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The functional activity of selenoproteins has a wide range of effects on complex pathogenetic processes, including teratogenesis, 
immuno-inflammatory, neurodegenerative. Being active participants and promoters of many signaling pathways, selenoproteins 
support the lively interest of a wide scientific community. This review is devoted to the analysis of recent data describing the partici-
pation of selenoproteins in various molecular interactions mediating important signaling pathways. Data processing was carried out 
by the method of complex analysis. For convenience, all selenoproteins were divided into groups depending on their location and 
function. Among the group of selenoproteins of the ER membrane, selenoprotein N affects the absorption of Ca2+ by the endoplas-
mic reticulum mediated by oxidoreductin (ERO1), a key player in the CHOP/ERO1 branch, a pathogenic mechanism that causes 
myopathy. Another selenoprotein of the ER membrane  selenoprotein K binding to the DHHC6 protein affects the IP3R receptor that 
regulates Ca2+ flux. Selenoprotein K is able to affect another protein of the endoplasmic reticulum CHERP, also appearing in Ca2+ 
transport. Selenoprotein S, associated with the lumen of ER, is able to influence the VCP protein, which ensures the incorporation of 
selenoprotein K into the ER membrane. Selenoprotein M, as an ER lumen protein, affects the phosphorylation of STAT3 by leptin, 
which confirms that Sel M is a positive regulator of leptin signaling. Selenoprotein S also related to luminal selenoproteins ER is a 
modulator of the IRE1α-sXBP1 signaling pathway. Nuclear selenoprotein H will directly affect the suppressor of malignant tumours, 
p53 protein, the activation of which increases with Sel H deficiency. The same selenoprotein is involved in redox regulation. Among 
the cytoplasmic selenoproteins, abundant investigations are devoted to SelP, which affects the PI3K/Akt/Erk signaling pathway 
during ischemia/reperfusion, is transported into the myoblasts through the plasmalemma after binding to the apoER2 receptor, and 
into the neurons to the megaline receptor and in general, selenoprotein P plays the role of a pool that stores the necessary trace ele-
ment and releases it, if necessary, for vital selenoproteins. The thioredoxin reductase family plays a key role in the invasion and me-
tastasis of salivary adenoid cystic carcinoma through the influence on the TGF-β-Akt/GSK-3β pathway during epithelial-
mesenchymal transition. The deletion of thioredoxin reductase 1 affects the levels of messengers of the Wnt/β-catenin signaling 
pathway. No less studied is the glutathione peroxidase group, of which GPX3 is able to inhibit signaling in the Wnt/β-catenin path-
way and thereby inhibit thyroid metastasis, as well as suppress protein levels in the PI3K/Akt/c-fos pathway. A key observation is 
that in cases of carcinogenesis, a decrease in GPX3 and its hypermethylation are almost always found. Among deiodinases, deiodi-
nase 3 acts as a promoter of the oncogenes BRAF, MEK or p38, while stimulating a decrease in the expression of cyclin D1. 
The dependence of the level of deiodinase 3 on the Hedgehog (SHH) signaling pathway is also noted. Methionine sulfoxide reduc-
tase A can compete for the uptake of ubiquitin, reduce p38, JNK and ERK promoters of the MAPK signaling pathway; methionine 
sulfoxide reductase B1 suppresses MAPK signaling messengers, and also increases PARP and caspase 3.  

Keywords: functions of selenoproteins; cytoplasm selenoproteins; thioredoxin reductases; glutathione peroxidases; methionine 
sulfoxide reductases; carcinogenesis.  

Introduction  
 

To date, a cluster of selenoproteins, including 25 species, is being 
actively studied due to the involvement of these compounds in a num-
ber of important biomolecular mechanisms that affect pathogenetic pro-
cesses such as carcinogenesis, oxidative stress, inflammation, and neu-
rodegeneration.  

So, the search for ways to influence the expression of selenoprote-
ins with the aim of controlling some teratogenic processes is currently 
underway. One of these is an attempt to inactivate the UGA gene and 
tRNA, which encode and translate accordingly the selenocysteine resi-
due, which is part of all selenoproteins. A number of authors have found 
that Cas9-sgRNA ribonucleoproteins using the CRISPR technique can 
induce efficient genome editing in Hek293, HepG2, HaCaT, HAP1, 
HeLa, and LNCaP cell cultures, which causes a strong decrease in the 
expression of selenoproteins (Vindry et al., 2019). Attempts to study the 
basics of controlling selenoprotein regulators are carried out not only 
through gene modifications, but also by determining the role of gene 

polymorphism. A number of works are devoted to the study of the 
relationship of genes polymorphisms encoding certain selenoproteins 
with risks and predictions in the development of tumors. The clinic 
studied the polymorphism of the gene of selenoprotein (Sep15), which 
is a selenocysteine-containing oxidoreductase, in women with breast 
cancer. Clinical and pathological parameters such as age, stage of dise-
ase, tumour type, classification and receptor status did not reveal a con-
nection with polymorphism for this gene. Selenoprotein gene polymor-
phism (Sep15) did not affect the risk of breast cancer. (Watrowski et al., 
2016). However, in the case of diabetes, it was found that genetic poly-
morphism for selenoprotein S is associated with type 2 diabetes (Zhao 
et al., 2018).  

A number of promoters are involved in the mechanism of seleno-
proteins expression regulation, through the action of which selenoprote-
in activity can also be controlled. Thus, in the model of the C28/I2 
chondrocyte cell line, sufficient expression of SBP2 (selenocysteine 
binding protein) and miR-181a-5p (one of the post-transcriptional gene 
expression regulators) was detected under conditions of normal Se con-

186 



 

Regul. Mech. Biosyst., 2020, 11(2) 

tent and vice versa, insufficient expression was revealed in case of Se 
deficiency. miR-181a-5p regulates SBP2 in the chondrocyte model. It is 
miR-181a-5p that is more sensitive to Se deficiency. Thus, a mechan-
ism for reducing the expression of selenoproteins through the effect on 
selenocysteine-binding protein and miR-181a-5p was revealed (Min 
et al., 2018).  

The existence of selenoproteins also depends on another promoter, 
which has caused interest due its influence on the signaling pathway 
that regulates the proliferative and migratory abilities of cells. The bio-
synthesis of selenocysteine included in selenoproteins is regulated by 
the Trnau1ap protein, the deficiency of which inhibits the proliferation 
of cardiomyocyte-like cells. On the model of NIH3T3, JEG-3, and 
Bewo cells (embryonic, trophoblastic, and placental, respectively), a 
decrease in the expression of selenoproteins determines upon knock-
down of the Trnau1ap protein. Along with this, a decrease in the prolife-
ration and migration of cells of these groups is noted. Inhibition of Akt 
phosphorylation (a member of the protein kinase family, a key player of 
the PI3K/Akt signaling pathway) in the PI3K/Akt signaling pathway is 
observed. Thus, the Trnau1ap protein modulates the PI3K/Akt signaling 
pathway and simultaneously affects the expression of selenoproteins, 
thereby playing an important role in the regulation of cell proliferation 
and migration in embryogenesis (Hu et al., 2018).  

In addition to the above regulatory proteins for the synthesis of se-
lenoproteins, the catalytic activity of selenoproteins depends on the in-
corporation of the selenocysteine residue. This function is performed by 
the protein binding (SECISBP2) in parallel affecting the signaling path-
way PI3K/Akt and ERK. The authors clarified the role of this protein in 
trophoblast cells and the molecular mechanism that ensures its function. 
Turning off SECISBP2 by miRNA transfection reduced levels of only 
some selenoproteins – GPx1, SelK, Dio2, while MDA (malondialde-
hyde) levels increased. SECISBP2 silence suppressed the proliferation, 
migration and invasion of trophoblast cells; significantly reduced the 
level of β-hCG (β chorionic gonadotropin) and progesterone. Inactiva-
tion of the PI3K/Akt and ERK signaling pathways has also been de-
tected (Li et al., 2017).  

The participation of selenoproteins in many pathogenetic processes 
creates an interest in studying the mechanisms and key players in the 
signaling pathways that mediate this participation with the goal of fur-
ther therapeutic effects. It has particular importance in the case of tera-
togenesis. For example the expression of selenoprotein M increases and 
correlates with late stage, progression and short survival in patients with 
renal cell carcinoma. In a mouse experiment, deletion of this seleno-
protein reduces viability, clonality, and metastasis of renal cancer cells 
and suppresses tumour growth (Jiang et al., 2019).  

Recently, overexpression of M selenoproteins M (SELM) has also 
been detected in human hepatocellular carcinoma cells. An increase of 
SELM expression in the liver tissue of hepatocellular carcinoma and a 
gradual increase in expression are associated with an increase in the 
level of malignancy. The authors suggest the use of SELM as a putative 
marker for hepatocellular carcinoma (Guerriero et al., 2014).  

The connection of some selenoproteins with specific pathologies 
initiates attempts to determine their role in the signaling pathways of 
these pathogenetic processes. So again, researchers point out that sele-
noproteins can inhibit carcinogenesis by counteracting oxidative dama-
ge and mutations. But under conditions of an initially high level of oxi-
dative damage, the activity of selenoproteins can cause resistance to 
apoptosis and chemotherapy in cancer cells. Plenty of selenoproteins 
have different effects in signaling pathways such as MAPK, AKT, 
VEGF and c-Met and others. Thus, the modulation of the pool of sele-
noproteins by adding Se does not always have a beneficial effect, and in 
some cases can be harmful (Short & Williams, 2017).  

In the epithelium of the prostate gland the expression decrease of a 
large number selenoproteins provokes oncogenesis. It is achieved by 
deletion of the gene encoding tRNA Sec selenocysteine residue. 
The latter one is used for inserting the selenocysteine residue into sele-
noproteins during their translation. In mice with the sec tRNA gene 
knockdown, neoplastic changes were detected in all prostate lobes, 
which progressed to dysplasia and microinvasive cancer. Moreover, the 
removal of the tumour suppressor and the introduction of the oncogen 

are not required to initiate oncogenesis. Simultaneously, there is an 
increase in lipid peroxidation markers due to a decrease in the antioxi-
dant effect of selenoproteins (Luchman et al., 2014).  

And relatively recently, the association of alleles of selenoprotein S 
and selenoprotein P, glutathione peroxidase 4 with a high risk of aortic 
occlusion disease and peripheral artery disease has been identified. 
There is also a summation of the effect of these genes on the risks of 
abdominal aortic aneurysm and aortic occlusion disease. The relation-
ship of heart failure with the allele SEPP1 and elevated concentrations 
of SeP is revealed (Strauss et al., 2018).  

At the model of heat stress, which suppresses myogenic differentia-
tion and disrupts the development of muscle tubes, the expression of 
mRNA of 24 genes encoding selenoproteins was studied. Obviously the 
heat stress enhances the expression of 18 selenoproteins after 4 days of 
hyperthermia, 11 selenoproteins after 6 days and 8 selenoproteins after 
8 days. Only a decrease in the expression of deiodinase 2 was observed 
after 6 days. Such a reaction to heat stress can be considered as a protec-
tive effect of selenoproteins on damage associated with hyperthermia in 
myoblast cells (Tang et al., 2018).  

The data of the some selenoproteins participation in the amyloid-β 
(Aβ) modeling are interesting. So, selenoprotein P (SelP-H) and mutant 
selenoprotein M (SelM) have ability to bind transition metal ions and 
modulate Zn2+-mediated amyloid-β (Aβ) aggregation, generation of 
reactive oxygen species and neurotoxicity. Aggregation and cytotoxi-
city of amyloid-β (Aβ) peptide with transition metal ions in neurons 
take part in the progress of Alzheimer's desease. The binding of Aβ with 
Zn2+ suppress Aβ fibrillation, but the SelP-H and SelM may have sig-
nificantly restored Aβ fibrillation, which is confirmed by fluorescence 
and electronic microscopy. Interestingly, both SelP-H and SelM inhibit 
Zn2+–Aβ-induced neurotoxicity and intracellular production of reactive 
oxygen species in living cells. Studies show that SelP and SelM can 
play prominent roles in regulating redox balance as well as metallic 
homeostasis (Du et al., 2013).  

High expression of selenoprotein T is observed in immature tissues 
during embryogenesis, and also remains in the endocrine glands, such 
as the pituitary gland, pancreas, thyroid gland and testes, which indica-
tes the important role of this selenoprotein in the production of hormo-
nes. With a baseline low expression of SELENOT in the brain, knock-
down of selenoprotein T causes morphological rearrangements of the 
brain of mice affecting their behaviour. Moreover, enhanced induction 
of selenoprotein T was found after brain damage, which indicates its 
protective role. The role of SELENOT in the mechanisms of insulin and 
corticotropin release has also confirmed (Anouar et al., 2018).  

The search for new selenoproteins and the decoding of their amino 
acid sequence, specific mRNA, expression levels in tissues and organs, 
and the role in signaling molecular interactions continue. For seleno-
protein U, an amino acid sequence of 224 amino acids was described in 
the chicken model. The same model revealed a decrease in the levels of 
specific mRNA and expression of U selenoprotein in muscles, liver, 
kidneys, heart, spleen and lungs of animals with selenium deficiency. 
At the same time, expression levels in the brain and testes remain un-
changed (Jiang et al., 2015).  

A connection is established between the level of selenium and the 
activity of a number of functional systems. The relationship between the 
membrane transporter ZIP8 and the level of Se in the liver was revealed. 
ZIP8 knockout mice showed a significant decrease in Se, which leads to 
the inhibition of selenium-containing glutathioneperoxidase 1 and 2. 
It was concluded that ZIP8 plays an important role in maintaining nor-
mal liver function, probably through the regulation of Se homeostasis 
and redox balance (Liu et al., 2018).  

In most models used to study the functional roles of selenoproteins, 
mice are used as biological objects. However, the mouse model widely 
used to study the physiology of selenoproteins has differences com-
pared to humans. So, for example, deletion of the iodothyronine-deiodi-
nase gene causes insignificant phenotypic changes in mice, but is lethal 
for humans. However, knockdown by thioredoxin reductase 2 and 
glutathione peroxidase 4 has been lethal for mice, but is easily tolerated 
by humans. At the same time, knockdown of the glutathione peroxidase 
gene 1 and 2 is tolerable for both mice and humans, while knockdown 
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of thioredoxin reductase 1 and selenoprotein T is intolerable for both 
(Santesmasses et al., 2019).  

Studies of the role of selenoproteins are only at an early stage and 
many attempts must be made to establish accurate molecular signaling 
mechanisms by which certain selenoproteins affect carcinogenesis, 
embryogenesis, inflammatory, redox and neurodegenerative processes. 
Once identified, this knowledge will be projected onto the individual 
parameters of a person and will allow modulating the complex pathoge-
netic processes of many diseases. Important in our opinion is maintain-
ning the constant interest of the scientific community in the problem of 
studying this functionally active group.  

The article made an attempt to analyze and systematize the latest 
ideas about the participation of selenoproteins in signaling pathways.  
 
Signaling pathways mediated by selenoproteins  
of the ER membrane (Sel N, SelK, SelT)  
 

Recessive genes encode selenoprotein N and RYR1, proteins that 
regulate skeletal muscle calcium homeostasis, cause severe congenital 
myopathies. An increase in the level of class II histone deacetylases 
(HDACs), which cause hypoacetylation and, as a result, repression of 
the selenoprotein N and RYR1 genes, has been revealed. Along with 
this, there is an increase in DNA methyltransferases, which catalyze the 
methylation of nucleotide residues in the DNA, which leads to a change 
in the properties of DNA, while changing the activity, functions of the 
corresponding genes, as well as the spatial structure of the nucleic acid. 
Genomic DNA methylation analysis of patients with RYR1 and 
SELENON variants revealed more than 3,500 common aberrantly 
methylated genes, many of which are involved in calcium signaling 
(Bachmann et al., 2019).  

The knockdown of selenoprotein N caused by mutations in the cor-
responding gene, in addition to myopathy, leads to a deterioration in 
insulin signaling in skeletal muscle, as indicated by a decrease in Akt 
phosphorylation and an exaggerated ER stress, which indicates a corre-
lation between a decrease in glucose tolerance of the body, insulin acti-
vity and increased ER stress in the muscles (Varone et al., 2019).  

It was found that the levels of selenoprotein N (SEPN1) are parallel 
to oxidoreductin 1 (an enzyme of the family of oxidoreductases) and 
thioloxidase located in ER. SEPN1 protects the endoplasmic reticulum 
from peroxides produced by oxidoreductin 1. SEPN1 also enhances the 
activity of SERCA2 (endoplasmic reticulum pump for calcium imports) 
by reducing the amount of cysteines in the lumen that are hyperoxidized 
by peroxides generated by oxidoreductin 1. Cells lacking SEPN1 are 
hypersensitive to overexpression of oxidoreductin 1 and become defec-
tive upon reabsorption of calcium by the endoplasmic reticulum (Mari-
no et al., 2015).  

Deletion of SEPN1 alters endoplasmic reticulum uptake of Ca2+, 
causing an ER stress response, including expression of oxidoreductin 
(ERO1). The latter transfers the redox potential of ER to a more oxi-
dized state and thereby enhances its effect on Ca2+ uptake. The above 
confirms that SEPN1 is part of the stress-dependent antioxidant ER 
response and that the CHOP/ERO1 branch of the ER stress response is 
the new pathogenic mechanism underlying SELENON-related myopa-
thies (Pozzer et al., 2019) (Fig. 1).  

  
Fig. 1. The signaling pathway is mediated by SelN and oxidoreductin  
ER – membrane of endoplasmic reticulum, SelN – selenoprotein N  

The model of chicken myoblasts confirms the relationship between 
selenoprotein K and gga-let-7f-3p, namely, selenoprotein K is the target 

of gga-let-7f-3p. It is revealed there is a direct effect of knockdown and 
overexpression of gga-let-7f-3p on the expression of selenoprotein K. 
The gga-let-7f-3p-selenoprotein K pathway plays a key role in Se defi-
ciency-induced muscle damage through induction of oxidative stress 
and ERS, which ultimately contributed to apoptosis (Fan et al., 2018).  

In an isolated rat heart model, the effect of ischemia/reperfusion on 
SelT expression lead to increases in the latter. The authors also proposed 
the use of a derivative of selenoprotein T, SelT43-52, which exhibits a 
cardioprotective effect after ischemia/reperfusion. Cardioprotection of 
SelT derivative is accompanied by a significant increase in phosphory-
lated Akt, Erk-1/2 and Gsk3α-β and a decrease in p38MAPK. In addi-
tion, SelT43-52 inhibits the proapoptotic factors Bax, caspase 3, and 
cytochrome C and stimulates the antiapoptotic factor Bcl-2. The above 
indicates the effect of SelT as a modulator of cardiac tissue (Rocca 
et al., 2018).  

An attempt was made to study the effects of SelK in human chori-
ocarcinoma (CCA). The effects of knockdown and overexpression of 
SelK on the expression of the beta subunit of human chorionic gonado-
tropin (β-hCG) were studied on a CCA, BeWo, JEG-3, and JAR cell 
model. It was found that β-hCG levels are regulated and directly propor-
tional to SelK levels. In JEG-3 cell culture, an increase in proliferative, 
migratory, and invasive abilities was noted in SelKknockdown and a 
decrease in these activities was observed during SelK overexpression. 
An interesting fact is that β-hCG affects SelK levels. The aforemen-
tioned confirms that β-hCG acts as a promoter of human choriocarci-
noma, while SelK appears as a suppressor. The influence of both is via 
the ERK/p38 MAPK and Akt signaling pathways (Li et al., 2018).  

Recent studies have shown that selenoprotein K (SelK), as an ER 
transmembrane protein, is involved in ER responses to stress and cal-
cium-dependent signal transmissions. SelK in the ER membrane binds 
to an enzyme protein called DHHC6, resulting in the formation of the 
SelK/DHHC6 complex, which carries out palmitoylation in target pro-
teins. One of these proteins is the inositol 1,4,5-triphosphate receptor 
(IP3R), which is responsible for the stabilization of the calcium channel 
in the ER membrane. SelK-lowering conditions disrupt the calcium 
flow provided by IP3R. This signaling pathway is involved in the proli-
feration and activation of immune cells, and has also recently been 
described in the progression of melanoma (Marciel & Hoffmann, 2019) 
(Fig. 2).  

 Fig. 2. IP3R signaling pathway and SelK IP3R – inositol triphosphate 
receptor, DHHC6protein-palmitoyltransferase, SelK – selenoprotein K,  

ER – endoplasmic reticulum membrane  

It was found that SelT is expressed in the membrane of the endop-
lasmic reticulum in all pituitary cells secreting hormones. Deletion of 
SelT in corticotropocyte cells promotes the development of a detailed 
protein response (UPR) and ER stress and reduces protein degradation 
associated with the endoplasmic reticulum (ERAD) and hormone pro-
duction (Hamieh et al., 2017).  

The function of SelK in the process of the immune response was 
investigated. Short hairpin RNA was used to suppress SelK expression 
in vitro. Knockdown of SelK decreases the expression of the CHERP 
protein, the endoplasmic reticulum protein that appears in calcium 
transport, and also reduces the concentration of free calcium inside the 
cell. Simultaneously, the expression of the alpha chain of the interleu-
kin-2 receptor (IL-2Rα) and the secretion of interleukin-4 (IL-4), which 
plays key roles in the proliferation and activation of T-lymphocytes, 
decreases. Selenomethionine excludes the above effects from Sel-

188 



 

Regul. Mech. Biosyst., 2020, 11(2) 

Kknockdown and reverses the change in the expression of CHERP and 
intracellular free calcium (Wang et al., 2017) (Fig. 3).  

  
Fig. 3. Ca2+ transport regulation by SelK and CHERP protein  

CHERP – endoplasmic reticulum protein regulator of calcium homeos-
tasis, SelK – selenoprotein K  

The development of melanoma, according to research, requires the 
expression of selenoprotein K, which is necessary for the Ca2+ flux into 
the cancerous cell. Malignant cells show a strong dependence on the 
flow of calcium. In the experiment CRISPR/Cas9 was used to form the 
selenoprotein K deficiency in human melanoma cells. This led to a de-
crease in the Ca2+ flux and impaired function of the specialized receptor 
(IP3R), which inhibited proliferation, invasion, and cell migration. Con-
sequently, the tumour growth, its metastatic potential depends on the 
selenoprotein K synthesis in the cancer cell (Marciel et al., 2018).  

The effect of selenoprotein N on smooth muscle cells of the myo-
metrium is described. For this, mRNA levels were determined on the 
mouse model using polymerase chain reaction. Protein was determined 
by Western blotting. An immunohistochemical analysis of myometrial 
tissues was also carried out. When selenium is added to the smooth 
muscle of the uterus the output of Ca2+, Ca2+-calmodulin increases. 
At the same time, the expression of myosin pulmonary kinase and 
phosphorylation of the myosin light chain are stimulated, but the 
amount of reactive oxygen species does not change (Zhou et al., 2018).  

A number of authors describe in detail the active interaction of 
Ero1α (ER disulfide oxidase promoting tumour progression) with 1,4,5-
triphosphate inositol receptors (IP3Rs) or selenoprotein N (SEPN1) 
with the sarco/endoplasmic Ca2+ transport network of ATPase 2 
(SERCA2) (Appenzeller-Herzog & Simmen, 2016).  

The BGC-823 gastric cancer cell model, which overexpressed 
SelK and was placed in Matrigel composition, showed a significant 
decrease in adhesive and migration ability compared to non-SelK ex-
pressing cells. By comparing these parameters, overexpression cells and 
cells with expression of truncated SelK the decrease is not revealed. The 
same indicators of adhesion and migration have emerged in the culture 
of embryonic kidney cells HEK-293, which overexpressed SelK. 
In addition to the above, SelK overexpression causes loss of viability 
and stimulates apoptosis of cancer cells (BGC-823). At the same time, 
the level of cytosolic calcium is significantly increased in these cells. 
However, overexpression of SelK in HEK-293 cells does not reduce 
viability and does not stimulate apoptosis. Thus, the authors emphasize 
that SelK reduces the adhesion and migration of cancer cells and at the 
same time inhibits their viability by inducing apoptosis. Presumably, 
this effect is through the release of calcium from the endoplasmic reticu-
lum. And only a full-sized protein is capable of exerting such an effect 
(Ben et al., 2015).  

One of the mechanisms of activation of immune cells is associated 
with an increased flow of calcium from the endoplasmic reticulum into 
the cytosol, which occurs after the binding of inositol-1,4,5-triphosphate 
(IP3) to the receptor in the IP3 endoplasmic reticulum (IP3R). The ef-
fect of SelK on this chain of signal effects is revealed. Namely, when 
SelK was knocked down, IP3 generation did not decrease, while IP3R 
expression was significantly reduced due to violation of palmitoylation 
of IP3R. Using immunofluorescence and co-immunoprecipitation me-
thods, an interaction is revealed between SelK and the membrane do-
main of the enzyme responsible for palmitoylation (DHHC6). Knock-
down of the latter leads to a decrease in IP3R expression and disruption 
of the IP3R-dependent Ca2+ flux. Thus, the effect of SelK on an impor-
tant molecular pathway that regulates the function of IP3R and through 

this mechanism the flow of calcium, and, accordingly, the activation of 
immune cells, was discovered (Fredericks et al., 2014).  
 
Signaling pathways mediated  
by ER lumen selenoproteins (SelF, SelS, SelM)  
 

The interaction of SelS and valosin-containing protein (VCP) of the 
ER membrane provides the insert of selenoprotein K into the ER mem-
brane. This interaction manages Sel K insertion. It was established that 
in tissues where selenoprotein S is eliminated, selenoprotein K does not 
interact with a valosin-containing protein, but the elimination of seleno-
protein K does not affect this intercommunion. In turn, ER stress leads 
to an increase of SelK and Sel S expression (Lee et al., 2015) (Fig. 4).  

  
Fig. 4. Regulation of Sel K incorporation through by VCP, and Sel S 

influence VCP – valosine-containing protein, Sel K – selenoprotein K, 
SelS – selenoprotein S  

The study revealed the effect of selenoprotein M on the prolifera-
tion and metastasis of renal cell carcinoma by activating the PI3K/Akt/ 
mTOR pathway, which is one of the main signaling intracellular path-
ways and provides cell growth, cell proliferation, metabolism and 
avoidance of apoptosis. Overexpression of selenoprotein M activates 
this pathway, as well as overexpressed cells reveal an increase in N-
cadherin, β-catenin, vimentin, which are known to be positively asso-
ciated with tumour progression, metastasis and cancer prognosis and are 
markers of the epithelial-mesenchymal transition (Jiang еt al., 2019).  

The effect of selenoprotein M on hypothalamic signaling via leptin 
was studied in vivo and in vitro. Leptin supports the expression of sele-
noprotein M in the hypothalamus, however, knockdown of Sel M inter-
rupts the phosphorylation of STAT3 (an intermediary protein that pro-
vides a cell response to signals through interleukin and growth factor 
receptors) with leptin (Fig. 5). In vitro it is confirmed on the model of 
hypothalamic neurons. Conversely, overexpression of Sel M enhances 
leptin sensitivity. A large number of genes have been revealed in the 
hypothalamic tissue which is affected by Sel M deficiency, including a 
protein interacting with thioredoxin, a negative regulator of the TXN 
system. In general, these data confirm that Sel M is a positive regulator 
of leptin signaling and TXN antioxidant activity in the hypothalamus 
(Gong et al., 2019) (Fig. 5).  

  
Fig. 5. Regulation of STAT3 phosphorylation by leptin  

in the hypothalamus STAT3 – a mediator protein that provides  
cell response to signals transmitted through interleukin receptors  

and growth factors; Sel M – Selenoprotein M  

Using a Hek293 cell model, it was found that overexpression of 
HSF1 (heat shock factor) and activation of heat shock increases promo-
ter activity and levels of mRNA and SELENOF protein (Selenoprotein 
F) as well as sodium selenite treatment. This can be regarded as the fact 
that overexpression and knockdown of HSF1 show the influence of 
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HSF1gene transcription regulation on SELENOF and revealed the mo-
lecular mechanism of regulation of the SELENOF gene by the HSF1 
participation in selenotranscriptome (Ren еt al., 2019).  

In the cell line 3T3-L1 (preadipocytes) with the SelS gene deletion 
by imbalance of the most important regulator of apoptosis Bcl-2 (con-
trols the permeability of the mitochondrial membrane), cell death oc-
curs. Knockdown SelS increases the level of IRE1α protein (a key 
player that alters gene expression during stress of the endoplasmic reti-
culum) and p-JNK (activate apoptotic signaling), and also reduces 
XBP1 (it is a transcription factor that regulates the expression of genes 
important for the proper functioning of the immune system and cellular 
response to stress) (Fig. 6). This indicates the SelS modulation of the 
IRE1α-sXBP1 signaling pathway. The aforementioned suggests that 
SelS promotes cell survival through the IRE1α-XBP1 signaling path-
way (Men et al., 2018).  

  
Fig. 6. The influence of SelS in preadipocyte cells on key signaling 

pathways IRE1α – inositol transmembrane kinase/endoribonuclease 1α, 
a modulator of gene expression; p-JNK – Jun N-terminal kinases,  
activator of apoptotic signaling; XBP1 – Xbox binding protein,  

a regulator of genes important for the normal functioning  
of the immune system  

Using the mouse hepatoma model, the effect of reactive oxygen 
species on apoptosis and necrosis during silencing of selenoprotein S 
was studied. It was found that knockdown of selenoprotein S damages 
intracellular calcium homeostasis, stimulates mitochondrial dynamic 
disorder, ROS accumulation, ATP loss and causes apoptosis and necro-
sis in cells, however ER stress does not happen. This indicates that SelS 
silence initiates apoptosis and necrosis in cells by acting on intracellular 
calcium homeostasis, and ROS-mPTP-ATP is involved in the trans-
formation of cell death from apoptosis to necrosis to increase damage 
(Li et al., 2018).  

Using a model of cells with and without SelS knockdown, when 
comparing osteoblastic differentiation and calcification of smooth mus-
cle cells, it was revealed that the lipopolysaccharide activates both clas-
sical and alternative nuclear signal transduction pathways-κB (NF-κB) 
during calcification under SelS knockdown conditions. In addition, 
disabling SelS enhances lipopolysaccharide-induced generation of pro-
inflammatory cytokines, expression of TNF-α and interleukin-6. Thus, 
through inhibition of NF-κB signaling pathway activity and ERstress 
SelS can suppress inflammation-induced calcification (Ye et al., 2018).  

Selenoprotein M is considered as thiol-disulfide oxidoreductase 
which provides the formation of disulfide bonds. The last one determi-
nes involvement in Сa transfer. A direct relationship is established bet-
ween the expression levels of selenoprotein M and changes in redox 
homeostasis. It is stipulated by presence of selenocysteine residue. 
A strong bond between levels of dietary selenium and selenoprotein M 
is also determined (Guerriero et al., 2014).  

In the model of human kidney embryonic and mouse neuroblasto-
ma cells cultures forcing of ER stress leads to raising of selenoprotein S 
expression. These events are bound by a mechanism of interaction 
between membrane protein p97 and selenoprotein (Lee et al., 2014).  

In cell culture, ochratoxin induction of cytotoxicity and apoptosis is 
suppressed by overexpression of selenoprotein S, while the level of 
glutathione also increases, the number of reactive oxygen species de-

creases, and ochratoxin-induced phosphorylation is inhibited. Knock-
down of selenoproten S has the exact opposite effect: it enhances phos-
phorylation, increases the number of reactive oxygen species and re-
duces the level of glutathione (Gan et al., 2017).  

Increased expression of selenoprotein S in separate endothelial cells 
undergoing the impact of tumour necrosis factor (TNF-) leads to the 
raising of nitric oxide and nitric oxide synthase. TNF-induced adhesion 
of THP-1 cells to endothelial cells is blocked by excess expression of 
selenoprotein S and manages such factors of inflammation as interleu-
kin-1, interleukin-6, and interleukin-1. The knockdown of selenoprotein 
S leads to the opposite effects (Cui et al., 2018).  

Selenoprotein F provides monitoring of protein folding and deletion 
of selenoprotein F RNA suppresses cell proliferation, cell growth. 
The latter processes restore after the riddance of knockdown factor. 
Lack of selenoprotein F blocks cells in G1 phase, the ER stress also 
takes place. Due to selenoprotein F knockdown, adhesive cell junctions 
shift into the basal part of the cell, which leads to the reduction of inva-
sive and migration abilities. The levels of selenoprotein F determine 
invertibility of the aforementioned events (Bang et al., 2015).  

With an insufficient amount of SelF, an ultramicroscopic examina-
tion reveals the appearance of membrane vesicles in them, an increased 
amount of such endosomes leads to cell shape transformation from 
spindle to round shape. In this case, actin fibrils are shifted to the peri-
phery and alpha-tubulin overlaps. Rho-associated protein kinase inhibi-
tors inhibit and reverse these changes. Despite the presence of vesicles, 
cells with deficiency of Sel F are not apoptotic and there is an exact 
arrangement of F-actin and -tubulin. Thus, selenoprotein F acts as a 
pathway regulator that counteracts RhoA/ROCK/MLC-dependent 
nonapoptotic vesicle construction (Bang et al., 2015).  

Overexpression of selenoprotein M in mouse hippocampal cells, 
cerebellar astrocytes and neurons does not ensure the survival of these 
cells when exposed to hydrogen peroxide, although it reduces the num-
ber of reactive oxygen species to a significant extent. Overexpression 
also leads to a decrease in the influx of calcium into the cells with simul-
taneous exposure to peroxide, and vice versa, a decrease in the expres-
sion of selenoprotein M increases the cytosolic concentration of cal-
cium. Cell death by apoptosis also occurs when the selenoprotein M is 
completely knocked down, and the number of dead cells is comparable 
to the number when exposed to hydrogen peroxide on the background 
of overexpression (Mariclair еt al., 2010; Reeves et al., 2010).  
 
Signaling pathways mediated by selenoproteins of the cell  
nucleus (SelH, SelR or methionine-R-sulfoxide reductase 1)  
 

SelH deficiency exacerbates oxidative stress-dependent activation 
of p53 (a malignant tumour suppressor), where inflammation is a key 
factor in gastrointestinal oncogenesis in the zebrafish model (Cox et al., 
2016). Recently the new nuclear selenoprotein H was described. Ac-
cording to the classification of enzymes, it is recognized as nucleolar 
oxidoreductase. It is assumed that it manages redox-homeostasis and 
can prevent some DNA damages (Cox et al., 2016).  

It is established that selenoprotein H takes part in both redox regula-
tion and in carcinogenesis. The tumour tissue and undifferentiated tis-
sues in the stomach and intestine epithelium show high expression of 
selenoprotein H. But a knockdown of selenoprotein H leads to a de-
crease of cell differentiation, stimulates proliferation and migration. 
Knockdown of selenoprotein H initiates colonization of tumours and 
xenografts. Changes in cell cycle include an increase in the rate of all 
phases. So, selenoprotein H plays the role of cell cycle regulator and 
control proliferation (Bertz et al., 2018).  
 
Signaling pathways mediated by cytoplasm selenoproteins  
(SelP, SelW, SelR, SelІ)  
 

A regulatory role in the osteogenic differentiation of bone marrow 
mesenchymal cells has been revealed of a new long non-coding RNA, 
Bmcob, whose gene is located next to the gene encoding selenoprotein 
R. The selenoprotein P gene affects the Bmcob regulatory effects. Mo-
reover, some selenoproteins were suppressed by a Bmcob knockdown. 
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As a result, it was revealed that a new long non-coding RNA affects the 
protein that binds the sequence of insertion of selenocysteine 2 into 
selenoproteins, which is a key point in the synthesis of selenoproteins. 
The authors suggest that Bmcob regulates the expression of a number of 
selenoproteins, including P selenoprotein, and thereby mediates osteo-
genesis of bone marrow mesenchymal cells (Sun et al., 2018).  

Analysis of gene expression of selenoproteins under the influence 
of metallic mercury vapour showed a significant increase in the expres-
sion of selenoprotein P and GPX1 (glutathione peroxidase 1) (Kuras 
et al., 2018).  

Selenoprotein P is considered by some authors as a diagnostic bio-
marker and antiproliferative factor in pulmonary arterial hypertension 
due to the fact that SelP knockout mice exhibit reduced pulmonary 
hypertension caused by hypoxia. Conversely, mice with increased SelP 
expression show an increase in pulmonary hypertension provoked by 
hypoxia. Also, SelP promotes proliferation of PASMC (smooth muscle 
cells of the pulmonary artery) and apoptosis resistance through increa-
sed oxidative stress and mitochondrial dysfunction, which were associa-
ted with activated hypoxia-induced factor-1α and metabolic dysfunction 
glutathione. SelP contributes to the development of pulmonary hyper-
tension, suggesting that it is a new biomarker and therapeutic target for 
the disorder (Kikuchi et al., 2018).  

The effect of SelP on ischemia/reperfusion damage was studied in a 
mouse model with and without SelP knockout. The infarction zone after 
reperfusion was significantly smaller in the case of SelP knockout. 
The TUNEL (method for detecting fragmentation of apoptotic DNA) 
has revealed a significant decrease in TUNEL-positive nuclei with SelP 
knockout, which indicates the suppression of apoptosis. At the same 
time, the level of caspase-3 activation decreased. Evaluation of phos-
phoinositide-3-kinase/Akt and Erk in knockout mice shows an increase 
in phosphorylation of these enzymes after ischemia/reperfusion in com-
parison to wild-type mice, which indicates activation of the transmem-
brane PI3K/Akt/Erk signal pathway. Overexpression according to the 
authors leads to an increase in myocardial infarction zone after ischemia 
/reperfusion in comparison with knockout. Thus, inhibition of SelP has 
a cardioprotective effect in ischemia/reperfusion via the RISK signaling 
pathway (Chadani et al., 2018).  

In the model of hepatocytes, cell culture glucose injection enhances 
expression and transcription of selenoprotein P. In the model of human 
umbilical vein endothelium usually vascular endothelial growth factor 
(VEGF) stimulates cell proliferation, but the normal amount of seleno-
protein P reduces the latter and tubular formation, migration too. Sele-
noprotein P also suppresses emerging and phosphorylation of reactive 
oxygen species, which are induced by endothelial growth factor 
(VEGF). Selenoprotein P inhibits extracellular signaling regulated kina-
se in the same model. Recovery from injuries is inhibited by expression 
of selenoprotein P, while knockdown stimulates (Ishikura et al., 2014).  

Selenoprotein P, as one of liver secretory proteins is engaged in re-
sistance to insulin. Administration of native selenoprotein P breaks 
down insulin signals and manages insulin function in both hepatocytes 
and myocytes. Knockdown and exclusion of selenoprotein P enhance 
common reactivity to insulin and glucose tolerance in mice. Adenosine 
monophosphate-activated protein kinase (AMPK) in the last case plays 
as a mediator in the regulatory activity of selenoprotein P. The afore-
mentioned suppose the use of selenoprotein P as a therapeutic target in 
diabetes 2 types (Misu et al., 2010).  

Deficiency of selenoprotein P shapes a "super-sustainability" feno-
type in mice after training and intensifies reactive oxygen species gener-
ation, phosphorylation of protein kinase. It also provides activation of 
the proliferative receptor with peroxide. N-acetylcysteine antioxidant 
diminishes the production of reactive oxygen species and durability in 
selenoprotein P deficient mice (Misu et al., 2017).  

In a living organism, there is a so-called selenium pool, which is 
controlled in order to provide vital selenoproteins with the necessary 
trace element. The central regulatory organ of the pool is the liver, 
which, in a situation of selenium deficiency, releases SelP into plasma. 
A special receptor for SelP, 2 apolipoprotein E, expressed in different 
degrees by tissues, determines the distribution of SelP in the correspon-
ding tissues, being a source of the necessary selenocysteine residue for 

them. In the kidneys, N-terminal forms of SelP are filtered, with conse-
quent reabsorption in the proximal convoluted tubules using the mega-
line receptor (Burk et al., 2015).  

Against the background of inflammatory colitis, there is an increase 
in carcinogenesis during mutations and SelP deficiency in mice. In this 
case, changes in the pro-tumour microenvironment occur. A decrease in 
SelP increases the number of so-called M2-polarized macrophages. 
Complete removal of SelP in a cancer cell culture increases the number 
of stem cells among them, indicating an increase in proliferative activi-
ty; significantly increases the production of reactive oxygen species and 
DNA damage. Simultaneously a decrease in cell viability, a change in 
signal transfer in the WNT signaling pathway caused by oxidative stress 
is noted (Barrett et al., 2015).  

Rat myoblasts were placed in a composition containing mouse se-
lenoprotein P in order to increase the activity of glutathione peroxidase 
Gpx. It was revealed that shutdown of the apoER2 (a receptor that binds 
Selenoprotein P and effecting its endocytosis) inhibits Se uptake from 
(75) Se-labeled Selenoprotein P (Fig.7). Thus, myoblasts absorb Sele-
noprotein P by apoER2-linked mechanism. At the same time, tissues 
express apoER2 differently (Kurokawa et al., 2012).  

The data on the pathways providing the uptake of SelP by brain 
neurons are interesting. In the brain, SelP is expressed by astrocytes, the 
further transport of selenoprotein P through the blood-brain barrier is 
carried out by binding to LRP2 (lipoprotein-like protein, or megaline, 
which is a membrane multiligand receptor, Fig. 7) or LRP8 (apolipo-
protein with membrane receptor function) (Gong et al., 2018).  

 
Fig. 7. Transmembrane receptor-mediated transfer of SelP in myoblasts  

and neurons SelP – selenoprotein P, apoER2 – apolipoprotein E  
receptor, LRP2 – lipoprotein-related protein receptor or megalin  

Four isoforms of selenoprotein P were isolated, while the longest 
forms bind to the apoER2 receptor, with six or more selenocysteines in 
the HEK293T cell culture (embryonic renal cells). Moreover, binding 
occurs with the C-terminal domain of selenoprotein P, the N-terminal 
domain is not involved in this (Kurokawa et al., 2014).  

Since apoER2 is expressed by tissues to varying degrees, but most 
of all in the brain, it was experimentally confirmed that knockout of 
selenoprotein P or apoER2 reduces selenium in the brain from about 
120 to about 50 ng/g and leads to severe neurodegeneration and death 
with mild selenium deficiency. It was also found that apoER2 binds 
selenoprotein P through the blood-brain barrier. In the case of a knock-
out for selenoprotein P and apoER2, selenium in the brain decreases to 
35 ng/g, and severe neurodegeneration develops. Thus, the dual effect 
of selenoprotein P and apoER2 on the transfer of selenium to neurons is 
not in doubt. It is apoER2 in the blood-brain barrier that transfers sele-
nium to neurons (Burk et al., 2014).  
 
Thioredoxin reductase-mediated signaling pathways  
 

Participating in many regulatory functions, selenoproteins are con-
trolled by other regulators. For instance, Nrf2, a regulatory protein, af-
fects selenoproteins such as thioredoxin reductase-1 (TrxR1) and gluta-
thione peroxidase-2 (GPx2). Moreover, deficiency of selenium and 
knockdown of TrxR1 stimulates Nrf2. However, it creates the opposite 
effect in cancer cells. Hyperproduction of TrxR1 and GPx2 caused by 
Nrf2 makes cancer cells resistant to chemotherapy, and protects them 
from oxidative damage. TrxR1 activation has been observed to support 
the proliferation of cancer cells. The anti-inflammatory activity of GPx2 
suppresses the pro-inflammatory effects of the tumour, which also con-

191 



 

Regul. Mech. Biosyst., 2020, 11(2) 

tributes to its development. The effects of Nrf2 also depend on the stage 
of the cancer (Brigelius-Flohé et al., 2012).  

In the case of multiple myeloma, inhibition of Trx1 by sensitized 
pheochromocytoma cells (PX-12), and TrxR1 with Auranofin disrupts 
redox homeostasis, which causes apoptosis in myeloma cells and re-
duces their proliferative activity. Knockdown of Trx1 and TrxR1 also 
reduces the viability of these cells. When Trx1 is inhibited in cells, resis-
tance to BAY 11-7082, and curcumin, which serve as inhibitors of NF-
κβ, one of the key signaling pathways, decreases (Raninga et al., 2015).  

Inhibition of TrxR1 reduces hypoxia-induced levels of p65 NF-β 
protein in the nucleus and reduces the expression of NF-β-regulated 
genes in myeloma cells. Thus, inhibition of TrxR1 has an inhibitory 
effect on the NF-kβ signaling pathway (Raninga et al., 2016).  

A study of salivary adenoid cystic carcinoma metastases (SACC) 
found that TGF-β plays a key role in the epithelial-mesenchymal transi-
tion in metastatic SACC. It was revealed that selenium-containing thi-
oredoxin reductase (Trx) affects the TGF-β-induced epithelial-mesen-
chymal transition. Metastatic SACC revealed significantly increased 
expression of Trx and N-cadherin and lower expression of E-cadherin 
compared to non-metastatic SACC tissues. Trx and Akt inhibitors re-
duced the proliferation and invasion of these cells. As a thioredoxin 
reductase inhibitor, BBSKE was used. The authors conclude that Trx 
plays a key role in the invasion and metastasis of SACC through its 
effect on TGF-β-Akt/GSK-3β pathway during epithelial-mesenchymal 
transition (Jiang et al., 2015).  

Two metastatic phenotypes (C1 and C6) and two weakly metastatic 
variants (C4 and C5) were isolated from osteosarcoma. In metastatic 
types, overexpression of thioredoxin reductase 2 (TXNRD2) is deter-
mined, and in the unneoplastic bone tissue, the level of expression of 
TXNRD2 do not change. Using the thioredoxin reductase 2 inhibitor 
Auranofin in small doses does not significanly decrease cell viability, 
while high doses of this inhibitor stimulated ROS-dependent apoptosis 
(Topkas et al., 2016).  

The CT26 mouse colon carcinoma cell model examined the effects 
of Sep15 and thioredoxin reductase 1 on tumorigenesis. The authors 
note that the combined deficit of Sep15 and Thx 1 completely changes 
the anticancer effects that are observed when each of them was sup-
pressed. In Sep15-deficient cells, the γ-interferon-regulated guanilate-
binding proteins modulating inflammation were significantly reduced, 
which do not occur with a deficiency of Thx 1. It is interesting that mes-
sengers of the Wnt/β-catenin signaling pathway were increased in cells 
with a deletion of both Sep15 and Thx1. Thus, the authors conclude that 
Sep15 and TR1 actively modulate important signaling pathways in 
colon cancer cells (Tsuji et al., 2015).  

A clear connection between thioredoxin reductase 1 and the forma-
tion of various tumours, including breast tumours, was determined. 
Overexpression of thioredoxin reductase 1 (TrxR1) is directly correlated 
with tumorigenesis. In the model of MCF-10A cells (normal breast 
cells) exposed to H2O2. The prolonged exposure of H2O2 to cell culture 
triggered an increase in TrxR1 expression and activity. At the same 
time, the cells show high malignancy. The use of an ethaselen inhibitor 
(BBSKE) partially reversed the epithelial-mesenchymal transition of 
MCF-10A and MCF-7 cells (mammary adenocarcinoma cells) (Dong 
et al., 2016).  

Breast carcinogenesis is induced in a mouse model using 7,12-di-
methylbenzylbenz[a]antracene in the line of heterozygous deletion of 
the Trsp gene (thioredoxin reductase) and homozygous line. In mice 
heterozygous for this trait, the frequency of tumours and survival do not 
differ. However, in homozygous mice, the incidence of tumours is 
54.8% compared to 36.4% in heterozygous mice and survival in homo-
zygous mice is significantly shorter. This confirms that reduced Trsp 
expression increases susceptibility to carcinogen-stimulated breast tu-
mours (Hudson et al., 2012).  

In a model of acute colitis induced by 4% dextran sodium sulfate 
with selenium deficiency and normal selenium content, the effect of 
selenoproteins, which play the role of pro-inflammatory elements in 
colitis, was studied in macrophages. Thioredoxin reductase (Trsp) 
knockout mice with normal expression showed enhanced colitis and 
decreased Trsp survival. With the addition of selenium at a dose of 0.4 

and 1.0 ppm, the manifestations of colitis decreased and survival in-
creased in both groups. At elevated levels of selenium, increased oxida-
tion of PGE2 (prostaglandin E2) was observed, which is directly related 
to the Se-dependent activation of 15-hydroxy-PG-dehydrogenase (15-
PGDH) in macrophages (Kaushal et al., 2014).  

A number of authors describing the thioredoxin reductase system 
indicate that both cytosolic (TrxR1) and mitochondrial (TrxR2) thiore-
doxin reductases modulate basic cellular circuits and cellular responses 
to stress. The results of deletion of enzymes are an increase in lipogene-
sis, insulin sensitivity, an increase in glycogen stores, aberrant embryo-
genesis, while an increase in TrxR1 and TrxR2 expression is directly 
proportional to a decrease in proliferation, an increase in life expectancy 
and a worsening in the prognosis of cancer. (Dagnell et al., 2018) (Fig. 8).  

  
Fig. 8. Intracellular effects of thioredoxin reductases 1 and 2 TrxR1 – 
cytosolic enzyme; TrxR2 – mitochondrial enzyme; ASK1 – kinase 

regulating apoptosis signaling; Prx3 – peroxyredoxin 3, an enzyme in 
the antioxidant system; Msrs – methioninesulfoxid reductase; Prxs –
peroxyredoxins; mTOR protein kinase, which is part of the signaling 

pathway that regulates cell growth and survival; AMPK – cellular  
protein kinase that controls cell energy balance  

The removal of thioredoxin reductase was studied in a model of 
mice with a breast tumour gene. Sec tRNAs were significantly reduced 
in breast tissue by more than 70% with any transgene. In other organs, 
such as the skin and spleen, a decrease in Sec tRNA occurs only in the 
line of mice with the MMTV-Cre transgene (breast tumour virus). 
In tissues affected by the tumour process, the expression of specific 
selenoproteins was different. Moreover, the levels of Sep15 and gluta-
thione peroxidases GPx1 and GPx4 were significantly reduced. Expres-
sion of BRCA1 and p53, which are responsible for tumour suppression, 
also changes. Moreover, these changes occur in MMTV-Cre transgenes 
to a greater extent. The authors emphasize tissue-specific regulation of 
selenoprotein expression during deletion of thioredoxin reductase (Ku-
maraswamy et al., 2003).  
 
Glutathione peroxidase-mediated signaling pathways  
 

In an experiment (DNA hypermethylation is observed in some 
cancers) with methylation, genes responsible for the expression of gluta-
thione peroxidase 3 (GPX3, selenoprotein) in the cell line of chondro-
cytes, the effect of oxidative stress was studied. A tendency toward a 
decrease in expression (GPX3) is revealed in the groups of non-me-
thylation, partial methylation and complete methylation. Also, in the 
partial and complete methylation groups, the protein level in the PI3K/ 
Akt/c-fos pathway (the pathway responsible for growth, proliferation, 
and avoidance of apoptosis) increased compared to the non-methylation 
group (Han et al., 2018).  

There is the pathway where the interaction between pro-inflamma-
tory factors occurs, miRNA (plays a regulatory role in post-transcrip-
tion), SBP2 (selenoprotein-binding protein) and selenoproteins that are 
associated with oxidation resistance in cartilage. It is found that IL-1β 
(pro-inflammatory cytokine) increases hsa-miR-181a-5p and reduces 
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SBP2 depending on time and dose. At the same time, GPX1 and GPX4 
are upgraded. A decreased expression of GPX1 and GPX4 mRNA and 
expression of SBP2 protein are detected in damaged cartilage but not in 
smooth cartilage from the same osteoarthritis sample, and vice versa, 
decreased expression of hsa-miR-181a-5p is also noted (Xue et al., 2018).  

Alcohol intoxication causes a depletion of Sel in the liver, which 
leads to a decrease in the expression and activity of selenium-containing 
antioxidant enzymes (GPx1, GPx4) and NF-kb, but an increase in the 
expression of caspase-3. At the same time, a decrease in the activity of 
pro-inflammatory cytokines and chemokines is noted (Ojeda et al., 2017).  

In a colorectal cancer cell culture the effect of GPx2 on the proli-
ferative and migration abilities of cancer cells was studied. Deletion of 
GPx2 reduces resistance to apoptosis caused by H2O2 and significantly 
reduces proliferative and metastatic abilities. With the elimination of 
oxygen radical forms, proliferative activity resumes. However, knock-
down of GPx2 in cells leads to a loss of their ability to differentiate, and 
such cancer cells form slowly growing undifferentiated tumours. And 
vice versa, overexpression of GPx2 leads to tumour differentiation, 
increases proliferation and growth. The same thing is noted at the usual 
level of expression. The authors also point to the great potential for early 
tumour recurrence with overexpression of GPx2. They note that the neu-
tralization of H2O2 GPx2 is necessary for the tumour to maintain prolifera-
tion, migration capabilities and differentiation (Emmink et al., 2014).  

The frequent detection of the methylation of glutathione peroxidase 3 
(GPX3) in cancer of the prostate, esophagus, stomach, and breast has 
prompted the study of this selenoprotein in thyroid cancer. In 46.8 cases, 
GPX3 is methylated, which correlated with tumour size and metastases 
to regional lymph nodes. Compared to neighboring tissue samples, 
where GPX3 expression is not changed, GPX3 expression was either 
absent or decreased in tumour tissue. The disappearance or decrease in 
GPX3 expression is associated with hypermethylation of the promoter 
region. Thus, methylation of the promoter region of GPX3 regulates the 
expression of this selenoprotein. At the same time, GPX3 suppresses 
Wnt signaling in cell colonies of papillary thyroid cancer. The authors 
emphasize that metastasis of thyroid cancer is suppressed by GPX3 by 
inhibiting Wnt/β-catenin signaling (Fig. 9) (Zhao et al., 2015).  

  
Fig. 9. Inhibitory effect of glutathione peroxidase 3 (GPX3) on Wnt  
and PI3K/Akt/c-fos signaling pathways Wnt pathway – intracellular 

signaling pathway, regulating embryonic development, differentiation 
and malignant development; PI3K/Akt/c-fos pathway – an intracellular 

signaling pathway regulating the cell cycle, c-fos – protoncogene  

It has been reliably established that for many cancers, such as can-
cer of the prostate, stomach, cervix, thyroid gland and colon, there is a 
decrease in GPX3 expression and hypermethylation. An experiment on 
mice with a GPX3 deletion in a colon tumour model reveals an increase 
in their number but not their size. In the same group of mice, an increase 
in the degree of dysplasia, an increase in proliferative activity, an in-
crease in the number of pro-tumour macrophages, and an increase in 
DNA damage are observed. At the same time, activity in the WNT 
signal transmission chain increases. In a model of Caco2 cells (human 
adenocarcinoma cells), GPX3 was knocked down, which led to an 
increase in oxidative stress, an increase in reactive oxygen species, 
DNA damage, and activation of apoptosis. Summing up, the authors 
define the function of GPX3 as immunomodulatory (Barrett et al., 2013).  

The genetic relationship between the expression of selenoproteins 
and the risk of breast cancer has been studied using polymorphisms in 
the genes SEPP1 (selenoprotein P), GPX1 (glutathione peroxidase 1), 
GPX4 (glutathione peroxidase 4) and antioxidant enzyme genes SOD2. 
The risk of breast cancer was reduced by 60% in women homozygous 
for SEPP1. At the same time, Leu carriers for GPX1 polymorphism had 
teratogenic risks two times higher. It was also found that the activity of 

GPX in red blood cells depends on the genotype, and this activity is 
lower in women with the development of breast cancer at a later age. 
The MCF7 cell model (invasive breast adenocarcinoma cells) also 
shows an increase in GPX1 levels when exposed to β-estradiol and 
sodium selenite (Méplan et al., 2013).  

A dual effect of glutathione peroxidase 2 (GPx2) on colon carcino-
genesis has been identified. On a GPx2 knockout mouse model and in 
the minimized, moderate, and increased selenium intake, treatment with 
an oncogen (azoxymethane) was performed. Interestingly, minimized 
and increased selenium intake in GPx2 knockout mice shows a signifi-
cant decrease in the number of tumours compared to the wild type. 
The authors suggest that GPx2 knockout initiates apoptotic death of 
damaged and precancerous cells, as the GPx2 is significantly increased 
and suppresses apoptosis of atypical cells in dysplastic crypts of wild-
type mice. In the intestinal mucosa with moderate consumption of sele-
nium, the number of tumours in both genotypic groups is the same, but 
the tumour size is larger in mice with knockdown, where an inflamma-
tory processes increase. Thus, the role of GPx2 as a modulator depends 
on the presence of the inflammatory process and the level of selenium 
consumption (Müller et al., 2013).  

The role of glutathione peroxidase 2 (GPX2) in humans and rats 
has been investigated in a castration-resistant prostate cancer model. 
It was revealed that deletion of GPX2 caused a significant suppression 
of growth and an increase in the number of reactive oxygen species in 
rat and human adenocarcinoma cells. According to the author, suppres-
sion of proliferation in knockout mice is associated with cyclin B1-
dependent G2/M blockade (Fig.10). Also knockdown of glutathione 
peroxidase 2 (GPX2) inhibits tumour growth. Immunohistochemistry 
reveals GPX2 expression is significantly higher in the focus of residual 
cancer after hormone therapy than in focus of cancer without it. Signifi-
cantly lower survival is observed in patients with high expression of 
GPX2 in biopsy than in patients with low expression or its complete 
absence. The authors conclude that GPX2 significantly affects the proli-
feration of prostate cancer through protection against signal transduction 
of reactive oxygen species and can act as a prognostic marker (Naiki et 
al., 2014) (Fig. 10).  

  
Fig. 10. Inhibition of proliferative processes  

by glutathione peroxidase 2 (GPX2) mediated by cyclin B1  

In some tumours, the glutathione peroxidase 3 (GPX3) gene is me-
thylated, which is studied in colorectal carcinoma using models of the 
primary tumour, cell lines, knockdown cell lines, and xenograft tumour 
cell lines. Methylation of the glutathione peroxidase 3 gene leads to a 
decrease in the expression of this enzyme and an increase in sensitivity 
to cisplatin. And conversely, increased expression or the ability to in-
crease expression reduces sensitivity to cisplatin. In the GPX3 knock-
down model of a cell line, survival of cells is not possible due to a redox 
balance violation. Methylation of the GPX3 promoter in the tumour 
xenograft model also reduces the expression of the enzyme and increas-
es sensitivity to cisplatin with reverse tumour development in the case 
of knockdown and continued growth in the case of the wild type (Pelo-
sof et al., 2017).  

Redox signaling regulates physiological self-renewal, proliferation, 
migration, and differentiation in the gastrointestinal epithelium by mo-
dulating Wnt/β-catenin and Notch signaling pathways mainly through 
NADPH oxidases (NOXs). The progression of inflammatory bowel di-
sease depends on the balance of pro-inflammatory redox-sensitive path-
ways, such as NLRP3 inflammation and NF-κB, and adaptive activa-
tion of Mn superoxide dismutase and glutathione peroxidase 2. In colo-
rectal cancer, redox signaling has two opposite sides: on the one hand, 
NOX1 activation and the H2O2 derivative enhance Wnt/β-catenin and 
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Notch proliferation pathways; on the other hand, reactive oxygen spe-
cies inhibit tumour progression through activation of apoptotic mechan-
isms (Pérez et al., 2017).  

Knockdown of glutathione peroxidase 4 gene in the mouse epi-
dermis leads to hyperplasia, inflammatory infiltrates in the dermis, and 
alopecia immediately after birth, however, after 5 weeks, the disorder 
disappears. In keratinocyte cell culture, the knockdown of GPx4 reduc-
es cell adhesion and increases lipid peroxidation and cyclooxygenase-2 
levels, which indicates the effect of GPx4 in the skin on the regulation 
of cyclooxygenase-2 morphogenesis (Sengupta et al., 2013).  

Overexpression of GPX2 is noted in the cell lines of UC, BC31, 
and RT4 bladder carcinoma. Deletion of GPX2 inhibits the formation of 
reactive oxygen species in these cells, inhibits their growth and activates 
apoptosis through stimulation of caspases 3 and 7 (Naiki et al., 2018).  

GPx3 directly interacts with the p53-induced gene, and overexpres-
sion of GPx3 in prostate cancer cell lines stimulates the death of apop-
totic cells, which was probably due to an increase in the number of 
reactive oxygen species and activation of caspase 3. It was also found 
that apoptosis due to ultraviolet light is mediated by signal transmission 
in the way of the GPx3 -p53 (Wang et al., 2012).  

Increased expression of Nrf-2 in glioma stem cells increases tran-
scription of GPx1 and reduces the formation of reactive oxygen species, 
which leads to radioresistance of glioma. MicroRNA (miR)-153, the 
gene of which is associated with Nrf-2, was suppressed with an increase 
in Nrf-2. And vice versa, overexpression of miRNA-153 miRNA re-
duced the ability of glioma stem cells to form neurospheres, stimulated 
differentiation through ROS-mediated activation of p38 MAPK. Thus, 
overexpression of miR-153 reduced the radioresistance and stemming of 
glioma cells by targeting the Nrf-2/GPx1/ROS pathway (Yang et al., 2015).  

Overexpression and knockdown of GPX4 are able to modulate the 
lethality of 12 inducers of ferroptosis. The most sensitive to GPX4-
regulated ferroptosis were renal cell carcinoma and B-cell lymphomas 
(Yang et al., 2014).  

The heat shock protein HSPA5 negatively affects ferroptosis in 
pancreatic duct carcinoma cell models. When transcription factor 4 is 
activated, HSPA5 expression is stimulated, which in turn leads to GPX4 
binding and protection against lipid peroxidation. Thus, the HSPA5-
GPX4 pathway targets resistance to ferroptosis (Zhu et al., 2017).  

Deletion of one or both GPx3 alleles leads to an increase in the inci-
dence of prostate cancer in a mouse model and is mediated by activa-
tion of the Wnt/β-catenin signaling pathway (Chang et al., 2016).  
 
Signaling paths mediated by diiodinases  
 

Iodothyronindeiodinases or simply deiodinases, enzymes contai-
ning selenocysteine, which refers them to the family of selenoproteins, 
catalyze the activation of T4 by converting it into T3, while the iodine 
atom is removed from the inner or outer ring of the hormone. Moreover, 
selenocysteine is located in the active centers of enzymes (Schweizer 
et al., 2014). Deiodinase 3 (DIO3) is significantly activated with papil-
lary thyroid carcinoma, with a direct correlation between an increase in 
DIO3 level and tumour size, metastasis. Using the model of thyroid 
papillary carcinoma cells (K1 and TPC-1), the signaling pathways in-
volved in DIO3 activation in this tumour are studied. Reduced DIO3 
expression in cells in K1 and TPC-1 specifically inhibits BRAF, MEK, 
or p38 oncogen signaling. siRNA-mediated deletion of DIO3 stimulates 
a decrease in the expression of cyclin D1 and a partial arrest of the cell 
cycle of the G1 phase, thereby inhibiting cell proliferation. At the same 
time, blocking the Hedgehog signaling pathway (SHH) leads to a sig-
nificant decrease in DIO3 mRNA. The authors indicate that activation 
of the MAPK and SHH signaling pathways alters the levels of DIO3 
expression in papillary thyroid carcinoma. Moreover, the deletion of 
DIO3 reduces the proliferation and growth of the tumour (Romitti et al., 
2016) (Fig. 11).  
 
Signaling pathways mediated by methionine sulfoxide reductase  
 

MsrA, which belongs to the class of thiol oxidoreductases contai-
ning catalytic cysteine (Cys) or selenocysteine (Sec)residues, mediates 

ubiquitination of the 14-3-3 zeta protein and promotes the binding of 
14-3-3 proteins to alpha synuclein in the brain. MsrA in mammals can 
compete for the capture of ubiquitin using the same active site that is 
contained for binding methionine sulfoxide and mice knocked out by 
MsrA have elevated levels of dopamine expression (Deng et al., 2018).  

  
Fig. 11. Inhibition of signaling translation BRAF, MEK,  
p38 oncogenes, and cyclin D1 expression by deiodinase 3  

DIO3 – deiodinase 3, a BRAF – protoncogene that influences normal  
cell growth and differentiation and participates in the MAPK/ERK  

signaling pathway; MEK – mitogen-activated protein kinase;  
p38 – protein kinase of the MAPK signaling pathway  

Selenoprotein methionine R-sulfoxide reductase B1 (MsrB1) con-
trols actin assembly along with Mical proteins through stereospecific 
oxidation and methionine reduction in a reversible, site-specific manner. 
MsrB1, an antagonist of the Mical protein, which converts two methio-
nine residues in actin into methionine-R-sulfoxide, reduces the last one 
to methionine, which ensures disassembly and assembly at the same 
time. Stimulation of the expression of MsrB1 by macrophages reveals 
before their activation (Gladyshev et al., 2014).  

The selenoprotein-containing methionine sulfoxide reductase Msr 
is studied in stellate cells of the pancreas. It was found that rat stellate 
pancreatic cells express MsrA, B1, B2, their expression is reduced in 
cell culture. Overexpression of these selenoproteins enhances ATP-de-
pendent increase in calcium, but at the same time reduces the formation 
of reactive oxygen species and the production of IL-1, which are caused 
by lipopolysaccharides. Overexpression of MsrA, B1 also suppresses 
the dominance of acinar cells over stellate cells during their joint cultiva-
tion, which indicates the important role of Msr in the development of 
stellate pancreatocytes (Liu & Cui, 2019).  

In vitro knockdown of methionine sulfoxide reductase B1 (MsrB1) 
inhibits hepatocellular carcinoma cell growth, while MsrB1 interference 
enhances apoptosis, which is caused by hydroperoxides. At the same 
time, silencing MsrB1 inhibits the phosphorylation of ERK, MEK, and 
p53 proteins (key players in the MAPK signaling pathway) while in-
creasing PARP and caspase 3, which causes mitochondrial damage. 
In vivo silencing of MsrB1 actively inhibits tumour growth. Moreover, 
knockdown reduces the migration and invasion of hepatocellular carcino-
ma cells by suppressing the epithelial-mesenchymal transition (EMT). 
Thus, the authors emphasize that MsrB1 regulates the proliferation and 
migration of hepatocellular carcinoma cells by modulating the pathways 
of MAPK and EMT (He et al., 2018) (Fig. 12).  

 
Fig. 12. Inhibition of protein phosphorylation of the MAPK signaling 
pathway and increase of PARP and caspase by methionine sulfoxide 

reductase B1 MsrB1 – methionine sulfoxide reductase B1;  
ERK – extracellular signal-regulating kinase; MEK – mitogen-activated 
extracellular kinase; p53 – protein involved in transcription and regula-
tion of the cell cycle; PARP – enzymes that regulate post translational 

modifications of proteins; a caspase3 – proteolytic enzyme whose  
activation is involved in cell apoptosis  

In a model of mice knocked out with the selenium-containing me-
thionine sulfoxide reductase MsrA gene, a study of the effect of the last 
one on inflammatory reactions induced by lipopolysaccharide (LPS) 
reveals a high susceptibility of mice to LPS-induced lethal shock. An in-
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crease in serum cytokines IL-6 and TNF-α was also noted. Initial and 
LPS-induced levels of reactive oxygen species were elevated, as were 
the levels of phosphorylation of p38, JNK, and ERK, indicating activa-
tion of MAPK. In addition, NF-κB expression (a transcription factor 
that controls the expression of immune response, apoptosis, and cell 
cycle genes) is increased. The authors suggest that MsrA deficiency ne-
gatively regulates pro-inflammatory responses by inhibiting ROS-
MAPK-NF-κB signaling pathways (Singh et al., 2017) (Fig. 13).  

 
Fig. 13. Inhibition of protein phosphorylation of the MAPK signaling 
pathway and increase of NF-κB by methionine sulfoxide reductase A 

ERK – extracellular signal-regulating kinase; MsrA – methionine  
sulfoxide reductase A; JNK – Jun N-terminal kinases, activator of apop-
totic signaling; p38 – protein kinase of the MAPK signaling pathway; 

NF-κB – transcription factor, regulator of expression of immune  
response genes, apoptosis and cellular response  

Fan et al. (2015) regards MsrA as a factor limiting uncontrolled 
neuroinflammation, since MsrA expression increased upon microglia 
activation. Under the influence of MsrA, inflammation is reduced, 
which was provoked by lipopolysaccharide (LPS). Inhibition of inflam-
mation occurs by inhibiting signaling pathways such as mitogen-activa-
ted p38 and ERK protein kinases (MAPKs) and nuclear factor kappaB 
(NF-κB). This confirms the direct involvement of MsrA in neuroin-
flammation mediated by microglia.  

Also Lee et al. (2017) in a mouse model determine that selenium-
containing MsrB1 exhibits increase expression in activated macropha-
ges and is thus involved in the body’s immune responses. It is noted that 
MsrB1 is activated by lipopolysaccharide (LPS), while the other enzy-
mes of the Msr family remain intact. Deletion of the MsrB1 gene does 
not interfere in macrophages with the functioning of the signaling path-
way that was started by LPS, but causes a decrease in the generation of 
anti-inflammatory cytokines such as interleukin (IL)-10 and the receptor 
antagonist IL-1. This is due to the fact the production of pro-inflamma-
tory cytokines increase significantly. It follows that MsrB1 controls 
immune responses by stimulating the expression of anti-inflammatory 
cytokines in macrophages.  

In the cell culture of the lens epithelium, the selenoprotein R knock-
down with the accompaniment of galactose-induced apoptosis show 
sstimulation of oxidative stress. The influence of galactose in the case of 
selenoprotein R knockdown leads to a more powerful rise in glucose-
regulated protein levels and decreases mitochondrial membrane potenti-
al due to the release of mitochondrial cytochrome. Simultaneously the 
number of apoptotic cells rises (Dai et al., 2016).  

The deficiency of MsrB3 (methionine sulfoxide reductase B3) faci-
litates tumour cells apoptosis by the mitochondrial pathway, which 
leads to destruction of tumour cells. ER stress causes these changes. 
The proapoptotic Bim molecule is activated by MsrB3 starvation and ini-
tiates ER-stress induced apoptosis. Cytosolic levels of Ca2+ are increased 
due to ER stress in the case of MsrB3 deletion (Kwak & Kim, 2017).  

In the model of cardiovascular diseases, the role and signaling path-
ways of methionine sulfoxide reductase A (MsrA), which is determined 
in all layers of the vascular wall of human arteries and mice, were de-
termined. The deletion of the MsrA gene in mice does not affect the 
area of experimental atherosclerotic damage and damage after thrombo-
sis, but after ligation of the carotid artery, the area of regeneration of 
damaged arteries is significantly larger in MsrA-deficient mice. Also, in 
the case of MsrA deficiency in aortic smooth muscle cells, proliferation 
accelerates due to the accelerated G1/S transition, and the generation 
and activity of the cyclin D1 protein and cdk4/cyclin D1 complex in-
crease, which in turn leads to increased phosphorylation of retinoblas-
toma protein and transcription E2F. MsrA deficient cells also show a 

significant increase in 1/2 kinase, indicating an increase in the activity of 
the Ras/Raf/mitogen-activated protein kinase signaling pathway (Klu-
tho et al., 2015).  

Methionine sulfoxide reductase B1 (MsrB1), being one of the en-
zymes that inactivate methionine sulfoxides, which are formed from 
reactive oxygen species, has been studied in some tumours. The knock-
down of this selenoprotein inhibits the proliferation of u2os cells (an 
osteosarcoma cell line) and also affects the pathway of mitogen-activa-
ted protein kinase (MAPK) by suppressing phosphorylation of Erk, 
MeK and p53 expression in u2os cells. In the case of a xenograft of a 
similar tumour in mice, knockdown B1 (MsrB1) perfectly inhibits the 
growth of the neoplasm, and also significantly reduces the migration 
and invasion of u2os cells. Also MsrB1 controls the epithelial-mesen-
chymal transition by affecting the cytoskeleton by increasing the ex-
pression of E-cadherin and decreasing N-TGF-β1, fibronectin, vimen-
tin, c-myc, and β-catenin. Thus, the authors emphasize that the MsrB1 
gene can serve as a target against tumours (Li et al., 2018).  
 
Signal pathways of selenoproteins without specific localization  
 

Knockdown of selenoprotein U in the testicle cells of the chicken 
model causes an increase in mRNA and expression of autophagy and 
antiapoptosis proteins while reducing antiautophagic (mTOR) and pro-
apoptotic proteins. Inactivation upon knockdown of selenoprotein in 
mTOR, which is a component of the signaling pathway that regulates 
basic cell processes, such as growth, proliferation, indicates the regula-
tory effect of this selenoprotein on such an important regulation me-
chanism. At the same time, knockdown of selenoprotein U causes a 
decrease in the activity and expression of such participants of the intra-
cellular signaling pathway as phosphoinositide-3-kinase (PI3K) and 
protein kinase B (PKB/Akt) both at the mRNA level and at the protein 
level (Sattar еt al., 2018) (Fig. 14).  

 
Fig. 14. Inhibition of PI3K and PKB signaling pathways  

by knockdown of selenoprotein U Sel U – selenoprotein U;  
PI3K – phosphoinositide-3-kinase; PKB – protein kinase  

Researchers suggest that in vivo use of apomorphine in lung adeno-
carcinoma prevents brain metastases by affecting the KIF16B (protein 
whose biological functions are associated with transport, alternative 
splicing), SEPW1 (selenoprotein W) and TESK2 associated with pre-
metastasis. Patients with poor survival have a low expression of these 
genes, which can affect the cellular and molecular dynamics of preme-
tastasis (Singh et al., 2018).  

In the chicken model, the inflammatory process and selenoprotein 
W were studied. Lymphoid tissue and cultivated spleen leucocytes were 
used for the study effects of selenoprotein W. Diet deficiency of sele-
nium impacts on and diminishes selenoprotein W mRNA expression, 
which in turn stimulates increase in parameters of COX-2 (cyclooxyge-
nase-2), iNOS (nitric oxide synthase), NF-κB (nuclear factor-kB), 
PTGE and TNF-α (tumour necrosis factor). Selenoprotein W deletion 
leads to damage to lymphoid tissue (Yu et al., 2015).  

In the model of lung lymphocytes with selenoprotein W deletion, 
which are exposed in H2O2, the impact on cell apoptosis, viability, and 
expression of mRNA of selenoprotein W is revealed. Deletion of sele-
noprotein W leads to diminishing of cell vitality, speeding of apoptosis 
and increases sensitivity to H2O2. The cell treatment with sodium sele-
nite strongly enhance selenoprotein W expression, and cell apoptosis 
caused by H2O2 decreases, cell vitality increases (Yu et al., 2014).  

One of the less studied selenoproteins O impacts on chondrocyte 
differentiation: it is revealed mRNA and selenoprotein O rise during 
chondrogenic induction of ATDC5 cells. Knockdown of selenoprotein 
O leads to a reduction of chondrogenic differentiation accompanied by 
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some cartilaginous glycosaminoglycans cumulation and a decrease of 
alkaline phosphatase activity in cells with Selene deficiency. The sup-
pression of proliferation is caused by cell cycle progression delay. Dele-
tion of selenoprotein O induces chondrocytes death by apoptosis (Yan 
et al., 2016).  
 
Conclusions  
 

The participation of selenoproteins in many signaling pathways 
confirms their modulating role in many pathogenetic processes. When 
analyzing the authors’ data, the following molecular signaling pathways 
in which the influence of selenoproteins are involved are distinguished:  

– PI3K/Akt/Erk;  
– PI3K/Akt/mTOR – main signaling intracellular pathway, provid-

ing growth, cell proliferation, metabolism and avoidance of apoptosis;  
– PI3K/Akt/c-fos – pathway responsible for growth, proliferation, 

avoidance of apoptosis;  
– IRE1α – sXBP1 – pJNK – the first participant in the signaling path-

way changes gene expression during stress of the endoplasmic reticulum; 
the second is a transcription factor that regulates the expression of genes 
important for the proper functioning of the immune system and the cellu-
lar response to stress; and the third activate apoptotic signaling;  

– NF-κB transcription factor controlling the expression of the im-
mune response, apoptosis, and cell cycle genes;  

– TGF-β-Akt / GSK-3β;  
– Wnt/β-catenin – intracellular signaling method, regulating em-

bryonic development;  
– MAPK;  
– PKB/Akt.  
For example, some of them are closely related to the regulation of 

Ca2+ flux both inside the cell and across the membrane of the endop-
lasmic reticulum. Modulation of the Ca2+ flow is the basis of such pa-
thological processes as myopathy, carcinogenesis.  

Changes in the Ca2+ flow through the endoplasmic reticulum can 
be modulated by SelN and SelK, the activity of the last one being asso-
ciated with the inositol triphosphate receptor (IP3R), which is the Ca2+ 
channel. The impact on this molecular pathway is carried out indirectly 
through special proteins (DHHC6, CHERP).  

Signaling pathways that regulate many basic functions such as 
growth, cell proliferation, metabolism, initiation of apoptosis, and res-
ponse to stress are interrelated with selenoproteins. So SelS modulates 
the signaling pathway IRE1α – sXBP1 – pJNK, SelМ is connected with 
the signaling path PI3K/Akt/mTOR. SelP, which has a special apoER2 
receptor in the endoplasmic membrane, also influences the 
PI3K/Akt/Erk signaling pathway.  

Thioredoxin reductases 1 and 2, cytosolic and mitochondrial, res-
pectively, are noted in the regulation of such intracellular promoters as 
ASK1 – kinase, Prx3 – peroxyredoxine 3, Msrs – methioninsulfoxido-
reductase, and mTOR – protein-kinase important mechanisms and, 
therefore, are active in molecular mechanisms.  

Three isoforms of glutathione peroxidase are promoters of some 
signaling pathways, of which GPX3 is related to the PI3K/Akt/c-fos 
and Wnt/β-catenin signaling pathways, GPX1 and GPX4 are associated 
with the NF-κB caspase signaling pathway, and GPX2 realizes its effect 
through cyclin B1 per cell cycle.  

Among the isoforms of deiodinases, deiodinase 3 (DIO3), which is 
associated with the MAPK and SHH signaling pathways, is mentioned; 
activation of the latter one leads to a change in the expression levels of 
this selenoprotein. Methionine sulfoxide reductases are also intercon-
nected with some signaling pathways.  

In addition to the above signaling pathways, many selenoproteins 
directly affect other regulatory proteins, such as p53, which is a suppres-
sor of the formation of malignant tumours (SelH), oxidoreductin, p 38, 
proteinkinase of the MAPK signaling pathway.  
 
References  
 
Anouar, Y., Lihrmann, I., Falluel-Morel, A., & Boukhzar, L. (2018). Selenoprote-

in T is a key player in ER proteostasis, endocrine homeostasis and neuropro-
tection. Free Radical Biology and Medicine, 127, 145–152.  

Appenzeller-Herzog, C., & Simmen, T. (2016). ER-luminal thiol/selenol-media-
ted regulation of Ca2+ signalling. Biochemical Society Transactions, 44(2), 
452–459.  

Bachmann, C., Noreen, F., Voermans, N. C., Schär, P. L., Vissing, J., Fock, J. M., 
Bulk, S., Kusters, B., Moore, S. A., Beggs, A. H., Mathews, K. D., Meyer, 
M., Genetti, C. A., Meola, G., Cardani, R., Mathews, E., Jungbluth, H., Mun-
toni, F., Zorzato, F., & Treves, S. (2019). Aberrant regulation of epigenetic 
modifiers contributes to the pathogenesis in patients with selenoprotein N-
related myopathies. Human Mutation, 40(7), 962–974.  

Bang, J., Huh, J. H., Na, J. W., Lu, Q., Carlson, B. A., Tobe, R., Tsuji, P. A., 
Gladyshev, V. N., Hatfield, D. L., & Lee, B. J. (2015). Cell proliferation and 
motility are inhibited by G1 phase arrest in 15-kDa selenoprotein-deficient 
chang liver cells. Molecules and Cells, 38(5), 457–465.  

Bang, J., Jang, M., Huh, J. H., Na, J. W., Shim, M., Carlson, B. A., Tobe, R., Tsuji, 
P. A., Gladyshev, V. N., Hatfield, D. L., & Lee, B. J. (2015). Deficiency of the 
15-kDa selenoprotein led to cytoskeleton remodeling and non-apoptotic 
membrane blebbing through a RhoA/ROCK pathway. Biochemical and Bi-
ophysical Research Communications, 456(4), 884–890.  

Barrett, C. W., Ning, W., Chen, X., Smith, J. J., Washington, M. K., Hill, K. E., 
Coburn, L. A., Peek, R. M., Chaturvedi, R., Wilson, K. T., Burk, R. F., & 
Williams, C. S. (2013). Tumor suppressor function of the plasma glutathione 
peroxidase gpx3 in colitis-associated carcinoma. Cancer Research, 73(3), 
1245–1255.  

Barrett, C. W., Reddy, V. K., Short, S. P., Motley, A. K., Lintel, M. K., Bradley, 
A. M., Freeman, T., Vallance, J., Ning, W, Parang, B., Poindexter, S. V., 
Fingleton, B., Chen, X., Washington, M. K., Wilson, K. T., Shroyer, N. F., 
Hill, K. E., Burk, R. F., & Williams, C. S. (2015). Selenoprotein P influences 
colitis-induced tumorigenesis by mediating stemness and oxidative damage. 
Journal of Clinical Investigation, 125(7), 2646–2660.  

Ben, S. B., Peng, B., Wang, G. C., Li, C., Gu, H. F., Jiang, H., Meng, X. L., Lee, 
B. J., & Chen, C. L. (2015). Overexpression of selenoprotein SelK in BGC-
823 cells inhibits cell adhesion and migration. Biochemistry (Moscow), 
80(10), 1344–1353.  

Bertz, M., Kühn, K., Koeberle, S. C., Müller, M. F., Hoelzer, D., Thies, K., Deu-
bel, S., Thierbach, R., & Kipp, A. P. (2018). Selenoprotein H controls cell 
cycle progression and proliferation of human colorectal cancer cells. Free 
Radical Biology and Medicine, 2018, S0891-5849(18)30020-0.  

Brigelius-Flohé, R., Müller, M., Lippmann, D., & Kipp, A. P. (2012). The yin and 
yang of nrf2-regulated selenoproteins in carcinogenesis. International Journal 
of Cell Biology, 2012, 486147.  

Burk, R. F., & Hill, K. E. (2015). Regulation of selenium metabolism and trans-
port. Annual Review of Nutrition, 35, 109–134.  

Burk, R. F., Hill, K. E., Motley, A. K., Winfrey, V. P., Kurokawa, S., Mitchell, 
S. L., & Zhang, W. (2014). Selenoprotein P and apolipoprotein E receptor-2 
interact at the blood-brain barrier and also within the brain to maintain an es-
sential selenium pool that protects against neurodegeneration. FASEB Jour-
nal, 28(8), 3579–3588.  

Chadani, H., Usui, S., Inoue, O., Kusayama, T., Takashima, S. I., Kato, T., Murai, 
H., Furusho, H., Nomura, A., Misu, H., Takamura, T., Kaneko, S., & Taka-
mura, M. (2018). Endogenous selenoprotein P, a liver-derived secretory pro-
tein, mediates myocardial ischemia/reperfusion injury in mice. International 
Journal of Molecular Sciences, 19(3), e878.  

Chang, S. N., Lee, J. M., Oh, H., & Park, J. H. (2016). Glutathione peroxidase 3 inhi-
bits prostate tumorigenesis in TRAMP mice. The Prostate, 76(15), 1387–1398.  

Cox, A. G., Tsomides, A., Kim, A. J., Saunders, D., Hwang, K. L., Evason, K. J., 
Heidel, J., Brown, K. K., Yuan, M., Lien, E. C., Lee, B. C., Nissim, S., Dickin-
son, B., Chhangawala, S., Chang, C. J., Asara, J. M., Houvras, Y., Gladyshev, 
V. N., & Goessling, W. (2016). Selenoprotein H is an essential regulator of re-
dox homeostasis that cooperates with p53 in development and tumorigenesis. 
Proceedings of the National Academy of Sciences of the United States of 
America, 113, E5562–E5571.  

Cui, S., Men, L., Li, Y., Zhong, Y., Yu, S., Li, F., & Du, J. (2018). Selenoprotein S 
attenuates tumor necrosis factor-α-induced dysfunction in endothelial cells. 
Mediators of Inflammation, 2018, 1625414.  

Dagnell, M., Schmidt, E. E., & Arnér, E. S. J. (2018). The A to Z of modulated 
cell patterning by mammalian thioredoxin reductases. Free Radical Biology 
and Medicine, 115, 484–496.  

Dai, J., Liu, H., Zhou, J., & Huang, K. (2016). Selenoprotein R protects human 
lens epithelial cells against D-galactose-induced apoptosis by regulating 
oxidative stress and endoplasmic reticulum stress. International Journal of 
Molecular Sciences, 17(2), 231.  

Deng, Y., Jiang, B., Rankin, C. L., Toyo-Oka, K., Richter, M. L., Maupin-Furlow, 
J. A., & Moskovitz, J. (2018). Methionine sulfoxide reductase A (MsrA) 
mediates the ubiquitination of 14-3-3 protein isotypes in brain. Free Radical 
Biology and Medicine, 129, 600–607.  

Dong, C., Zhang, L., Sun, R., Liu, J., Yin, H., Li, X., Zheng, X., & Zeng, H. 
(2016). Role of thioredoxin reductase 1 in dysplastic transformation of hu-

196 

https://doi.org/10.1016/j.freeradbiomed.2018.05.076
https://doi.org/10.1016/j.freeradbiomed.2018.05.076
https://doi.org/10.1016/j.freeradbiomed.2018.05.076
https://doi.org/10.1042/BST20150233
https://doi.org/10.1042/BST20150233
https://doi.org/10.1042/BST20150233
https://doi.org/10.1002/humu.23745
https://doi.org/10.1002/humu.23745
https://doi.org/10.1002/humu.23745
https://doi.org/10.1002/humu.23745
https://doi.org/10.1002/humu.23745
https://doi.org/10.1002/humu.23745
https://doi.org/10.14348/molcells.2015.0007
https://doi.org/10.14348/molcells.2015.0007
https://doi.org/10.14348/molcells.2015.0007
https://doi.org/10.14348/molcells.2015.0007
https://doi.org/10.1016/j.bbrc.2014.12.059
https://doi.org/10.1016/j.bbrc.2014.12.059
https://doi.org/10.1016/j.bbrc.2014.12.059
https://doi.org/10.1016/j.bbrc.2014.12.059
https://doi.org/10.1016/j.bbrc.2014.12.059
https://doi.org/10.1158/0008-5472.CAN-12-3150
https://doi.org/10.1158/0008-5472.CAN-12-3150
https://doi.org/10.1158/0008-5472.CAN-12-3150
https://doi.org/10.1158/0008-5472.CAN-12-3150
https://doi.org/10.1158/0008-5472.CAN-12-3150
https://doi.org/10.1172/JCI76099
https://doi.org/10.1172/JCI76099
https://doi.org/10.1172/JCI76099
https://doi.org/10.1172/JCI76099
https://doi.org/10.1172/JCI76099
https://doi.org/10.1172/JCI76099
https://doi.org/10.1134/S0006297915100168
https://doi.org/10.1134/S0006297915100168
https://doi.org/10.1134/S0006297915100168
https://doi.org/10.1134/S0006297915100168
https://doi.org/10.1016/j.freeradbiomed.2018.01.010
https://doi.org/10.1016/j.freeradbiomed.2018.01.010
https://doi.org/10.1016/j.freeradbiomed.2018.01.010
https://doi.org/10.1016/j.freeradbiomed.2018.01.010
https://doi.org/10.1155/2012/486147
https://doi.org/10.1155/2012/486147
https://doi.org/10.1155/2012/486147
https://doi.org/10.1146/annurev-nutr-071714-034250
https://doi.org/10.1146/annurev-nutr-071714-034250
https://doi.org/10.1096/fj.14-252874
https://doi.org/10.1096/fj.14-252874
https://doi.org/10.1096/fj.14-252874
https://doi.org/10.1096/fj.14-252874
https://doi.org/10.1096/fj.14-252874
https://doi.org/10.3390/ijms19030878
https://doi.org/10.3390/ijms19030878
https://doi.org/10.3390/ijms19030878
https://doi.org/10.3390/ijms19030878
https://doi.org/10.3390/ijms19030878
https://doi.org/10.1002/pros.23223
https://doi.org/10.1002/pros.23223
https://doi.org/10.1073/pnas.1600204113
https://doi.org/10.1073/pnas.1600204113
https://doi.org/10.1073/pnas.1600204113
https://doi.org/10.1073/pnas.1600204113
https://doi.org/10.1073/pnas.1600204113
https://doi.org/10.1073/pnas.1600204113
https://doi.org/10.1073/pnas.1600204113
https://doi.org/10.1155/2018/1625414
https://doi.org/10.1155/2018/1625414
https://doi.org/10.1155/2018/1625414
https://doi.org/10.1016/j.freeradbiomed.2017.12.029
https://doi.org/10.1016/j.freeradbiomed.2017.12.029
https://doi.org/10.1016/j.freeradbiomed.2017.12.029
https://doi.org/10.3390/ijms17020231
https://doi.org/10.3390/ijms17020231
https://doi.org/10.3390/ijms17020231
https://doi.org/10.3390/ijms17020231
https://doi.org/10.1016/j.freeradbiomed.2018.08.002
https://doi.org/10.1016/j.freeradbiomed.2018.08.002
https://doi.org/10.1016/j.freeradbiomed.2018.08.002
https://doi.org/10.1016/j.freeradbiomed.2018.08.002
https://doi.org/10.1038/srep36860
https://doi.org/10.1038/srep36860


 

Regul. Mech. Biosyst., 2020, 11(2) 

man breast epithelial cells triggered by chronic oxidative stress. Scientific 
Reports, 6, 36860.  

Du, X., Li, H., Wang, Z., Qiu, S., Liu, Q., & Ni, J. (2013). Selenoprotein P and 
selenoprotein M block Zn2+-mediated Aβ42 aggregation and toxicity. Metal-
lomics, 5(7), 861–870.  

Emmink, B. L., Laoukili, J., Kipp, A. P., Koster, J., Govaert, K. M., Fatrai, S., 
Verheem, A., Steller, E. J., Brigelius-Flohé, R., Jimenez, C. R., Borel Rinkes, 
I. H., & Kranenburg, O. (2014). GPx2 suppression of H2O2 stress links the 
formation of differentiated tumor mass to metastatic capacity in colorectal 
cancer. Cancer Research, 74(22), 6717–6730.  

Fan, H., Wu, P. F., Zhang, L., Hu, Z. L., Wang, W., Guan, X. L., Luo, H., Ni, M., 
Yang, J. W., Li, M. X., Chen, J. G., & Wang, F. (2015). Methionine sulfoxide 
reductase A negatively controls microglia-mediated neuroinflammation via in-
hibiting ROS/MAPKs/NF-κB signaling pathways through a catalytic antioxi-
dant function. Antioxidants and Redox Signaling, 22(10), 832–847.  

Fan, R. F., Cao, C. Y., Chen, M. H., Shi, Q. X., & Xu, S. W. (2018). Gga-let-7f-3p 
promotes apoptosis in selenium deficiency-induced skeletal muscle by targeting 
selenoprotein K. Metallomics, 10(7), 941–952.  

Fredericks, G. J., Hoffmann, F. W., Rose, A. H., Osterheld, H. J., Hess, F. M., Merci-
er, F., & Hoffmann, P. R. (2014). Stable expression and function of the inositol 
1, 4, 5-triphosphate receptor requires palmitoylation by a DHHC6/selenoprotein 
K complex. Proceedings of the National Academy of Sciences of the USA, 
111(46), 16478–16483.  

Gan, F., Hu, Z., Zhou, Y., & Huang, K. (2017). Overexpression and low expres-
sion of selenoprotein S impact ochratoxin A-induced porcine cytotoxicity 
and apoptosis in vitro. Journal of Agricultural and Food Chemistry, 65(32), 
6972–6981.  

Gladyshev, V. N. (2014). Selenium and methionine sulfoxide reduction. Free Ra-
dical Biology and Medicine, 75(1), S8–S9.  

Gong, T., Hashimoto, A. C., Sasuclark, A. R., Khadka, V. S., Gurary, A., & Pitts, M. W. 
(2019). Selenoprotein M promotes hypothalamic leptin signaling and thioredo-
xin antioxidant activity. Antioxidants and Redox Signaling, 2019, in print.  

Gong, T., Torres, D. J., Berry, M. J., & Pitts, M. W. (2018). Hypothalamic redox 
balance and leptin signaling – Emerging role of selenoproteins. Free Radical 
Biology and Medicine, 127, 172–181.  

Guerriero, E., Accardo, M., Capone, F., Colonna, G., Castello, G., & Costantini, S. 
(2014). Assessment of the selenoprotein M (SELM) over-expression on hu-
man hepatocellular carcinoma tissues by immunohistochemistry. European 
Journal of Histochemistry, 58(4), 287–290.  

Hamieh, A., Cartier, D., Abid, H., Calas, A., Burel, C., Bucharles, C., Jehan, C., 
Grumolato, L., Landry, M., Lerouge, P., Anouar, Y., & Lihrmann, I. (2017). 
Selenoprotein T is a novel OST subunit that regulates UPR signaling and 
hormone secretion. EMBO Reports: European Molecular Biology Organiza-
tion reports, 18(11), 1935–1946.  

Han, L., Yang, X., Sun, W., Li, Z., Ren, H., Li, B., Zhang, R., Zhang, D., Shi, Z., 
Liu, J., Cao, J., Zhang, J., & Xiong, Y. (2018). The study of GPX3 methyla-
tion in patients with Kashin-Beck Disease and its mechanism in chondrocyte 
apoptosis. Bone, 117, 15–22.  

He, Q., Li, H., Meng, F., Sun, X., Feng, X., Chen, J., Li, L., & Liu, J. (2018). 
Methionine sulfoxide reductase B1 regulates hepatocellular carcinoma cell 
proliferation and invasion via the mitogen-activated protein kinase pathway 
and epithelial-mesenchymal transition. Oxidative Medicine and Cellular 
Longevity, 2018, 5287971.  

Hu, X., Luo, J., Lai, H., Li, M., Zheng, X., Nie, T., Li, F., & Li, H. (2018). Knock-
down of Trnau1ap inhibits the proliferation and migration of NIH3T3, JEG-3 
and Bewo cells via the PI3K/Akt signaling pathway. Biochemical and Bio-
physical Research Communications, 503(2), 521–527.  

Hudson, T. S., Carlson, B. A., Hoeneroff, M. J., Young, H. A., Sordillo, L., Mul-
ler, W. J., Hatfield, D. L., & Green, J. E. (2012). Selenoproteins reduce sus-
ceptibility to DMBA-induced mammary carcinogenesis. Carcinogenesis, 
33(6), 1225–1230.  

Ishikura, K., Misu, H., Kumazaki, M., Takayama, H., Matsuzawa-Nagata, N., Taji-
ma, N., Chikamoto, K., Lan, F., Ando, H., Ota, T., Sakurai, M., Takeshita, Y., 
Kato, K., Fujimura, A., Miyamoto, K., Saito, Y., Kameo, S., Okamoto, Y., Ta-
kuwa, Y., Takahashi, K., Kidoya, H., Takakura, N., Kaneko, S., & Takamura, 
T. (2014). Selenoprotein P as a diabetes-associated hepatokine that impairs an-
giogenesis by inducing VEGF resistance in vascular endothelial cells. Diabeto-
logia, 57(9), 1968–1976.  

Jiang, H., Shi, Q. Q., Ge, L. Y., Zhuang, Q. F., Xue, D., Xu, H. Y., & He, X. Z. 
(2019). Selenoprotein M stimulates the proliferative and metastatic capacities 
of renal cell carcinoma through activating the PI3K/AKT/mTOR pathway. 
Cancer Medicine, 8(10), 4836–4844.  

Jiang, Y. Y., Huang, J. Q., Lin, G. C., Guo, H. Y., Ren, F. Z., & Zhang, H. (2015). 
Characterization and expression of chicken selenoprotein U. Biological Trace 
Element Research, 166(2), 216–224.  

Jiang, Y., Feng, X., Zheng, L., Li, S. L., Ge, X. Y., & Zhang, J. G. (2015). Thiore-
doxin 1 mediates TGF-β-induced epithelial-mesenchymal transition in sali-
vary adenoid cystic carcinoma. Oncotarget, 6(28), 25506–25519.  

Kaushal, N., Kudva, A. K., Patterson, A. D., Chiaro, C., Kennett, M. J., Desai, D., 
Amin, S., Carlson, B. A., Cantorna, M. T., & Prabhu, K. S. (2014). Crucial 
role of macrophage selenoproteins in experimental colitis. Journal of Immu-
nology, 193(7), 3683–3692.  

Kikuchi, N., Satoh, K., Kurosawa, R., Yaoita, N., Elias-Al-Mamun, M., Siddique, 
M. A. H., Omura, J., Satoh, T., Nogi, M., Sunamura, S., Miyata, S., Saito, Y., 
Hoshikawa, Y., Okada, Y., & Shimokawa, H. (2018). Selenoprotein P pro-
motes the development of pulmonary arterial hypertension. Circulation, 
138(6), 600–623.  

Klutho, P. J., Pennington, S. M., Scott, J. A., Wilson, K. M., Gu, S. X., Doddapat-
tar, P., Xie, L., Venema, A. N., Zhu, L. J., Chauhan, A. K., Lentz, S. R., & 
Grumbach, I. M. (2015). Deletion of methionine sulfoxide reductase A does 
not affect atherothrombosis but promotes neointimal hyperplasia and extra-
cellular signal-regulated kinase signaling. Arteriosclerosis Thrombosis and 
Vascular Biology, 35(12), 2594–2604.  

Kumaraswamy, E., Carlson, B. A., Morgan, F., Miyoshi, K., Robinson, G. W., 
Su, D., Wang, S., Southon, E., Tessarollo, L., Lee, B. J., Gladyshev, V. N., 
Hennighausen, L., & Hatfield, D. L. (2003). Selective removal of the seleno-
cysteine tRNA [Ser]Sec gene (Trsp) in mouse mammary epithelium. Mole-
cular and Cellular Biology, 23(5), 1477–1488.  

Kuras, R., Reszka, E., Wieczorek, E., Jablonska, E., Gromadzinska, J., Malacho-
wska, B., Kozlowska, L., Stanislawska, M., Janasik, B., & Wasowicz, W. 
(2018). Biomarkers of selenium status and antioxidant effect in workers oc-
cupationally exposed to mercury. Journal of Trace Elements in Medicine and 
Biology, 49, 43–50.  

Kurokawa, S., Bellinger, F. P., Hill, K. E., Burk, R. F., & Berry, M. J. (2014). 
Isoform-specific binding of selenoprotein P to the β-propeller domain of apo-
lipoprotein E receptor 2 mediates selenium supply. Journal of Biological 
Chemistry, 289(13), 9195–9207.  

Kurokawa, S., Hill, K. E., McDonald, W. H., & Burk, R. F. (2012). Long isoform 
mouse selenoprotein P (Sepp1) supplies rat myoblast L8 cells with selenium via 
endocytosis mediated by heparin binding properties and apolipoprotein E recep-
tor-2 (ApoER2). Journal of Biological Chemistry, 287(34), 28717–28726.  

Kwak, G. H., & Kim, H. Y. (2017). MsrB3 deficiency induces cancer cell apopto-
sis through p53-independent and ER stress-dependent pathways. Archives of 
Biochemistry and Biophysics, 621, 1–5.  

Lee, B. C., Lee, S. G., Choo, M. K., Kim, J. H., Lee, H. M., Kim, S., Fomenko, 
D. E., Kim, H. Y., Park, J. M., & Gladyshev, V. N. (2017). Selenoprotein 
MsrB1 promotes anti-inflammatory cytokine gene expression in macropha-
ges and controls immune response in vivo. Scientific Reports, 7(1), 5119.  

Lee, J. H., Kwon, J. H., Jeon, Y. H., Ko, K. Y., Lee, S. R., & Kim, I. Y. (2014). 
Pro178 and Pro183 of selenoprotein S are essential residues for interaction 
with p97(VCP) during endoplasmic reticulum-associated degradation. The 
Journal of Biological Chemistry, 289(20), 13758–13768.  

Lee, J. H., Park, K. J., Jang, J. K., Jeon, Y. H., Ko, K. Y., Kwon, J. H., Lee, S. R., 
& Kim, I. Y. (2015). Selenoprotein S-dependent selenoprotein K binding to 
p97(VCP) protein is essential for endoplasmic reticulum-associated degrada-
tion. The Journal of Biological Chemistry, 290(50), 29941–29952.  

Li, H., He, Q., Meng, F., Feng, X., Chen, J., Li, L., & Liu, J. (2018). Methionine 
sulfoxide reductase B1 regulates proliferation and invasion by affecting mi-
togen-activated protein kinase pathway and epithelial-mesenchymal transi-
tion in cells. Biochemical and Biophysical Research Communications, 
496(3), 806–813.  

Li, M., Cheng, W., Luo, J., Hu, X., Nie, T., Lai, H., Zheng, X., Li, F., & Li, H. 
(2017). Loss of selenocysteine insertion sequence binding protein 2 suppresses 
the proliferation, migration/invasion and hormone secretion of human tropho-
blast cells via the PI3K/Akt and ERK signaling pathway. Placenta, 55, 81–89.  

Li, M., Cheng, W., Nie, T., Lai, H., Hu, X., Luo, J., Li, F., & Li, H. (2018). Sele-
noprotein K mediates the proliferation, migration, and invasion of human 
choriocarcinoma cells by negatively regulating human chorionic gonadotro-
pin expression via ERK, p38 MAPK, and akt signaling pathway. Biological 
Trace Element Research, 184(1), 47–59.  

Li, X., Chen, M., Yang, Z., Wang, W., Lin, H., & Xu, S. (2018). Selenoprotein S 
silencing triggers mouse hepatoma cells apoptosis and necrosis involving in 
intracellular calcium imbalance and ROS-mPTP-ATP. Biochimica et Bio-
physica Acta. General Subjects, 1862(10), 2113–2123.  

Liu, J. S., & Cui, Z. J. (2019). Pancreatic stellate cells serve as a brake mechanism 
on pancreatic acinar cell calcium signaling modulated by methionine sulfoxi-
de Reductase Expression. Cells, 8(2), e109.  

Liu, L., Geng, X., Cai, Y., Copple, B., Yoshinaga, M., Shen, J., Nebert, D. W., 
Wang, H., & Liu, Z. (2018). Hepatic ZIP8 deficiency is associated with dis-
rupted selenium homeostasis, liver pathology, and tumor formation. Ameri-
can Journal of Physiology Gastrointestinal and Liver Physiology, 315(4), 
G569–G579.  

Luchman, H. A., Villemaire, M. L., Bismar, T. A., Carlson, B. A., & Jirik, F. R. 
(2014). Prostate epithelium-specific deletion of the selenocysteine tRNA 
gene Trsp leads to early onset intraepithelial neoplasia. American Journal of 
Pathology, 184(3), 871–877.  

197 

https://doi.org/10.1039/c3mt20282h
https://doi.org/10.1039/c3mt20282h
https://doi.org/10.1039/c3mt20282h
https://doi.org/10.1158/0008-5472.CAN-14-1645
https://doi.org/10.1158/0008-5472.CAN-14-1645
https://doi.org/10.1158/0008-5472.CAN-14-1645
https://doi.org/10.1158/0008-5472.CAN-14-1645
https://doi.org/10.1158/0008-5472.CAN-14-1645
https://doi.org/10.1089/ars.2014.6022
https://doi.org/10.1089/ars.2014.6022
https://doi.org/10.1089/ars.2014.6022
https://doi.org/10.1089/ars.2014.6022
https://doi.org/10.1089/ars.2014.6022
https://doi.org/10.1039/c8mt00083b
https://doi.org/10.1039/c8mt00083b
https://doi.org/10.1039/c8mt00083b
https://doi.org/10.1073/pnas.1417176111
https://doi.org/10.1073/pnas.1417176111
https://doi.org/10.1073/pnas.1417176111
https://doi.org/10.1073/pnas.1417176111
https://doi.org/10.1073/pnas.1417176111
https://doi.org/10.1021/acs.jafc.7b02115
https://doi.org/10.1021/acs.jafc.7b02115
https://doi.org/10.1021/acs.jafc.7b02115
https://doi.org/10.1021/acs.jafc.7b02115
https://doi.org/10.1016/j.freeradbiomed.2014.10.848
https://doi.org/10.1016/j.freeradbiomed.2014.10.848
https://doi.org/10.1089/ars.2018.7594
https://doi.org/10.1089/ars.2018.7594
https://doi.org/10.1089/ars.2018.7594
https://doi.org/10.1016/j.freeradbiomed.2018.02.038
https://doi.org/10.1016/j.freeradbiomed.2018.02.038
https://doi.org/10.1016/j.freeradbiomed.2018.02.038
https://doi.org/10.4081/ejh.2014.2433
https://doi.org/10.4081/ejh.2014.2433
https://doi.org/10.4081/ejh.2014.2433
https://doi.org/10.4081/ejh.2014.2433
https://doi.org/10.15252/embr.201643504
https://doi.org/10.15252/embr.201643504
https://doi.org/10.15252/embr.201643504
https://doi.org/10.15252/embr.201643504
https://doi.org/10.15252/embr.201643504
https://doi.org/10.1016/j.bone.2018.08.017
https://doi.org/10.1016/j.bone.2018.08.017
https://doi.org/10.1016/j.bone.2018.08.017
https://doi.org/10.1016/j.bone.2018.08.017
https://doi.org/10.1155/2018/5287971
https://doi.org/10.1155/2018/5287971
https://doi.org/10.1155/2018/5287971
https://doi.org/10.1155/2018/5287971
https://doi.org/10.1155/2018/5287971
https://doi.org/10.1016/j.bbrc.2018.05.065
https://doi.org/10.1016/j.bbrc.2018.05.065
https://doi.org/10.1016/j.bbrc.2018.05.065
https://doi.org/10.1016/j.bbrc.2018.05.065
https://doi.org/10.1093/carcin/bgs129
https://doi.org/10.1093/carcin/bgs129
https://doi.org/10.1093/carcin/bgs129
https://doi.org/10.1093/carcin/bgs129
https://doi.org/10.1007/s00125-014-3306-9
https://doi.org/10.1007/s00125-014-3306-9
https://doi.org/10.1007/s00125-014-3306-9
https://doi.org/10.1007/s00125-014-3306-9
https://doi.org/10.1007/s00125-014-3306-9
https://doi.org/10.1007/s00125-014-3306-9
https://doi.org/10.1007/s00125-014-3306-9
https://doi.org/10.1002/cam4.2403
https://doi.org/10.1002/cam4.2403
https://doi.org/10.1002/cam4.2403
https://doi.org/10.1002/cam4.2403
https://doi.org/10.1007/s12011-015-0257-z
https://doi.org/10.1007/s12011-015-0257-z
https://doi.org/10.1007/s12011-015-0257-z
https://doi.org/10.18632/oncotarget.4635
https://doi.org/10.18632/oncotarget.4635
https://doi.org/10.18632/oncotarget.4635
https://doi.org/10.4049/jimmunol.1400347
https://doi.org/10.4049/jimmunol.1400347
https://doi.org/10.4049/jimmunol.1400347
https://doi.org/10.4049/jimmunol.1400347
https://doi.org/10.1161/CIRCULATIONAHA.117.033113
https://doi.org/10.1161/CIRCULATIONAHA.117.033113
https://doi.org/10.1161/CIRCULATIONAHA.117.033113
https://doi.org/10.1161/CIRCULATIONAHA.117.033113
https://doi.org/10.1161/CIRCULATIONAHA.117.033113
https://doi.org/10.1161/ATVBAHA.115.305857
https://doi.org/10.1161/ATVBAHA.115.305857
https://doi.org/10.1161/ATVBAHA.115.305857
https://doi.org/10.1161/ATVBAHA.115.305857
https://doi.org/10.1161/ATVBAHA.115.305857
https://doi.org/10.1161/ATVBAHA.115.305857
https://doi.org/10.1128/mcb.23.5.1477-1488.2003
https://doi.org/10.1128/mcb.23.5.1477-1488.2003
https://doi.org/10.1128/mcb.23.5.1477-1488.2003
https://doi.org/10.1128/mcb.23.5.1477-1488.2003
https://doi.org/10.1128/mcb.23.5.1477-1488.2003
https://doi.org/10.1016/j.jtemb.2018.04.032
https://doi.org/10.1016/j.jtemb.2018.04.032
https://doi.org/10.1016/j.jtemb.2018.04.032
https://doi.org/10.1016/j.jtemb.2018.04.032
https://doi.org/10.1016/j.jtemb.2018.04.032
https://doi.org/10.1074/jbc.M114.549014
https://doi.org/10.1074/jbc.M114.549014
https://doi.org/10.1074/jbc.M114.549014
https://doi.org/10.1074/jbc.M114.549014
https://doi.org/10.1074/jbc.M112.383521
https://doi.org/10.1074/jbc.M112.383521
https://doi.org/10.1074/jbc.M112.383521
https://doi.org/10.1074/jbc.M112.383521
https://doi.org/10.1016/j.abb.2017.04.001
https://doi.org/10.1016/j.abb.2017.04.001
https://doi.org/10.1016/j.abb.2017.04.001
https://doi.org/10.1038/s41598-017-05230-2
https://doi.org/10.1038/s41598-017-05230-2
https://doi.org/10.1038/s41598-017-05230-2
https://doi.org/10.1038/s41598-017-05230-2
https://doi.org/10.1074/jbc.M113.534529
https://doi.org/10.1074/jbc.M113.534529
https://doi.org/10.1074/jbc.M113.534529
https://doi.org/10.1074/jbc.M113.534529
https://doi.org/10.1074/jbc.M115.680215
https://doi.org/10.1074/jbc.M115.680215
https://doi.org/10.1074/jbc.M115.680215
https://doi.org/10.1074/jbc.M115.680215
https://doi.org/10.1016/j.bbrc.2018.01.151
https://doi.org/10.1016/j.bbrc.2018.01.151
https://doi.org/10.1016/j.bbrc.2018.01.151
https://doi.org/10.1016/j.bbrc.2018.01.151
https://doi.org/10.1016/j.bbrc.2018.01.151
https://doi.org/10.1016/j.placenta.2017.05.007
https://doi.org/10.1016/j.placenta.2017.05.007
https://doi.org/10.1016/j.placenta.2017.05.007
https://doi.org/10.1016/j.placenta.2017.05.007
https://doi.org/10.1007/s12011-017-1155
https://doi.org/10.1007/s12011-017-1155
https://doi.org/10.1007/s12011-017-1155
https://doi.org/10.1007/s12011-017-1155
https://doi.org/10.1007/s12011-017-1155
https://doi.org/10.1016/j.bbagen.2018.07.005
https://doi.org/10.1016/j.bbagen.2018.07.005
https://doi.org/10.1016/j.bbagen.2018.07.005
https://doi.org/10.1016/j.bbagen.2018.07.005
https://doi.org/10.3390/cells8020109
https://doi.org/10.3390/cells8020109
https://doi.org/10.3390/cells8020109
https://doi.org/10.1152/ajpgi.00165.2018
https://doi.org/10.1152/ajpgi.00165.2018
https://doi.org/10.1152/ajpgi.00165.2018
https://doi.org/10.1152/ajpgi.00165.2018
https://doi.org/10.1152/ajpgi.00165.2018
https://doi.org/10.1016/j.ajpath.2013.11.025
https://doi.org/10.1016/j.ajpath.2013.11.025
https://doi.org/10.1016/j.ajpath.2013.11.025
https://doi.org/10.1016/j.ajpath.2013.11.025


 

Regul. Mech. Biosyst., 2020, 11(2) 

Marciel, M. P., & Hoffmann, P. R. (2019). Molecular mechanisms by which 
selenoprotein K regulates immunity and cancer. Biological Trace Element 
Research, 192(1), 60–68.  

Marciel, M. P., Khadka, V. S., Deng, Y., Kilicaslan, P., Pham, A., Bertino, P., Lee, 
K., Chen, S., Glibetic, N., Hoffmann, F. W., Matter, M. L., & Hoffmann, P. R. 
(2018). Selenoprotein K deficiency inhibits melanoma by reducing calcium flux 
required for tumor growth and metastasis. Oncotarget, 9(17), 13407–13422.  

Mariclair, A. R., Frederick, P. B., & Marla, J. B. (2010). The neuroprotective 
functions of selenoprotein M and its role in cytosolic calcium regulation. An-
tioxidants and Redox Signaling, 12(7), 809–818.  

Marino, M., Stoilova, T., Giorgi, C., Bachi, A., Cattaneo, A., Auricchio, A., Pin-
ton, P., & Zito, E. (2015). SEPN1, endoplasmic reticulum-localized seleno-
protein linked to skeletal muscle pathology, counteracts hyperoxidation by 
means of redox-regulating SERCA2 pump activity. Human Molecular Ge-
netics, 24(7), 1843–1855.  

Men, L., Yu, S., Yao, J., Li, Y., Ren, D., & Du, J. (2018). Selenoprotein S protects 
against adipocyte death through mediation of the IRE1α-sXBP1 pathway. Bio-
chemical and Biophysical Research Communications, 503(4), 2866–2871.  

Méplan, C., Dragsted, L. O., Ravn-Haren, G., Tjonneland, A., Vogel, U., & 
Hesketh, J. (2013). Association between polymorphisms in glutathione pe-
roxidase and selenoprotein P genes, glutathione peroxidase activity, HRT use 
and breast cancer risk. PLoS One, 8(9), e73316.  

Min, Z., Guo, Y., Sun, M., Hussain, S., Zhao, Y., Guo, D., Huang, H., Heng, L., 
Zhang, F., Ning, Q., Han, Y., Xu, P., Zhong, N., Sun, J., & Lu, S. (2018). Sele-
nium-sensitive miRNA-181a-5p targeting SBP2 regulates selenoproteins ex-
pression in cartilage. Journal of Cellular and Molecular Medicine, 22(12), 
5888–5898.  

Misu, H., Takamura, T., Takayama, H., Hayashi, H., Matsuzawa-Nagata, N., Kurita, S., 
Ishikura, K., Ando, H., Takeshita, Y., Ota, T., Sakurai, M., Yamashita, T., Mizu-
koshi, E., Yamashita, T., Honda, M., Miyamoto, K., Kubota, T., Kubota, N., Ka-
dowaki, T., Kim, H. J., Lee, I. K., Minokoshi, Y., Saito, Y., Takahashi, K., Ya-
mada, Y., Takakura, N., & Kaneko, S. (2010). A liver-derived secretory protein, 
selenoprotein P, causes insulin resistance. Cell Metabolism, 12(5), 483–495.  

Misu, H., Takayama, H., Saito, Y., Mita, Y., Kikuchi, A., Ishii, K. A., Chikamoto, K., 
Kanamori, T., Tajima, N., Lan, F., Takeshita, Y., Honda, M., Tanaka, M., Kato, 
S., Matsuyama, N., Yoshioka, Y., Iwayama, K., Tokuyama, K., Akazawa, N., 
Maeda, S., Takekoshi, K., Matsugo, S., Noguchi, N., Kaneko, S., & Takamura, 
T. (2017). Deficiency of the hepatokine selenoprotein P increases responsive-
ness to exercise in mice through upregulation of reactive oxygen species and 
AMP-activated protein kinase in muscle. Nature Medicine, 23(4), 508–516.  

Müller, M. F., Florian, S., Pommer, S., Osterhoff, M., Esworthy, R. S., Chu, F. F., 
Brigelius-Flohé, R., & Kipp, A. P. (2013). Deletion of glutathione peroxida-
se-2 inhibits azoxymethane-induced colon cancer development. PLoS One, 
8(8), e72055.  

Naiki, T., Naiki-Ito, A., Asamoto, M., Kawai, N., Tozawa, K., Etani, T., Sato, S., 
Suzuki, S., Shirai, T., Kohri, K., & Takahashi, S. (2014). GPX2 overexpres-
sion is involved in cell proliferation and prognosis of castration-resistant pros-
tate cancer. Carcinogenesis, 35(9), 1962–1967.  

Naiki, T., Naiki-Ito, A., Iida, K., Etani, T., Kato, H., Suzuki, S., Yamashita, Y., 
Kawai, N., Yasui, T., & Takahashi, S. (2018). GPX2 promotes development 
of bladder cancer with squamous cell differentiation through the control of 
apoptosis. Oncotarget, 9(22), 15847–15859.  

Ojeda, M. L., Carreras, O., Sobrino, P., Murillo, M. L., & Nogales, F. (2017). Biolo-
gical implications of selenium in adolescent rats exposed to binge drinking: 
Oxidative, immunologic and apoptotic balance. Toxicology and Applied Phar-
macology, 329, 165–172.  

Pelosof, L., Yerram, S., Armstrong, T., Chu, N., Danilova, L., Yanagisawa, B., Hi-
dalgo, M., Azad, N., & Herman, J. G. (2017). GPX3 promoter methylation pre-
dicts platinum sensitivity in colorectal cancer. Epigenetics, 12(7), 540–550.  

Pérez, S., Taléns-Visconti, R., Rius-Pérez, S., Finamor, I., & Sastre, J. (2017). 
Redox signaling in the gastrointestinal tract. Free Radical Biology and Medi-
cine, 104, 75–103.  

Pozzer, D., Varone, E., Chernorudskiy, A., Schiarea, S., Missiroli, S., Giorgi, C., 
Pinton, P., Canato, M., Germinario, E., Nogara, L., Blaauw, B., & Zito, E. 
(2019). A maladaptive ER stress response triggers dysfunction in highly ac-
tive muscles of mice with selenon loss. Redox Biology, 20, 354–366.  

Raninga, P. V., Di Trapani, G., Vuckovic, S., & Tonissen, K. F. (2016). TrxR1 inhi-
bition overcomes both hypoxia-induced and acquired bortezomib resistance in 
multiple myeloma through NF-кβ inhibition. Cell Cycle, 15(4), 559–572.  

Raninga, P. V., Di Trapani, G., Vuckovic, S., Bhatia, M., & Tonissen, K. F. (2015). 
Inhibition of thioredoxin 1 leads to apoptosis in drug-resistant multiple mye-
loma. Oncotarget, 6(17), 15410–15424.  

Reeves, M. A., Bellinger, F. P., & Berry, M. J. (2010). The neuroprotective func-
tions of selenoprotein M and its role in cytosolic calcium regulation. Antioxi-
dants and Redox Signaling, 12(7), 809–818.  

Ren, B., Huang, Y., Zou, C., Wu, Y., Huang, Y., Ni, J., & Tian, J. (2019). Transcrip-
tional regulation of selenoprotein F by heat shock factor 1 during selenium sup-
plementation and stress response. Cells, 8(5), e479.  

Rocca, C., Boukhzar, L., Granieri, M. C., Alsharif, I., Mazza, R., Lefranc, B., Tota, 
B., Leprince, J., Cerra, M. C., Anouar, Y., & Angelone, T. (2018). A seleno-
protein T-derived peptide protects the heart against ischaemia/reperfusion injury 
through inhibition of apoptosis and oxidative stress. Acta Physiologica (Ox-
ford), 223(4), e13067.  

Romitti, M., Wajner, S. M., Ceolin, L., Ferreira, C. V., Ribeiro, R. V., Rohenkohl, 
H. C., Weber, Sde, S., Lopez, P. L., Fuziwara, C. S., Kimura, E. T., & Maia, 
A. L. (2016). MAPK and SHH pathways modulate type 3 deiodinase expres-
sion in papillary thyroid carcinoma. Endocrine Related Cancer, 23(3), 135–146.  

Santesmasses, D., Mariotti, M., & Gladyshev, V. N. (2019). Tolerance to seleno-
protein loss differs between human and mouse. Molecular Biology and Evo-
lution, 27, msz218.  

Sattar, H., Yang, J., Zhao, X., Cai, J., Liu, Q., Ishfaq, M., Yang, Z., Chen, M., Zhang, 
Z., & Xu, S. (2018). Selenoprotein-U (SelU) knockdown triggers autophagy 
through PI3K-Akt-mTOR pathway inhibition in rooster sertoli cells. Metall-
mics, 10(7), 929–940.  

Schweizer, U., Schlicker, C., Braun, D., Köhrle, J., & Steegborn, C. (2014). Crys-
tal structure of mammalian selenocysteine-dependent iodothyronine deiodi-
nase suggests a peroxiredoxin-like catalytic mechanism". Proceedings of the 
National Academy of Sciences of the United States of America, 111(29), 
10526–10531.  

Sengupta, A., Lichti, U. F., Carlson, B. A., Cataisson, C., Ryscavage, A. O., Mikulec, 
C., Conrad, M., Fischer, S. M., Hatfield, D. L., & Yuspa, S. H. (2013). Targeted 
disruption of glutathione peroxidase 4 in mouse skin epithelial cells impairs 
postnatal hair follicle morphogenesis that is partially rescued through inhibition 
of COX-2. Journal of Investigative Dermatology, 133(7), 1731–1741.  

Short, S. P., & Williams, C. S. (2017). Selenoproteins in tumorigenesis and cancer 
progression. Advances in Cancer Research, 136, 49–83.  

Singh, M. P., Kim, K. Y., Kwak, G. H., Baek, S. H., & Kim, H. Y. (2017). Methio-
nine sulfoxide reductase A protects against lipopolysaccharide-induced septic 
shock via negative regulation of the proinflammatory responses. Archives of 
Biochemistry and Biophysics, 631, 42–48.  

Singh, M., Venugopal, C., Tokar, T., McFarlane, N., Subapanditha, M. K., Qazi, 
M., Bakhshinyan, D., Vora, P., Murty, N. K., Jurisica, I., & Singh, S. K. 
(2018). Therapeutic targeting of the premetastatic stage in human lung-to-
brain metastasis. Cancer Research, 78(17), 5124–5134.  

Strauss, E., Tomczak, J., Staniszewski, R., & Oszkinis, G. (2018). Associations 
and interactions between variants in selenoprotein genes, selenoprotein levels 
and the development of abdominal aortic aneurysm, peripheral arterial dise-
ase, and heart failure. PLoS One, 13(9), e0203350.  

Sun, X., Yuan, Y., Xiao, Y., Lu, Q., Yang, L., Chen, C., & Guo, Q. (2018). Long 
non-coding RNA, Bmcob, regulates osteoblastic differentiation of bone mar-
row mesenchymal stem cells. Biochemical and Biophysical Research Com-
munications, 506(3), 536–542.  

Tang, J., He, A., Yan, H., Jia, G., Liu, G., Chen, X., Cai, J., Tian, G., Shang, H., & 
Zhao, H. (2018). Damage to the myogenic differentiation of C2C12 cells by 
heat stress is associated with up-regulation of several selenoproteins. Scientif-
ic Reports, 8(1), 10601.  

Topkas, E., Cai, N., Cumming, A., Hazar-Rethinam, M., Gannon, O. M., Burgess, 
M., Saunders, N. A., & Endo-Munoz, L. (2016). Auranofin is a potent suppres-
sor of osteosarcoma metastasis. Oncotarget, 7(1), 831–844.  

Tsuji, P. A., Carlson, B. A., Yoo, M. H., Naranjo-Suarez, S., Xu, X. M., He, Y., 
Asaki, E., Seifried, H. E., Reinhold, W. C., Davis, C. D., Gladyshev, V. N., 
& Hatfield, D. L. (2015). The 15kDa selenoprotein and thioredoxin reductase 
1 promote colon cancer by different pathways. PLoS One, 10(4), e0124487.  

Varone, E., Pozzer, D., Di Modica, S., Chernorudskiy, A., Nogara, L., Baraldo, 
M., Cinquanta, M., Fumagalli, S.,Villar-Quiles, R. N., De Simoni, M. G., 
Blaauw, B., Ferreiro, A., & Zito, E. (2019). Selenon (SEPN1) protects ske-
letal muscle from saturated fatty acid-induced ER stress and insulin resis-
tance. Redox Biology, 24, 101176.  

Vindry, C., Guillin, O., Mangeot, P. E., Ohlmann, T., & Chavatte, L. (2019). A 
versatile strategy to reduce UGA-selenocysteine recoding efficiency of the 
ribosome using CRISPR-Cas9-viral-like-particles targeting selenocysteine-
tRNA[Ser]Sec gene. Cells, 8(6), e574.  

Wang, C., Li, R., Huang, Y., Wang, M., Yang, F., Huang, D., Wu, C., Li, Y., 
Tang, Y., Zhang, R., & Cheng, J. (2017). Selenoprotein K modulate intracel-
lular free Ca2+ by regulating expression of calcium homoeostasis endoplas-
mic reticulum protein. Biochemical and Biophysical Research Communica-
tions, 484(4), 734–739.  

Wang, H., Luo, K., Tan, L. Z., Ren, B. G., Gu, L. Q., Michalopoulos, G., Luo, J. H., 
& Yu, Y. P. (2012). p53-induced gene 3 mediates cell death induced by gluta-
thione peroxidase 3. Journal of Biological Chemistry, 287(20), 16890–16902.  

Watrowski, R., Dan, C. T., Fabjani, G., Schuster, E., Fischer, M., & Zeillinger, R. 
(2016). The 811 C/T polymorphism in the 3' untranslated region of the sele-
noprotein 15kDa (Sep15) gene and breast cancer in Caucasian women. Tu-
mour Biology, 37(1), 1009–1015.  198 

https://doi.org/10.1007/s12011-019-01774-8
https://doi.org/10.1007/s12011-019-01774-8
https://doi.org/10.1007/s12011-019-01774-8
https://doi.org/10.18632/oncotarget.24388
https://doi.org/10.18632/oncotarget.24388
https://doi.org/10.18632/oncotarget.24388
https://doi.org/10.18632/oncotarget.24388
https://doi.org/10.1089/ars.2009.2883
https://doi.org/10.1089/ars.2009.2883
https://doi.org/10.1089/ars.2009.2883
https://doi.org/10.1093/hmg/ddu602
https://doi.org/10.1093/hmg/ddu602
https://doi.org/10.1093/hmg/ddu602
https://doi.org/10.1093/hmg/ddu602
https://doi.org/10.1093/hmg/ddu602
https://doi.org/10.1016/j.bbrc.2018.08.057
https://doi.org/10.1016/j.bbrc.2018.08.057
https://doi.org/10.1016/j.bbrc.2018.08.057
https://doi.org/10.1371/journal.pone.0073316
https://doi.org/10.1371/journal.pone.0073316
https://doi.org/10.1371/journal.pone.0073316
https://doi.org/10.1371/journal.pone.0073316
https://doi.org/10.1111/jcmm.13858
https://doi.org/10.1111/jcmm.13858
https://doi.org/10.1111/jcmm.13858
https://doi.org/10.1111/jcmm.13858
https://doi.org/10.1111/jcmm.13858
https://doi.org/10.1016/j.cmet.2010.09.015
https://doi.org/10.1016/j.cmet.2010.09.015
https://doi.org/10.1016/j.cmet.2010.09.015
https://doi.org/10.1016/j.cmet.2010.09.015
https://doi.org/10.1016/j.cmet.2010.09.015
https://doi.org/10.1016/j.cmet.2010.09.015
https://doi.org/10.1038/nm.4295
https://doi.org/10.1038/nm.4295
https://doi.org/10.1038/nm.4295
https://doi.org/10.1038/nm.4295
https://doi.org/10.1038/nm.4295
https://doi.org/10.1038/nm.4295
https://doi.org/10.1038/nm.4295
https://doi.org/10.1371/journal.pone.0072055
https://doi.org/10.1371/journal.pone.0072055
https://doi.org/10.1371/journal.pone.0072055
https://doi.org/10.1371/journal.pone.0072055
https://doi.org/10.1093/carcin/bgu048
https://doi.org/10.1093/carcin/bgu048
https://doi.org/10.1093/carcin/bgu048
https://doi.org/10.1093/carcin/bgu048
https://doi.org/10.18632/oncotarget.24627
https://doi.org/10.18632/oncotarget.24627
https://doi.org/10.18632/oncotarget.24627
https://doi.org/10.18632/oncotarget.24627
https://doi.org/10.1016/j.taap.2017.05.037
https://doi.org/10.1016/j.taap.2017.05.037
https://doi.org/10.1016/j.taap.2017.05.037
https://doi.org/10.1016/j.taap.2017.05.037
https://doi.org/10.1080/15592294.2016.1265711
https://doi.org/10.1080/15592294.2016.1265711
https://doi.org/10.1080/15592294.2016.1265711
https://doi.org/10.1016/j.freeradbiomed.2016.12.048
https://doi.org/10.1016/j.freeradbiomed.2016.12.048
https://doi.org/10.1016/j.freeradbiomed.2016.12.048
https://doi.org/10.1016/j.redox.2018.10.017
https://doi.org/10.1016/j.redox.2018.10.017
https://doi.org/10.1016/j.redox.2018.10.017
https://doi.org/10.1016/j.redox.2018.10.017
https://doi.org/10.1080/15384101.2015.1136038
https://doi.org/10.1080/15384101.2015.1136038
https://doi.org/10.1080/15384101.2015.1136038
https://doi.org/10.18632/oncotarget.3795
https://doi.org/10.18632/oncotarget.3795
https://doi.org/10.18632/oncotarget.3795
https://doi.org/10.1089/ars.2009.2883
https://doi.org/10.1089/ars.2009.2883
https://doi.org/10.1089/ars.2009.2883
https://doi.org/10.3390/cells8050479
https://doi.org/10.3390/cells8050479
https://doi.org/10.3390/cells8050479
https://doi.org/10.1111/apha.13067
https://doi.org/10.1111/apha.13067
https://doi.org/10.1111/apha.13067
https://doi.org/10.1111/apha.13067
https://doi.org/10.1111/apha.13067
https://doi.org/10.1530/ERC-15-0162
https://doi.org/10.1530/ERC-15-0162
https://doi.org/10.1530/ERC-15-0162
https://doi.org/10.1530/ERC-15-0162
https://doi.org/10.1093/molbev/msz218
https://doi.org/10.1093/molbev/msz218
https://doi.org/10.1093/molbev/msz218
https://doi.org/10.1039/c8mt00090e
https://doi.org/10.1039/c8mt00090e
https://doi.org/10.1039/c8mt00090e
https://doi.org/10.1039/c8mt00090e
https://doi.org/10.1073/pnas.1323873111
https://doi.org/10.1073/pnas.1323873111
https://doi.org/10.1073/pnas.1323873111
https://doi.org/10.1073/pnas.1323873111
https://doi.org/10.1073/pnas.1323873111
https://doi.org/10.1038/jid.2013.52
https://doi.org/10.1038/jid.2013.52
https://doi.org/10.1038/jid.2013.52
https://doi.org/10.1038/jid.2013.52
https://doi.org/10.1038/jid.2013.52
https://doi.org/10.1016/bs.acr.2017.08.002
https://doi.org/10.1016/bs.acr.2017.08.002
https://doi.org/10.1016/j.abb.2017.08.008
https://doi.org/10.1016/j.abb.2017.08.008
https://doi.org/10.1016/j.abb.2017.08.008
https://doi.org/10.1016/j.abb.2017.08.008
https://doi.org/10.1158/0008-5472.CAN-18-1022
https://doi.org/10.1158/0008-5472.CAN-18-1022
https://doi.org/10.1158/0008-5472.CAN-18-1022
https://doi.org/10.1158/0008-5472.CAN-18-1022
https://doi.org/10.1371/journal.pone.0203350
https://doi.org/10.1371/journal.pone.0203350
https://doi.org/10.1371/journal.pone.0203350
https://doi.org/10.1371/journal.pone.0203350
https://doi.org/10.1016/j.bbrc.2018.09.142
https://doi.org/10.1016/j.bbrc.2018.09.142
https://doi.org/10.1016/j.bbrc.2018.09.142
https://doi.org/10.1016/j.bbrc.2018.09.142
https://doi.org/10.1038/s41598-018-29012-6
https://doi.org/10.1038/s41598-018-29012-6
https://doi.org/10.1038/s41598-018-29012-6
https://doi.org/10.1038/s41598-018-29012-6
https://doi.org/10.18632/oncotarget.5704
https://doi.org/10.18632/oncotarget.5704
https://doi.org/10.18632/oncotarget.5704
https://doi.org/10.1371/journal.pone.0124487
https://doi.org/10.1371/journal.pone.0124487
https://doi.org/10.1371/journal.pone.0124487
https://doi.org/10.1371/journal.pone.0124487
https://doi.org/10.1016/j.redox.2019.101176
https://doi.org/10.1016/j.redox.2019.101176
https://doi.org/10.1016/j.redox.2019.101176
https://doi.org/10.1016/j.redox.2019.101176
https://doi.org/10.1016/j.redox.2019.101176
https://doi.org/10.3390/cells8060574
https://doi.org/10.3390/cells8060574
https://doi.org/10.3390/cells8060574
https://doi.org/10.3390/cells8060574
https://doi.org/10.1016/j.bbrc.2017.01.117
https://doi.org/10.1016/j.bbrc.2017.01.117
https://doi.org/10.1016/j.bbrc.2017.01.117
https://doi.org/10.1016/j.bbrc.2017.01.117
https://doi.org/10.1016/j.bbrc.2017.01.117
https://doi.org/10.1074/jbc.M111.322636
https://doi.org/10.1074/jbc.M111.322636
https://doi.org/10.1074/jbc.M111.322636
https://doi.org/10.1007/s13277-015-3847-7
https://doi.org/10.1007/s13277-015-3847-7
https://doi.org/10.1007/s13277-015-3847-7
https://doi.org/10.1007/s13277-015-3847-7


 

Regul. Mech. Biosyst., 2020, 11(2) 

Xue, J., Min, Z., Xia, Z., Cheng, B., Lan, B., Zhang, F., Han, Y., Wang, K., & Sun, J. 
(2018). The hsa-miR-181a-5p reduces oxidation resistance by controlling 
SECISBP2 in osteoarthritis. BMC Musculoskeletal Disorders, 19(1), 355.  

Yan, J., Fei, Y., Han, Y., & Lu, S. (2016). Selenoprotein O deficiencies suppress 
chondrogenic differentiation of ATDC5 cells. Cell Biology International, 
40(10), 1033–1040.  

Yang, W. S., SriRamaratnam, R., Welsch, M. E., Shimada, K., Skouta, R., Viswana-
than, V. S., Cheah, J. H., Clemons, P. A., Shamji, A. F., Clish, C. B., Brown, 
L. M., Girotti, A. W., Cornish, V. W., Schreiber, S. L., & Stockwell, B. R. (2014). 
Regulation of ferroptotic cancer cell death by GPX4. Cell, 156(1–2), 317–331.  

Yang, W., Shen, Y., Wei, J., & Liu, F. (2015). MicroRNA-153/Nrf-2/GPx1 path-
way regulates radiosensitivity and stemness of glioma stem cells via reactive 
oxygen species. Oncotarget, 6(26), 22006–22027.  

Ye, Y., Bian, W., Fu, F., Hu, J., & Liu, H. (2018). Selenoprotein S inhibits in-
flammation-induced vascular smooth muscle cell calcification. Journal of Bi-
ological Inorganic Chemistry, 23(5), 739–751.  

Yu, D., Zhang, Z. W., Yao, H. D., Li, S., & Xu, S. W. (2014). Antioxidative role 
of selenoprotein W in oxidant-induced chicken splenic lymphocyte death. 
Biometals, 27(2), 277–291.  

Yu, D., Zhang, Z., Yao, H., Li, S., & Xu, S. W. (2015). The role of selenoprotein 
W in inflammatory injury in chicken immune tissues and cultured splenic 
lymphocyte. Biometals, 28(1), 75–87.  

Zhao, H., Li, J., Li, X., Han, C., Zhang, Y., Zheng, L., & Guo, M. (2015). Silen-
cing GPX3 expression promotes tumor metastasis in human thyroid cancer. 
Current Protein and Peptide Science, 16(4), 316–321.  

Zhao, L., Zheng, Y. Y., Chen, Y., Ma, Y. T., Yang, Y. N., Li, X. M., Ma, X., & 
Xie, X. (2018). Association of genetic polymorphisms of SelS with Type 2 
diabetes in a Chinese population. Bioscience Reports, 38(6), BSR20181696.  

Zhou, J., Li, C., Gu, G., Wang, Q., & Guo, M. (2018). Selenoprotein N was re-
quired for the regulation of selenium on the uterine smooth muscle contrac-
tion in mice. Biological Trace Element Research, 183(1), 138–146.  

Zhu, S., Zhang, Q., Sun, X., Zeh, H. J., Lotze, M. T., Kang, R., & Tang, D. 
(2017). HSPA5 regulates ferroptotic cell death in cancer cells. Cancer Re-
search, 77(8), 2064–2077.  

 

199 

https://doi.org/10.1186/s12891-018-2273-6
https://doi.org/10.1186/s12891-018-2273-6
https://doi.org/10.1186/s12891-018-2273-6
https://doi.org/10.1002/cbin.10644
https://doi.org/10.1002/cbin.10644
https://doi.org/10.1002/cbin.10644
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.18632/oncotarget.4292
https://doi.org/10.18632/oncotarget.4292
https://doi.org/10.18632/oncotarget.4292
https://doi.org/10.1007/s00775-018-1563-7
https://doi.org/10.1007/s00775-018-1563-7
https://doi.org/10.1007/s00775-018-1563-7
https://doi.org/10.1007/s10534-014-9708-9
https://doi.org/10.1007/s10534-014-9708-9
https://doi.org/10.1007/s10534-014-9708-9
https://doi.org/10.1007/s10534-014-9804-x
https://doi.org/10.1007/s10534-014-9804-x
https://doi.org/10.1007/s10534-014-9804-x
https://doi.org/10.2174/138920371604150429154840
https://doi.org/10.2174/138920371604150429154840
https://doi.org/10.2174/138920371604150429154840
https://doi.org/10.1042/BSR20181696
https://doi.org/10.1042/BSR20181696
https://doi.org/10.1042/BSR20181696
https://doi.org/10.1007/s12011-017-1130-z
https://doi.org/10.1007/s12011-017-1130-z
https://doi.org/10.1007/s12011-017-1130-z
https://doi.org/10.1158/0008-5472.CAN-16-1979
https://doi.org/10.1158/0008-5472.CAN-16-1979
https://doi.org/10.1158/0008-5472.CAN-16-1979

