukocytes, most notably cells of the 

myelomonocytic lineage. One of the key leukocyte infiltrate include the tumor associated 

macrophages (TAMs) and related cell types that are involved in carcinogenesis and/or 

tumour invasion and metastasis (Bunt et al., 2007; Coussens, Tinkle, Hanahan & Werb, 

2000; Mantovani, Bottazzi, Colotta, Sozzani & Ruco, 1992). The tumor cells derived factors 

activate the same key transcription factors in inflammatory cells, stromal cells and tumour 

cells, resulting in more inflammatory mediators being produced and a cancer-related 

inflammatory microenvironment is generated. Therefore, targeting of inflammatory 

mediators (chemokines and TNF-α and IL-1β), key transcription factors involved in 

inflammation (such as NF-κB and STAT3) or inflammatory cells decreases the incidence 

and spread of cancer (Mantovani, Allavena, Sica & Balkwill, 2008).

TAMs are a major component of tumor infiltrates that are reprogrammed to be pro-

tumorigenic. TAMs often exhibit an alternatively-activated (M2)-like phenotype, which 

inhibits lymphocyte functions through release of anti-inflammatory cytokines such as IL-10 

to negatively impact anti-tumor immune surveillance (Mantovani, Sozzani, Locati, Allavena 

& Sica, 2002; Martinez, Sica, Mantovani & Locati, 2008). Furthermore, TAMs are major 

contributors of tumor angiogenesis. The comparative analysis of TAM transcriptomes with 

available clinical databases show a transcriptional signature predictive of tumor survival 

(Ojalvo, Whittaker, Condeelis & Pollard, 2010).

Myeloid suppressor cells (MDSCs; CD34+CD33+CD13+CD15−) are a heterogeneous 

population of bone marrow-derived early progenitors that resemble immature dendritic cells 

and granulocytes. These cells are characterized by the increased production of extracellular 

degradative enzymes, cytokines, and RONS (Draghiciu, Lubbers, Nijman & Daemen, 2015). 
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MDSCs promote tumor growth and suppress immune cell functions by blunting leukocyte 

responses (Ochoa, Zea, Hernandez & Rodriguez, 2007). Given their plasticity and their 

ability to exhibit variable phenotypes, MDSCs differentiate into Tregs. While there are no 

reports on the role of selenium in MDSCs per se, it is known that antioxidant vitamin E 

treatment can significantly reduce the number of MDSCs in a HPV16 E7 expressing TC-1 

tumor model (Kang et al., 2014). Like the conventional macrophages, MDSCs also polarize 

towards M1 or M2 phenotypes. As in the case of macrophages, where selenium skews them 

towards an M2 phenotype to produce pro-resolution mediators (Figure 2), it remains to be 

seen if selenium has a similar impact on MDSC polarization to affect the proliferation of 

tumor cells by locally blunting inflammation to resolve the tumor lesion.

Nuclear factor kappa β (NF-κB), a redox-sensitive transcription factor and master regulator 

of inflammatory gene expression, is highly dysregulated in TAMs (Hagemann et al., 2008; 

Mantovani, Allavena, Sica & Balkwill, 2008; Saccani et al., 2006). Several factors (TNF-α, 

IL-1, hypoxia, HMGB1, TLR ligands) important for pro-tumor phenotype of TAMs are 

linked to activation of NF-κB. Interestingly, studies have shown that sodium selenite affects 

activation of NF-κB by inhibiting IKKβ (Vunta et al., 2007) that is known to be activated in 

TAMs (Saccani, et al., 2006). Thus, it is plausible that perturbation of NF-κB in TAMs by 

selenium may result in decreased local immune suppression as well as affecting the 

expression of cell survival factors (IL-6, TNF-α, COX-2, PGE2) (Mantovani, Allavena, Sica 

& Balkwill, 2008). Similar effects of selenium were observed in murine macrophages 

(Vunta, et al., 2007). Selenium also impacted angiogenesis through down regulation of 

VEGF, IL-8, and COX-2, which affects invasion and metastasis (Mantovani, Allavena, Sica 

& Balkwill, 2008). COX-2 appears to be one of the key factors regulated by selenium. The 

bioactive lipid prostaglandin E2 (PGE2) formed from arachidonic acid via COX-2 and 

microsomal PGE2 synthase-1 (mPGES-1) facilitates both cancer inflammation and immune 

suppression. In a recent study, the COX-2/mPGES-1/PGE2 pathway was demonstrated to 

regulate the expression of programmed-death ligand 1 (PD-L1), which is associated with 

increased tumor aggressiveness and immune suppression in TME (Prima, Kaliberova, 

Kaliberov, Curiel & Kusmartsev, 2017). Interestingly, selenium through selenoprotein 

expression, reprograms arachidonic acid metabolism by uncoupling COX-2 from mPEGS-1 

during inflammation in macrophages to enhance the production of H-PGDS derived 

cyclopentenone PGs (CyPGs), Δ12-PGJ2 and 15d-PGJ2 (Gandhi et al., 2011; Vunta, et al., 

2007). A consequence of such an “eicosanoid class switching” mechanism is the significant 

decrease in PGE2 by selenium supplementation. It remains to be seen if selenium decreases 

tumor aggressiveness through the modulation of expression of PD-L1 by altering the levels 

of PGE2 in the TME. However, anti-proliferatory CyPGs, Δ12-PGJ2 and 15d-PGJ2 that are 

produced by BMDMs because of the selenium-dependant eicosanoid class switching were 

capable of efficiently mediating apoptosis of LSCs in models of chronic myeloid leukemia 

(CML) suggesting that similar metabolic reprogramming in TAMs could impact the 

proliferation of tumor cells. However, this needs to be addressed in the future.

Selenium-dependent effects on cancer stem cells in leukemia

A causal inverse relationship between selenium and haematological malignancies exist 

(Azarm, Fazilati, Azarm & Azarm, 2013; Cai et al., 2016). An early clinical study reported a 
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decrease in total leukocyte counts, immature leukocytes, and spleen size upon oral 

administration of selenium cystine (diseleno - dialanine) in patients with both CML and 

AML (Weisberger & Suhrland, 1956). Since then several in vitro studies have demonstrated 

the anti-leukemic properties of sodium selenite in leukemia cell lines (Jiang Xr, 1992; Liao, 

Bian, Xie & Peng, 2017; Misra et al., 2016). Sodium selenite supplementation was effective 

in decreasing circulating leukemia cells in murine Friend erythroleukemia (FV) as well as 

murine CML models (Gandhi et al., 2014). Lu et al, (Lu et al., 2004) demonstrated that the 

beneficial effects of selenium was conferred, in part, by improved immune surveillance of 

leukemia cells by NK cells. In addition, selenite treatment induced cytotoxicity in ex vivo 
cultures of leukemia cells isolated from peripheral blood of ALL and AML patients (Olm et 

al., 2009). Intriguingly, no detrimental effects of selenium were observed in cells derived 

from bone marrow or peripheral blood of normal individuals treated with selenite in this 

study. The specificity of selenite for LSCs was observed in murine models of CML, which 

utilized primary hematopoietic stem cells (HSCs) transduced with a retrovirus expressing 

the fusion oncoprotein BCR-ABL and GFP. Transplantation of these cells leads to disease 

suggesting that they act as leukemia stem cells (CML-LSCs). Intriguingly, treatment of these 

cells with selenite (50–500 nM) led to apoptosis that was only restricted to LSCs, while the 

HSCs expressing GFP were not affected (Finch et al., 2017; Gandhi, et al., 2014; Gandhi, et 

al., 2011). More importantly, these in-vitro studies corroborated well with in-vivo studies 

showing similar efficacy towards selenium supplementation on the ablation of LSCs and 

remission of the disease. While the basis of the selectivity of selenium towards LSCs is 

unclear, our studies show that selenium induces a number of effects in CML-LSCs that 

could account, in part, for its efficacy and selectivity. These effects include anti-androgen 

activity, DNA damage-induced response involving ATM-kinase and its downstream effectors 

such as p53, caspases, p21, and inhibition of anti-apoptotic pathways via the decrease in 

Mcl1-dependent control of Bcl2 (Finch, et al., 2017; Gandhi, et al., 2014; Sanmartin, Plano 

& Palop, 2008). Furthermore, p53 activation could also amplify a positive regulatory 

feedback loop involving long noncoding RNA (lncRNA) that enhances tumor suppressor 

activity of p53 (Sánchez et al., 2014).

CML originates in the bone marrow and is primarily due to a chromosomal translocation 

[t(9:22); Philadelphia chromosome (Ph+)] in progenitor cells resulting in the chimeric fusion 

oncoprotein, BCR-ABL1, which exhibits dysregulated tyrosine kinase activity (Koretzky, 

2007). BCR-ABL drives the development of a two-stage disease with the overproduction of 

mature myeloid cells in the chronic phase that rapidly progresses to a blast crisis stage, 

which is an aggressive acute leukemia (Calabretta & Perrotti, 2004). The standard of care for 

CML patients is tyrosine kinase inhibitor (TKI) therapy. These maintenance drugs inhibit the 

BCR-ABL tyrosine kinase activity, which limits the over-production of myeloid cells. 

Although these drugs have been very effective in treating CML, they are often associated 

with side effects. In addition, patients develop resistance to TKI therapies, which has 

necessitated the development of newer generation of inhibitors. However, majority of 

patients will relapse when the TKI therapy is discontinued as these drugs primarily target 

mature cycling cells (that represent the bulk leukemia cells) and remain ineffective against 

CML LSCs (Druker et al., 2006; Druker et al., 2001; Gorre et al., 2001). Moreover, because 

TKIs do not target LSCs, there is a significant gap in our ability to specifically target LSCs 
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to treat CML (Bhatia et al., 2003; Copland et al., 2006; Graham et al., 2002; Jorgensen, 

Allan, Jordanides, Mountford & Holyoake, 2007). Much like the HSCs that are maintained 

in specific niches in the bone marrow, CSCs also maintain quiescence with self-renewal 

capabilities (Bakker, Qattan, Mutti, Demonacos & Krstic-Demonacos, 2016). LSCs are 

perhaps the best studied CSCs. They give rise to bulk leukemia cells, which are responsible 

for the clinical presentation of leukemias and the pathologies associated with the disease. In 

addition, LSCs also self-renew, which maintains a population of quiescent LSCs (Huntly & 

Gilliland, 2005; Riether, Schürch & Ochsenbein, 2015; Tabe & Konopleva, 2014; 

Tannishtha, Morrison, Clarke & Weissman, 2001). Thus novel therapeutics that eradicate 

LSCs could provide a durable remission from the disease.

Interaction of LSCs with immune cells mediated by CyPGs

LSCs are sensitive to intrinsic and extrinsic factors that include components generated by 

immune cells within the bone marrow or other tissue microenvironment (Bakker, Qattan, 

Mutti, Demonacos & Krstic-Demonacos, 2016; Konopleva & Jordan, 2011; Tabe & 

Konopleva, 2014). As introduced in section 1, the extrinsic pathway of LSC control involves 

monocytes and macrophages that can be reprogrammed with selenium to promote 

eicosanoid class switching to produce bioactive CyPGs, which are endowed with anti-

proliferative activity (Finch, et al., 2017; Gandhi, et al., 2014; Gandhi, et al., 2011). Utilizing 

conditioned media from bone marrow-derived macrophages (BMDMs), studies have shown 

that expression of the selenoproteome is critical for eicosanoid class switching to produce 

CyPGs (Gandhi, et al., 2014; Vunta, et al., 2007).

Co-incubation of macrophage-conditioned media with LSCs activated pathways of 

apoptosis, which were inhibited when the macrophages were treated with NSAIDs prior to 

addition of selenite (Gandhi, et al., 2014). These CyPGs downregulated the anti-apoptotic 

factor, NF-κB (Gandhi, et al., 2011; Vunta, et al., 2007). In fact, osteoblasts that are part of 

osteoblastic niche of bone marrow play an important role in quiescence of LSCs. Selenium 

(in the form of methylseleninic acid) modified the osteoblast inflammatory stress response to 

bone metastatic breast cancer cells by downregulating the activation of NF-κB leading to 

decreased expression of COX-2 and INOS and pro-inflammatory mediators such as IL-6, 

MCP-1 (Chen et al., 2009). This observation demonstrates the efficacy of selenium to 

modify extrinsic factors of tumor microenvironment and the importance of the 

microenvironment where macrophage-derived factors, including CyPGs, possibly act as key 

mediators of LSC apoptosis. While the mechanism of action of CyPGs in LSC apoptosis 

continues to be investigated, studies suggest that CyPGs exacerbate the production of ROS 

through a mechanism involving NADPH oxidase (Nox1), which in turn leads to the 

activation of ATM kinase-p53-dependent downstream pathways of apoptosis (Gandhi, et al., 

2014; Hegde et al., 2011). While the mechanism of activation of Nox1 by CyPGs is 

intriguing, it appears that certain membrane–bound receptors for CyPGs could be involved 

in the cross-talk, which needs to be substantiated further.

On the other hand, constitutive activation of the NF-κB pathway allows LSCs to evade 

mechanisms of apoptosis (Bosman, Schuringa & Vellenga, 2016; Konopleva & Jordan, 

2011; Zhou, Ching & Chng, 2015). As part of the intrinsic pathway, selenium is shown to 
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suppress activation of NF-κB in murine model of esophageal carcinogenesis (Yang, Jia, 

Chen, Yang & Li, 2012), human prostate cancer cells (Christensen, Nartey, Hada, Legg & 

Barzee, 2007), during hepatocarcinogenesis (Alwahaibi, Mohamed & Alhamadani, 2010) 

and in colorectal cancer (Méplan & Hesketh, 2012; Ravasco et al., 2010). While it is known 

that LSCs can also endogenously produce CyPGs in response to supplementation with 

selenium, albeit at much lower concentration than macrophages, these CyPGs can diffuse 

into cells to bind to intracellular receptors such as PPARγ. Interestingly, PPARγ agonists 

target CML LSCs in vitro by decreasing transcription of STAT-5a, which is required for LSC 

self-renewal (Prost et al., 2015). Furthermore, PPARγ agonists can potentiate the action of 

TKIs in CML (Glodkowska-Mrowka et al., 2016). In a more recent ACTIM phase 2 clinical 

trial, PPARγ agonist pioglitazone in combination with imatinib (first generation TKI) 

showed positive outcome in treatment of CML. However, pioglitazone is associated with 

side effects that limits it use (Gavrilova et al., 2003; Nesto et al., 2003). Along these lines, a 

recent study demonstrated the activation PPARγ-dependent signalling in LSCs by selenium 

led to decreased expression of STAT-5a and its two targets, CITED2 and HIF-2α, which are 

both known to maintain LSC quiescence (Finch, et al., 2017). Treatment of CML-mice or 

isolated LSCs with selenium in the presence GW9662, a PPARγ antagonist, blocked the 

ability of selenium to down-regulate the expression of Stat-5a and its targets leading to 

leukemia. These studies suggest that changes in downstream effectors of PPARγ, which 

includes metabolic enzymes, could impart some selectivity to ablation of LSCs by selenium.

Targeting LSC metabolism with selenium

Generally, cancer cells prefer aerobic glycolysis to shunt glucose towards cytoplasmic 

lactate instead of pyruvate-derived acetyl-CoA that would enter the tricarboxylic acid (TCA) 

cycle coupled to oxidative phosphorylation (OXPHOS). This unusual capability of tumor 

cells to reprogram glucose metabolism is an emerging avenue for cancer therapeutics that 

was originally demonstrated by Otto Warburg (Warburg, 1956). Cancer cells prefer the 

energetically unfavorable glycolysis that produces 18 times less ATP per mole of glucose 

than OXPHOS. However, this process is more efficient in generating precursors for 

nucleotide and lipid biosynthesis for rapid cell division and is several orders of magnitude 

faster, which aids in metabolic coupling within the tumor niche leading to enhanced 

proliferation (Martinez-Outschoorn, Peiris-Pagés, Pestell, Sotgia & Lisanti, 2016). 

Moreover, acquired oncogenic mutations alter the metabolic network, where many of tumor-

promoting genes are intricately associated with metabolic regulation. It is also evident that 

reprogramming of energy metabolism and evading immune destruction is a hallmark of 

cancer cells that navigate through the TME (Hanahan & Weinberg, 2011; Hsu & Sabatini, 

2008). The size of the tumor niche population in which CSCs exist determines the 

availability of nutrients and oxygen. The regulation of nutrient availability, in turn, affects 

the metabolic phenotype of CSCs, which is poorly understood in the context of 

tumorigenesis. It is established that not all malignant cells are metabolically and functionally 

equivalent, which has been demonstrated in leukemia, breast cancer and various other 

cancers (Sancho, Barneda & Heeschen, 2016). This functional disparity is often attributed to 

genetic and epigenetic heterogeneity within multiple sub-clonal populations, which 

contribute to various metabolic adaptations specific to each tumor type (Sancho, Barneda & 
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Heeschen, 2016). Consequently, CSCs exhibit diverse metabolic phenotypes. Based on the 

existing literature, though CSCs are broadly classified to be primarily glycolytic, they are 

also known to selectively rely on OXPHOS to maintain their stemness. CSCs selectively 

adopt to nutrient deprivation and tumor niche metabolic phenotype. Mechanistically, the 

glycolytic program is also associated with stemness by keeping high antioxidative capacity 

and increased pentose phosphate pathway (Sancho, Barneda & Heeschen, 2016). High 

aerobic glycolytic rates and glutaminolysis promote fatty acid oxidation for ATP and 

reducing equivalents such as NADPH. Notably leukemic and pancreatic CSCs utilize fatty 

acid oxidation regulated by PPARδ pathway (Ito et al., 2012; Samudio et al., 2010; Sancho, 

Barneda & Heeschen, 2016). In these cells, NADPH generation was key for self-renewal, 

maintaining stemness as well as the CSC phenotype. To this end, selenoproteins within cells 

could play a critical role in the modulation of glucose and fatty acid metabolism.

It is well established that deficiency of GPX1 and other selenoproteins can increase the 

expression of p53, a tumor suppressor gene and a master controller of cellular metabolism 

(Cheng, Zheng, Quimby, Roneker & Lei, 2003). Activation of p53 induces the expression of 

genes associated with DNA repair, apoptosis, cell cycle and senescence, and more 

importantly, glucose and fatty acid metabolism (Bensaad et al., 2006). Similarly, nucleolar 

oxidoreductase selenoprotein H (SelenoH) overexpression in neuronal cells protected against 

UV-induced DNA damage by suppressing p53 and caspase-mediated apoptosis (Mendelev, 

Witherspoon & Li, 2009). Recent studies by Cox et al. demonstrated that SelenoH 

deficiency exacerbated oxidative stress-dependent activation of p53, where inflammation 

was a key factor, leading to gastrointestinal tumorigenesis in a zebrafish model (Cox et al., 

2016). Given that selenium supplementation can downregulate inflammation, it remains to 

be seen if SelenoH regulates expression of inflammatory genes such as Tnf-α and IL-1β 
(Figure 3).

While the studies mentioned above suggest an inverse causal relationship between selenium 

status and p53 activation, these mechanisms may operate differently when the tumor has 

already been initiated, as in the case of expression of the oncoprotein BCR-ABL in HSCs in 

the murine CML model. Comparison of HSCs (which represent normal stem cells) and 

LSCs prior to treatment with selenium showed HSCs to have higher ROS compared to LSCs 

(Gandhi, et al., 2014). Contrary to the prevailing idea with other cell types is the ability of 

LSCs to tightly regulate ROS and p53 expression, which could enable the LSCs to evade 

autophagy and/or apoptosis. However, treatment of both these cell types, HSCs and LSCs, 

with supraphysiological levels of selenium (as selenite; 250–500 nM) selectively increased 

ROS by several orders of magnitude only in LSCs. This increase was also accompanied by 

increased ATM kinase-p53-caspase 3-dependent pathway of apoptosis (Gandhi, et al., 2014). 

Intriguingly, such an increase in ROS was accompanied by increased expression of many 

antioxidant genes, including Gpx4 that were unable to compensate and protect the LSCs 

from ROS. The ability of selenium supplementation at levels where most of the 

selenoproteins are saturated to increase ROS selectively in one cell type (LSCs) suggests a 

cross-talk between selenium and cysteine thiols in other proteins, particularly phosphatases, 

in the form of selenopersulfides, which modulates their activities leading to increased 

cellular oxidative stress. Of interest to us is the ability of p53 to activate pathways of 

metabolism in the LSCs that may also contribute to increased cellular oxidative stress. For 
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instance, Gandhi et al (2014) demonstrated that selenite treatment increased Sco2 (synthesis 

of cytochrome oxidase-2) and Rm2b (P53r2; ribonucleotide-diphosphate reductase subunit 

RM2B), which are likely to increase the ability to LSCs to favor OXPHOS that further 

contributes to increase in ROS. In addition, TP53 inducible glycolysis and apoptosis 

regulator (TIGAR), a fructose bisphosphatase that negatively regulates glycolysis was 

increased in selenite-treated LSCs, which corroborates data from other cancers where 

TIGAR is overexpressed (Ko et al., 2016; Wanka, Steinbach & Rieger, 2012). TIGAR 

overexpression is implicated in inhibition of glycolysis and protective mechanisms against 

ROS in glioma cells (Wanka, Steinbach & Rieger, 2012).

Metabolic adaptations that govern quiescence in CSCs and processes involving self-renewal, 

tumor initiation, and chemo-resistance call for thorough studies involving flux of key 

metabolites through specific pathways in conjunction with the use of genetic methods to 

elucidate the underpinnings of the resiliency of these cells. A better understanding of these 

pathways and how they are controlled by altered oncogenes and tumor suppressors needs to 

be integrated with studies of the alterations in cellular redox tone of cells and how these 

changes impact metabolomic shifts that ultimately dictate cell fate decisions. It is here that 

the redox gatekeeper functions of selenoproteins are likely to play a pivotal role leading to 

mechanistic insights involving metabolomic changes within CSCs in collaboration with 

immune cells in the tumor niche.

Summary

In conclusion, this review highlights various mechanisms by which selenium and 

selenoproteins affect various stages of tumorigenesis that involves a cross talk with the 

immune component. In particular, based on the recent work in murine models of CML, the 

remarkable ability of selenite supplementation to target LSCs for apoptosis is dependent on 

the enhanced production of CyPGs that drastically decreases the disease burden. The 

ablation of LSCs in murine models highlight a new area within selenium biology where 

selenium-mediated changes in metabolic pathways within LSCs as well as immune cells that 

comprise the microenvironment in the bone marrow and/or spleen underlie the protective 

effects of selenium supplementation. Even though the underlying mechanism of anti-

leukemic activity of selenium is still not completely understood, the ability of selenium to 

affect quiescence of CML-LSCs is mediated through the enhanced production of CyPGs that 

are not only generated within the LSCs, but also by immune cells (macrophages) via 

reprogramming of cellular metabolism is a promising observation. However, one of the key 

questions that needs to be addressed is the identity of selenoprotein(s) that is pivotal for the 

eicosanoid-class switching, which is currently being pursued. Regardless, these findings 

suggest new options for the development of new treatments for CML, where dietary 

selenium supplementation could be substituted for synthetic PPARγ agonists.
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Fig. 1. 
Potentiating NK cell function in TME by selenium. Hypoxic environment within the TME 

can shift the redox equilibrium resulting in an increased interaction between tumor cell 

membrane and fibrinogen or plasma proteins through disulfide bond formation. As a result, 

a protective fibrin coat facilitating evasion of immune response in TME is formed. 

Treatment with selenium could reduce the disulfides within the protective fibrin coat to 

expose neoantigens on tumor cells to NK cells eventually initiating an immune response 

against the tumor.
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Fig. 2. 
Selenium reconditions TME by affecting the pro-tumorigenic phenotype of immune 

infiltrates within the stromal compartment effecting apoptosis of stem cells and decreased 

survival of bulk tumor cells. TAMs mediate immune suppression, promote growth, 

angiogenesis and proliferation of tumor cells through dysregulated activation of NF-κB. 

Selenium-mediated redox modulation in macrophages inhibits IKKβ leading to decreased 

activation of NF-κB and its downstream effectors of immune suppression, tumor cell 

survival, and angiogenesis. Selenium may also sensitize tumor cells to TRAIL-induced 

apoptosis through NF-κB suppression by increasing the half-life of IKKα in cytosol. The 

intratumoral angiogenesis is abrogated by selenium through decreased expression of 

angiopoietin-2, PDGF, and VEGF, which might occur through ROS-mediated DNA damage 

in endothelial cells. Selenium also enhances the cytotoxic potential of NK cells and CD8+ T 

cells, while negatively regulating Treg cells, which together promote inhibition of tumor 

growth. Selenium reprograms arachidonic acid metabolism in macrophages leading to pro 

resolving CyPGs, while decreasing inflammatory PGs. CyPGs activate PPARγ in CSCs to 

block quiescence, while decreased PGE2 production by TAMs promotes antitumor effects by 

decreasing PDL1 expression to affect tumor aggression, angiogenesis, and immune 

suppression.
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Fig. 3. 
Significance of selenium in cancer stem cell metabolism. CSCs generally display glycolytic 

metabolic phenotype selectively coupled with TCA cycle and OXPHOS to generate energy 

and cellular components (amino acids and lipids) to support their stemness. Metabolically-

active CSCs generate ROS, which is compensated by production of antioxidants, including 

GSH, NADPH derived from the pentose phosphate pathway. Selenoproteins through their 

redox gatekeeper functions can effectively modulate redox homeostasis. Selenium treatment 

of CSCs activate ATM kinase, which in turn activates p53 leading to metabolic 

reprogramming. p53 targets pathways via TIGAR-mediated glycolytic arrest, Sco2-mediated 

potentiation of OXPHOS, and Gls2-mediated regulation of glutamine metabolism to 

ultimately exacerbate ROS production to activate pathways of apoptosis. Selenium-mediated 

eicosanoid class switching leads to the production of PGJ2 as an adaptive response for 

protection against ROS, which is mediated through PPARγ that transcriptionally represses 

STAT5a to effectively inhibit downstream target genes, HIF2α and CITED2, known for 

maintenance of CSC quiescence, as in CML LSCs.
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