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The selenium field expanded at a rapid rate for about 45 years, from the mid-1970’s
until about 2015 (see [1] for a summary of these 45 years). Then, the pace of major dis-
coveries began to decline. However, we were fortunate enough to obtain many of the
major players in the selenium field to write novel, up-to-date research articles and/or
reviews on various topics of this fascinating element. Selenium is still regarded as one of
the most interesting and health-beneficial elements. It will be fascinating to bear witness to
additional discoveries in the field of selenium and selenoproteins in health and disease in
the coming years.

There are 21 published manuscripts, including 13 research articles and 8 reviews,
with over 120 different contributors, in this Special Issue, entitled “Molecular Biology
of Selenium in Health and Disease”. Many of the most important subjects in the sele-
nium field are covered. These include a historical perspective of the roles of selenium
and selenoproteins in health and development, including its beneficial and detrimental
aspects [2], the role of selenium in redox signaling in macrophages [3], as well as in bac-
terial and human selenoprotein biosynthesis [4], and its proposed cellular transport via a
metal cation symporter [5]. Furthermore, selenium deficiency is discussed in the setting of
cardiovascular function [6] and as a trigger for autoimmune diseases [7]. This Special Issue
also provides insights into selenoprotein mechanisms, including SELENOF in prostate [8]
and colon cancers [9], SELENOI in immune response [10], SELENOW’s interaction with
thioredoxins [11], and SELENOP-mediated selenium transport in Hashimoto‘s thyroidi-
tis [12]. Furthermore, an overview of the pathogenic variants in selenoproteins genes from
a population genomics perspective [13], a review on the human genetic disorders resulting
in systemic selenoprotein deficiency [14], and a new strategy to assess the selenoproteome
by non-radioactive isotopic labeling are presented [15]. This Special Issue also addresses
the mechanistic aspects of selenoprotein synthesis, including the role of selenophosphate
synthetase in endothelial cells [16] and mice [17], what is known about the mechanisms
of UGA recoding and the fate of ribosomes that fail to incorporate selenocysteine [18],
tRNA[Ser]Sec isopentylation and its role in hypothalamic neurons [19], as well as the impact
of a conditional tRNA[Ser]Sec knockout on leptin sensitivity and weight gain in agouti-
related, peptide-positive hypothalamic neurons [20]. Lastly, a review of selenium and viral
infections, including HIV and also the ongoing COVID-19 pandemic [21], and a research ar-
ticle on the interactions between selenium, selenoproteins and HIV-1 replication in human
CD4 T-lymphocytes [22], provide important considerations regarding this trace element’s
impact on viral infections threatening human health.

When we were in the early stages of organizing this Special Issue on Molecular
Biology of Selenium in Health and Disease, with the assistance of our internal editor at
the International Journal of Molecular Sciences, Ms. Lachelle Fang, we asked her if we could
dedicate this Special Issue to Professor (Prof.) Dr. Leopold Flohé, M.D., who made many
important discoveries to the growth and expansion in the field of this unique element. We
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were delighted that Editor Fang informed us that we could. In addition, Ms. Fang was
most helpful throughout the organization of our Special Issue by handling so much of the
correspondence with authors, and by obtaining reviewers for each of the papers. We are
certainly indebted to her.

This Special Issue on ‘Molecular Biology of Selenium in Health and Disease’ within
the various International Journal of Molecular Sciences Special Issues, is dedicated to Prof.
Dr. Leopold Flohé, M.D. (Figure 1) for his many contributions to the selenium field. His
seminal discoveries have played important roles in developing the molecular biological
aspects of selenium, particularly regarding the essential roles of selenium in health and the
development of humans and many other higher lifeforms. These fundamental discoveries
included the identity of the first selenium-containing protein, glutathione peroxidase
in 1973 [23], a tetrameric selenoenzyme, designated glutathione peroxidase 1 (GPx1).
The significance of this finding is regarded as providing the foundation of the selenium
field [24], and it linked selenium to the underlying metabolism in humans and other
mammals. Prof. Dr. Leopold Flohé’s work was largely responsible for the Food and
Drug Administration recognizing selenium as a daily supplement for domestic animals
in 1979 and for humans in 1981 [25]. Interestingly, almost 10 years passed before another
selenoprotein was found in animals. Prof. Dr. Flohé, M.D. and his group had a major
hand in identifying the second selenoenzyme in mammals, a monomeric selenoenzme,
gluthathione peroxidase 4 (GPx4) [26,27]. Subsequently, GPx4 was found to be an essential
selenoprotein in mammalian cell development, while GPx1 was found to be a stress-related
or non-essential selenoprotein in mammalian cell development [28].

 

Figure 1. Photograph of Prof. Dr. Leopold Flohé, M.D (taken from his LinkedIn profile at https:
//www.linkedin.com/in/leopold-floh%C3%A9-66b6239b, accessed on 22 December 2021).

Prof. Dr. Flohé’s efforts were not limited to glutathione peroxidases. In the late
1990’s, he and his research team identified additional novel enzymes, tryparedoxin and
tryparedoxin peroxidase, which are part of the hydroperoxide metabolism in trypanoso-
matids [29]. Dr. Flohé’s PhD student E. Nogoceke was awarded the ‘Paper of the Year’
award in 1998 for this work, leading to the discovery of the peroxidase system in try-
panosomatids. Interestingly, tryparedoxin peroxidase is not only a homolog of the yeast
thiol-dependent antioxidant protein discovered by Earl Stadtman in 1988, and was later
found to be trypanosomatid’s thioredoxin peroxidase [30]. Dr. Flohé continued his research
efforts in the field of redoxbiology, focusing on mitochondria as an important source of
superoxides [31,32], and hydroperoxide metabolism in mycobacteria [24,33].

Prof. Dr. Flohé, M.D. has also won numerous prestigious awards and been presented
with numerous distinguished honors. He was awarded the Fellowship of the Studiens-
tiftung des Deutschen Volkes (German Academic Scholarship Foundation funded by the
Federal Ministry of Education and Research) to support his education from 1962 to 1968,
which is Germany’s oldest, largest, and most prestigious scholarship foundation. In 1973,
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he won the Award of the Anna-Monika-Foundation for the basic research he carried out
on endogenous depression, and in 1985, he was presented the Claudius-Galenus Award
for the production of urokinase by recombinant technology. Prof. Dr. Flohé, M.D. was
presented with two superb awards in 1997, an Honorary Degree from the University of
Buenos Aires, Argentina for his major achievements in parasitology, and the Klaus Schwarz
Commemorative Medal for his pioneering work in research on the trace element selenium.

In 1998, Dr. Flohé was awarded the ‘Science and Humanity Prize’ for lifetime achieve-
ments by the Oxygen Club of California. A few years later, in 2006, he was awarded the
Trevor Frank Slater Award and Gold Medal, which is the highest academic and research
prize in the redox biology and medicine/free radical field conferred by the Society for Free
Radical Research International, for lifetime achievements in science.

Furthermore, in 2010, he was recognized as a Redox Pioneer, an award given to authors
whose publications on redox biology have been cited more than 1,000 times, and who have
over 20 articles that have been cited more than 100 times [24]. A few years ago, in his honor,
the Leopold Flohé Redox Pioneer Young Investigator Award was created by the Society
for Free Radical Research International, which selects a scientist below the age of 45 years
with “outstanding novel findings in the field of biological redox processes, working already
independently, and leading an own group of young scientists having published high quality
papers” (https://www.sfrr-europe.org/index.php/awards/leopold-flohe-award, accessed
on 11 January 2022). Lastly, in 2019, he was nominated as an honorary member of the
international Scientific Network “Selenium Sulfur Redox and Catalysis” (SeSRedCat). It
is indeed a pleasure and an honor to dedicate this Special Issue of the IJMS to Prof. Dr.
Leopold Flohé, M.D.

Author Contributions: All authors have read and agreed to the published version of the manuscript.

Funding: The APC was graciously waived by IJMS.
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Abstract: The infection of CD4 T-lymphocytes with human immunodeficiency virus (HIV), the
etiological agent of acquired immunodeficiency syndrome (AIDS), disrupts cellular homeostasis,
increases oxidative stress and interferes with micronutrient metabolism. Viral replication simul-
taneously increases the demand for micronutrients and causes their loss, as for selenium (Se). In
HIV-infected patients, selenium deficiency was associated with a lower CD4 T-cell count and a shorter
life expectancy. Selenium has an important role in antioxidant defense, redox signaling and redox
homeostasis, and most of these biological activities are mediated by its incorporation in an essential
family of redox enzymes, namely the selenoproteins. Here, we have investigated how selenium and
selenoproteins interplay with HIV infection in different cellular models of human CD4 T lymphocytes
derived from established cell lines (Jurkat and SupT1) and isolated primary CD4 T cells. First, we
characterized the expression of the selenoproteome in various human T-cell models and found it
tightly regulated by the selenium level of the culture media, which was in agreement with reports
from non-immune cells. Then, we showed that selenium had no significant effect on HIV-1 protein
production nor on infectivity, but slightly reduced the percentage of infected cells in a Jurkat cell line
and isolated primary CD4 T cells. Finally, in response to HIV-1 infection, the selenoproteome was
slightly altered.

Keywords: selenoproteome; HIV-1; viral infection; glutathione peroxidase; thioredoxin reductase;
SELENOS; SELENOO; primary T cells; Jurkat; SupT1; translational control

1. Introduction

The human immunodeficiency virus (HIV) is an enveloped, linear, positive-sense
single-stranded RNA virus that belongs to the family of Retroviridae (Group VI), genus
Lentivirus. HIV is the etiological agent of acquired immunodeficiency syndrome (AIDS)
and is responsible for a weakened immune system, as it infects immune cells [1]. There are
two types of HIV (HIV-1 and HIV-2) that differ in their epidemiological and pathological
properties [1]. In contrast to HIV-2 that is mostly confined to West Africa, HIV-1 has spread
worldwide, due to its improved infectivity and virulence [2]. There are currently more
than 37 million people infected with human immunodeficiency virus (HIV), causing about
1.5 million deaths every year (http://www.who.int/hiv/en/, accessed on 1 December 2021).
HIV infection is now considered a chronic disease that requires intensive treatment and can
present a variable clinical course. HIV-1 infects immune cells that harbor the CD4 receptor
and a co-receptor belonging to the chemokine receptor family (CCR5 and CXCR4) [1].
Therefore, cells infected by HIV-1 are CD4 T lymphocytes, monocytes, macrophages and
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dendritic cells. A decline in CD4 T cells is characteristic of the progression of HIV infection
and is often used as a prognostic marker. No vaccine is currently available, but an effective
combination of drugs, called antiretroviral therapy (ART), has been developed to lower
the viral load and increase the CD4 T-cell count [3,4]. Worldwide, about a quarter of
HIV-infected people are still not receiving ART. In addition, the emergence of drug resistant
viruses remains a threat to the effectiveness of ART. The replication but also the latency of
the virus is extremely variable from one cell type to another. Lentiviruses are characterized
by a long incubation period after the primo infection, which is highly variable from one
patient to another. During this time, humans infected with HIV are under chronic oxidative
stress and present nutritional deficiencies, particularly with regard to selenium [5]. In
HIV-infected people, lower selenium levels have been associated with lower CD4 T-cell
counts, faster progression of AIDS, and a 20% increase in the risk of death [6,7]. The
beneficial effects of selenium nutritional supplementation were reported in a few studies by
a decrease in viral burden, an increase in the time of progression to AIDS and an indirect
increase in the number of CD4 T cells [8–10]. These findings remained significant even after
correction for the ART regimen [10]. Interestingly, a long-time treatment with ART (more
than 2 years) improved selenium levels as compared with HIV-infected patients with a
shorter time of exposure to ART or those who are not receiving any treatment [11]. Since
the discovery of HIV in the 1980s, several established T-cell lines (including Jurkat, SupT1
and CEM) were found permissive to this virus and were instrumental for investigating
the molecular mechanisms of viral replication and virus–host interactions that occur in
the course of infection. In contrast to these established cultured cell lines, resting primary
CD4 T cells isolated from donors represent a more physiological model relevant to HIV
infection, but these cells are more difficult to grow, infect, and they must be activated to
increase their susceptibility to HIV infection. Even when stimulated, the infection efficiency
of primary cells rarely reaches the levels observed in established T-cell lines. In the present
study, we used both cellular models: cultured T cells, SupT1 and Jurkat, and primary CD4
T cells that were isolated from different healthy donors.

Selenium is an essential trace element implicated in many facets of human health and
disease. This element is often evoked in the context of immune function and infectious dis-
eases caused by viruses or bacteria [5,12]. The current example of the COVID-19 pandemic,
due to the SARS-CoV-2 viral infection, confirms this finding with an association between
low levels of selenium in body fluids and poor prognosis of infected patients hospitalized in
intensive care units, as reviewed in [13]. Several studies showed that nutritionally deficient
humans or animals were more susceptible to a wide variety of infections [5]. The mecha-
nism is probably more complex than expected in the sense that nutritional deficiency does
not impact only the host immune response, but also the viral pathogen itself. For instance,
dietary selenium deficiency that induces oxidative stress in the host can alter the genome
of a virus so that a normally benign or mildly pathogenic virus becomes highly virulent.
This phenomenon has been particularly well described in animal models for influenza
and coxsackie viruses [14–17], but has not been investigated for other viral models yet.
Consequently, it was hypothesized that selenium deficiency could participate in the genetic
evolution of a wide variety of viruses and their pathogenicity by a mechanism that remains
to be elucidated.

Most of selenium’s beneficial effects are attributed to its presence as selenocysteine, a
rare amino acid, in a small, but vital group of redox enzymes that constitute the selenopro-
teins. They are implicated in antioxidant defense, redox homeostasis, redox signaling and
possibly other cellular processes [18–20]. Among the selenoproteins, glutathione peroxi-
dases (GPXs) and thioredoxin reductases (TXNRDs) are well characterized [21,22]. While
the GPXs are part of the antioxidant defenses that reduce a wide variety of peroxides using
glutathione (GSH) as a cofactor [23], the TXNRDs are NADPH-dependent reductases that
control the redox balance of a broad range of substrates, including proteins (thioredoxins
or glutaredoxin 2) but also small selenium- and sulfur-containing molecules (lipoic acid,
DTNB, selenite, selenocystine, etc.) [24]. In addition, a third of the selenoproteome is

6



Int. J. Mol. Sci. 2022, 23, 1394

localized at the endoplasmic reticulum (ER), where they participate in protein folding,
calcium homeostasis and ER-stress response [25–29]. These ER-resident selenoproteins
include SELENOF, SELENOI, SELENOK, SELENOM, SELENON, SELENOS, SELENOT
and DIO2.

Therefore, as a family of redox enzymes, selenoproteins are thought to play important
functions in the immune system, as reviewed in [30], although experimental data are
still awaited. The selenoproteome is encoded by 25 genes and is primarily controlled by
selenium bioavailability, which induces prioritization of selenoprotein biosynthesis [18,31,32].
The hierarchical regulation of the selenoproteome by other exogenous stimuli, cellular
sensors or pathophysiological conditions is poorly understood [33–38]. This hierarchy of
response induced by variations of the selenium concentration is very specific to each tissue
or cell line and relies primarily on a translational control strategy. Indeed, the insertion of
selenocysteine in selenoproteins is based on a non-conventional translational mechanism
that is unique in many aspects. Indeed, selenocysteine is encoded by UGA, which is
normally a stop codon. As the first addition to the genetic code in 1991, selenocysteine
is, therefore, often referred to as the 21st amino acid [39,40]. Thus, the cell has developed
a singular strategy to recode UGA as a selenocysteine in selenoprotein mRNAs, while
it continues to be used as a stop codon for all other cellular mRNAs. This efficiency of
UGA recoding as selenocysteine is rather low (between 1% and 5%), even under optimal
conditions of selenium levels, and most often results in a truncated protein, with the UGA
codon being read as a stop codon [31]. In theory, this poorly efficient UGA codon can
be seen as a premature stop codon by the dedicated nonsense mediated decay (NMD)
surveillance machinery that safeguards the quality of transcripts in eukaryotic cells [41].
However, even though several selenoprotein mRNAs follow the prerequisites of NMD rules,
only a few mRNA transcripts are targeted by this mechanism, and this only occurs upon
selenium deprivation and in specific cell lines [34,42]. Additionally, recent experiments
using ribosome profiling, a method that allows precise location of the ribosome position on
mRNAs, showed that UGA-selenocysteine recoding event is a limiting step, which is very
sensitive to selenium level variation [43–45].

Although low serum selenium levels are associated with HIV progression in many
epidemiological studies, cellular and molecular evidence is still lacking to clarify the role
of selenium and selenoproteins in viral infection. Moreover, very little information is
available on the expression and regulation of the selenoproteome in CD4 T cells, either
originating from lymphoma or from healthy donors. To date, the only relevant study was
performed in vitro and reported a modification of the pattern of selenoprotein expression
in response to HIV infection in lymphocytes, as revealed by 75Se radioactive isotope
labeling [46]. Based on the migration on SDS-PAGE and radioactive signal intensity, it was
suggested that TXNRD1, GPX4 and GPX1 were downregulated in Jurkat cells after HIV-1
infection in favor of one or more low-molecular-weight selenocompounds. However, these
experiments were done at a time when only a few selenoproteins were characterized. As
the mammalian selenoproteome is now complete [21,47,48] and the physiology of selenium
is better understood, this prompted us to investigate further the role of selenium and
selenoproteins during HIV infection at the molecular level. Here, we performed a detailed
analysis of selenoproteome expression at the mRNA and protein levels in response to
varying selenium concentrations both in primary and cultured T cells. We also investigated
the replication and pathogenicity of HIV-1 produced in control or selenium-supplemented
media. Finally, we studied how the selenoproteins expression in CD4 T cells isolated from
healthy donors were affected by HIV infection.

2. Results

2.1. Comparison of Selenoprotein mRNA Expression Pattern in Established and Primary CD4
T-Cells

Among the selenoprotein family, in mammals, several members, such as GPX1, GPX4
and TXNRD1, are ubiquitously and abundantly expressed, while others are highly tissue
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specific, such as GPX2, GPX3, GPX6, SELENOV and, to a lesser extent, deiodinases. Al-
though it is now well established that the selenoproteome is highly regulated by selenium
availability in several cellular models, very little is known about the expression pattern of
these selenoproteins and their response to selenium supplementation in human immune
cells, and particularly T lymphocytes. Therefore, as a prerequisite, we used RT-qPCR
to analyze the levels of selenoprotein mRNAs in established human cell lines (Jurkat
and SupT1) and in primary CD4 T cells purified from four different donors as shown in
Figures 1–3, respectively. The cells were grown in culture medium supplemented or not
with 100 nM of sodium selenite, and total RNA was extracted after three days. Cellular
extracts were then referred to as 100 nM and Ctrl, respectively. Of note, the Ctrl media con-
tained an endogenous concentration of 11 nM of selenium, which was essentially provided
by the fetal calf serum; thus, after supplementation, the final concentration was 111 nM of
total selenium. Interestingly, this selenium concentration of the Ctrl media is rather low
and is often considered selenium deficient [49]. In our experiments, the majority of the
25 selenoprotein genes were detected in the various T-lymphocyte extracts. Three classes
of mRNAs (SELENOV, GPX3 and GPX6) were below the threshold of detection in all cell
types, and three more transcripts (DIO1, DIO2 and GPX2) could not be detected in primary
CD4 T cells.

Figure 1. Analysis of selenoprotein mRNA levels in Jurkat and SupT1 in control conditions and
in response to 100 nM selenium supplementation of culture media (three days). The geometrical
mean of four housekeeping genes (HPCB, RPS13, HRPT, and GAPDH) was used to normalize
mRNA abundance. In all panels, mRNA levels are represented in logarithmic scales. The values
are given in Table S1. Selenoprotein mRNA levels in control medium (Ctrl) are represented for
Jurkat (a) and SupT1 (b), from most to least abundant (from left to right). To evaluate the impact
of selenium supplementation on steady state levels of selenoprotein mRNAs, the values obtained
in selenium supplemented conditions (100 nM) were plotted as a function of values obtained with
unsupplemented ones (Ctrl) for Jurkat (c) SupT1 (d) cells (±standard deviation). The experiments
were done in biological triplicate and in technical triplicate. The selenoprotein genes with significant
changes are labeled in red and the statistical analyses are given in Table S1.
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Figure 2. Analysis of selenoprotein mRNA levels in CD4-T cells isolated from donors in control
conditions (Ctrl) and selenium-supplemented (100 nM) conditions after three days. The levels are
represented in logarithmic scales. The transcripts from four different donors were measured and
normalized similarly to what has been done for Jurkat and SupT1 extracts. The mRNAs expressed in
control conditions were represented as histograms (a–d) and arbitrarily separated in high, medium
and low abundance by dashed lines. Additionally, the values obtained in selenium-supplemented
conditions (100 nM) were plotted as a function of values obtained with unsupplemented ones for
every donor (±standard deviation) (e–h). The values are given in Table S2. The experiments were
done in biological duplicates and in technical triplicates. The selenoprotein genes with significant
changes are labeled in red and the statistical analyses are given in Table S2.
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Figure 3. Heatmap representation of selenoprotein mRNA levels (in logarithmic scales) as a function
of T-cell types (donors 1 to 4, Jurkat and SupT1) and growth conditions (Ctrl or supplemented with
100 nM of selenium). The values are given in Tables S1 and S2.

Figures 1 and 2 show the distribution pattern of the selenoproteins in Ctrl conditions
for the two cell lines and primary cells used in this study. Interestingly, a comparison of the
data obtained in the two lymphoma-derived T cells (Figure 1) shows numerous similarities.
Firstly, the four most abundant selenoprotein mRNAs present in Jurkat and SupT1 were
identical: GPX4, TXNRD1, GPX1 and SELENOT. While the first three proteins are often
expressed at high level in most tissues, this is not the case for SELENOT, which is generally
restricted to endocrine organs and embryogenesis. Overall, the expression of selenoprotein
mRNAs was comparable between these two cellular lymphoma-derived T-cell lines, with
two notable exceptions for the TXNRD2 mRNA, which was five times more expressed in
SupT1 than in Jurkat cells and for SELENOM mRNA, which was, conversely, 18 times less
expressed in SupT1 than in Jurkat (Figure 1a,b and Table S1). We then extended our analysis
to primary CD4 T cells isolated from four different healthy donors and activated with
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magnetic beads coupled to anti-CD3 and anti-CD28 antibodies. As illustrated in Figure 2
and Table S2, a very similar expression pattern of selenoprotein gene expression was
observed in the Ctrl conditions, in the four different extracts, although with subtle variations
depending on the donor. To simplify the comparison between the four different donors,
we arbitrarily separated the transcripts in high, moderate and low abundance categories
(see Figure 2a–d). For these three classes of transcripts, we observed variation between the
four donor samples. As shown in Figure 2, the most abundant transcripts, which included
GPX4, TXNRD1, SELENOT, GPX1, SELENOO, SELENOW, and SELENOK, were similar in
all four donors, but with significant donor-specific variation in their rankings, particularly
for GPX1 and SELENOK mRNAs (Figure 2a–d). This contrasts with the expression of
mRNA transcripts within the moderate and low abundance categories that were very
similar between the four different donors. Finally, when comparing these donor-derived
CD4 T-cells with lymphoma-derived cell lines, common features emerged, most notably
the high expression of GPX4, TXNRD1 and SELENOT transcripts. The high expression of
SELENOK mRNA appeared to be more specific to primary cells, although its ranking was
variable among donors.

Then, we analyzed the effect of selenium addition on the expression of selenoprotein
transcripts. Indeed, the addition of selenium in the growth media is a well-characterized
enhancer of selenoprotein expression in many cell lines, although with, generally, a limited
impact at the transcriptional level [31,42]. As illustrated in Figure 1c,d and Figure 2e–h, a
limited number of selenoprotein transcripts were sensitive to selenium supplementation.
As previously observed in non-immune cell lines, only SELENOW transcript was found
to be sensitive to selenium supplementation in T cells, although this can be considered
statistically significant (p < 0.05) only in Jurkat and SupT1 (see Tables S1 and S2 for the
quantitative values). Moreover, it appeared that selenium-specific regulation of transcripts
was more pronounced in primary CD4 T cells than in lymphoma-derived cell lines, although
with a subtle donor-specific pattern. Thus, among the selenoprotein genes that were
selectively altered in response to selenium variation in one or several primary cells, we
found SELENOK, SEPHS2, SELENOS, SELENOF, SELENOM, SELENOP and TXNRD3.

A heatmap representation of selenoprotein mRNAs levels obtained in various cell
types and selenium levels is shown in Figure 3. Although our data show a significant
degree of homogeneity in the expression of the mRNAs in the primary CD4 T cells from
different donors, it also reveals significant differences in the transcriptional pattern between
primary CD4 T cells and established cell lines. This is not surprising, as Jurkat and SupT1
are derived from lymphoma, and it has been shown that selenium metabolism could
be altered in cancer cells [18]. In addition, the level of several selenoproteins, including
TXNRD1 and GPX2 [50,51], have been linked to different cancers. It was, therefore, not
surprising to observe a different pattern of selenoprotein mRNA expression in cancer cells
compared to primary cells.

2.2. Selenium-Dependent Hierarchy of Selenoprotein Expression Levels in Established and Primary
CD4 T-Cells

Our data show, so far, that the level of expression of selenoprotein mRNAs was poorly
affected by selenium variations in the culture medium in human T lymphocytes. Thus, the
next step was to measure protein expression, as it is expected that selenoprotein production
could be more sensitive to selenium addition as previously observed in non-immune cell
lines [33,34,42]. Indeed, as described in these previous reports, most of this regulation
occurs at the level of translation. This was confirmed by ribosome profiling in animal models
fed diets containing different amounts of selenium, where it was observed that the UGA-
selenocysteine recoding event was affected by the level of selenium [44,45]. Well-described
selenium responders were GPX members and several ER-located selenoproteins [33,34,42].
These proteins are considered ‘stress-response’ selenoproteins, in contrast to the ones
that are less sensitive to selenium variations, which are referred to as ‘housekeeping’
members. These less sensitive selenoproteins often include the family of TXNRDs. As
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was done previously, the different established human cell lines (Jurkat and SupT1) and
primary CD4 T cells purified from four different donors were grown in culture medium
supplemented, or not, with sodium selenite. For the Jurkat and SupT1 cell lines, we used
eight different growth media with increasing selenium concentration up to 300 nM. Due to
the finite number of cell divisions of donor-derived cells, and the amount of protein extracts
necessary for biochemical studies, only two conditions could be imposed for primary cells,
Ctrl and 100 nM, respectively. For all these conditions, cell extracts were harvested after
three days of growth in these respective media. Cell extracts were analyzed by Western
blots (Figures 4 and 5), but also by enzymatic assays that specifically measure glutathione
peroxidase and thioredoxin reductase activities (Figure 6).

vs
vs

Figure 4. Analysis of selenoprotein expression in Jurkat and SupT1 cells in response to different sele-
nium supplementations of the culture media (in nM) after three days. The results from a representative
experiment are shown in (a). The values are given in Table S4. The fold-increase in expression of each
selenoprotein in response to selenium supplementation was calculated between the value at 100 nM
over that at Ctrl. These ratios were plotted from the highest to the lowest for Jurkat (b) and SupT1 (c)
cells. The dotted line represents a fold-increase value of one.
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vs

Figure 5. Analysis of selenoprotein expression in CD4 T cells isolated from four different donors in
control (Ctrl) and selenium-supplemented (100 nM) conditions over three days. The results from a
representative experiment are shown in (a). The values are given in Table S4. (b) The fold-increase in
expression of each selenoprotein in response to selenium supplementation was calculated between
the value at 100 nM over that at Ctrl. The average value (±standard deviation) of the four donors
was represented by a bar, but the individual value of each donor was indicated by a square. The
dotted line represents a fold-increase value of one.

Immunodetection of proteins by Western blot was not as easy as the detection of tran-
scripts by RT-qPCR, as it was highly dependent on the availability and quality of antibodies
raised against human proteins. Most selenoproteins are rather small in size, which reduces
the probability of having immunogenic regions. We tried to detect 19 selenoproteins for
which commercially antibodies were available (see Table S3), with several of them previ-
ously validated in other cell lines [33,34,37,38,52]. Among them, 10 selenoproteins were
unambiguously detected in, at least, one of the T-cell derived extracts. As illustrated in
Figures 4 and 5, seven selenoproteins, that included TXNRD1, GPX1, GPX4, SELENOH,
SELENOO, SELENOS and SELENOT, were detected in both lymphoma-derived and pri-
mary CD4 T cells. The expression of others was more cell-line specific. SELENOM was only
detected in Jurkat (Figure 4a), while SELENOK and SEPHS2 were only detected in primary
cells (Figure 5a). Several of them were highly sensitive to selenium supplementation of
the culture medium. As illustrated in Figure 4b,c and Figure 5b, selenium was able to
stimulate the expression of most of them with the notable exception of SELENOT, whose
expression decreased with selenium supplementation in both Jurkat and SupT1 cell extracts.
However, in extracts derived from primary cells, SELENOT had a variable response to
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selenium supplementation. In any case, our data further confirm That the control growth
conditions that contain 10% FCS and are typically used in most laboratories, is limiting for
the expression of several selenoproteins.

Figure 6. Evaluation of GPX (a–c) and TXNRD (d–f) enzymatic activities in protein extracts from
various T cell types (Jurkat, SupT1 and the four donors) cultured with different concentrations of
supplemented selenium. The GPX activities were represented for Jurkat (a) (n = 1), SupT1 (b) (n = 1)
and the four donors (c) (n = 2) for the different growth conditions. The TXNRD activities were
represented for Jurkat (d) (n = 1), SupT1 (e) (n = 1) and the four donors (f) (n = 2) for the different
growth conditions. The experiments were done in technical triplicates. The differences between
the lowest and highest values were indicated by an arrow or a bar (±standard deviation), with the
corresponding fold-change factor beside or above.

Immunodetection of proteins by Western blot was not as easy as the detection of tran-
scripts by RT-qPCR, as it was highly dependent on the availability and quality of antibodies
raised against human proteins. Most selenoproteins are rather small in size, which reduces
the probability of having immunogenic regions. We tried to detect 19 selenoproteins for
which commercially antibodies were available (see Table S3), with several of them previ-
ously validated in other cell lines [33,34,37,38,52]. Among them, 10 selenoproteins were
unambiguously detected in, at least, one of the T-cell derived extracts. As illustrated in
Figures 4 and 5, seven selenoproteins, that included TXNRD1, GPX1, GPX4, SELENOH,
SELENOO, SELENOS and SELENOT, were detected in both lymphoma-derived and pri-
mary CD4 T cells. The expression of others was more cell-line specific. SELENOM was only
detected in Jurkat (Figure 4a), while SELENOK and SEPHS2 were only detected in primary
cells (Figure 5a). Several of them were highly sensitive to selenium supplementation of
the culture medium. As illustrated in Figure 4b,c and Figure 5b, selenium was able to
stimulate the expression of most of them with the notable exception of SELENOT, whose
expression decreased with selenium supplementation in both Jurkat and SupT1 cell extracts.
However, in extracts derived from primary cells, SELENOT had a variable response to
selenium supplementation. In any case, our data further confirm That the control growth
conditions that contain 10% FCS and are typically used in most laboratories, is limiting for
the expression of several selenoproteins.
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As observed in many cell lines, the GPX members expressed in T cells, namely GPX1
and GPX4, were among the most responsive to changes in selenium concentration, con-
firming their place in the family of ‘stress-related’ selenoproteins. Reactivity to selenium
supplementation was further confirmed by the results of the GPX activity assays that are
presented in Figure 6. Indeed, we noted a significant increase in GPX activities in response
to selenium supplementation in all cell types. In Jurkat and SupT1, the activities reached
a plateau from 30 nM of selenium being added, and it remained high up to the maximal
concentration used (300 nM); see Figure 6a,b. As such, a 100 nM selenium concentration
was expected to reach the highest GPX activity in primary cells. When comparing the GPX
activities in control and supplemented primary cell extracts, we observed a 4- to 5-fold in-
crease between Ctrl and 100 nM conditions (Figure 6c). This stimulation of GPX activity was
similar between the four different donors and correlates with the level of GPX1 and GPX4
overexpression observed by Western blots shown in Figure 5b. Concerning TXNRD1, which
is considered a ‘housekeeping’ member, it was found to be weakly but significantly stimulated
by selenium supplementation in all cell types tested here (Figures 4–6). These data are in
good agreement with previously published reports done in several other non-immune cell
lines [33,34,42]. Our data in CD4 T cells were further confirmed by enzymatic assays that
are shown in Figure 6c,f. In conclusion, the expression of the selenoproteome is tightly
regulated by the selenium level of the culture media in immune cells at a translational level.

2.3. Selenium Levels Did Not Affect HIV-1 Replication in Jurkat Cells but Modified the Proportion
of Infected Cells

We then investigated whether selenium had an effect on virus replication and whether
the viral particles produced were equally infectious. We started with Jurkat cells, which
have been widely used to study the mechanisms of HIV replication and which seemed to
be slightly more sensitive to selenium than SupT1 cells in terms of selenoprotein expression.
Please note that selenium was supplemented three hours post-infection. Jurkat cells were
infected with the fully replicative HIV-1-NL4.3 at a low moiety of infection (MOI = 0.01) in
order to follow the production of HIV viral particles over a period of 11 days (Figure 7a).
The time required for HIV to complete replication and to produce a new generation of virus
is 24 h [53]. Thus, if we follow the replication kinetics over several replication cycles (about
10 generations in 11 days), a cumulative effect could emerge. After infection of the Jurkat
cells, samples were harvested at different times and analyzed for the presence of virus
particles and their infectivity. In parallel, the progression of viral infection was evaluated by
monitoring synthesis of the HIV-1 capsid protein, also known as p24, by immunodetection
on Western blot. HIV-1 p24 is the result of proteolytic cleavage of the polyprotein precursor
p55 Gag (Pr55Gag), which occurs after the release of virus particles from the infected cell
during the maturation step. Although the quantification of p24 is a good indicator of the
amounts of HIV-1 particles released in the media from infected cells, this does not reflect the
infectivity of the viruses produced, which is dependent from many other viral parameters.
Thus, it was critical to also measure the infectious nature of the produced particles since it
is well established that many defective HIV particles can be produced and released in vitro.
The infectivity of the produced viral particles was evaluated by testing their ability to infect
TZM-bl reporter cells, a HeLa-derived cell line that expresses the CD4 receptor, CXCR4
co-receptor and a luciferase gene, whose expression is driven by a LTR HIV-1 promotor.
Therefore, by measuring p24 amounts and ability to infect TZM-bl reporter cells, we could
measure both viral production and infectivity under different cellular growth conditions.
In parallel, the proportion of infected cells within the total cell population was evaluated
by detecting p24 positive cells by flow cytometry after immunological labeling.
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Figure 7. Kinetics of HIV-1 infection of Jurkat cells in control (Ctrl) or 100 nM supplemented
conditions. (a) Schematic of the experimental procedure used to follow the different parameters
of viral production and cell infection during eleven days. The culture media were collected at
different time points and analyzed for the levels of HIV-1 p24 capsid protein by Western blot (WB)
(b) and infectivity of TZM-bl cells (c). The anti-p24 Western blots were assessed with biological
duplicates, and levels of p24 were expressed relative to the maximum value, arbitrarily set at 100%.
The infectivity assays were assessed with biological duplicates in technical triplicates. The maximum
value was arbitrarily set as 100%. (d) The ratio between infectivity and p24 values were calculated
and plotted as a function of time, the maximum value was arbitrarily set as 100%. (e) The percentage
of infected cell was evaluated in one experiment by immuno-labeling of fixed cells using anti-HIV-1
p24 antibodies coupled with FITC followed by flow cytometry analysis.

As shown in Figure 7b, we found that p24 levels increased during the first few days,
post-infection, in a similar manner with or without the addition of selenium to the culture
media. The peak of p24 levels was attained at day 7, and this was followed by a significant
drop in viral protein amount in control conditions. Interestingly, the infectivity of the
particles released in the culture media was virtually identical throughout the kinetics for
both cellular growth conditions, with a maximum at day 4 followed by a decrease to reach
an almost complete decrease at day 11 (Figure 7c). These data suggest that selenium does
not have a significant effect on HIV-1 particle production, neither in terms of quantity nor
infectivity as revealed by the ratio representing the infectivity over the level of p24, both
detected in the media (Figure 7d). The percentage of infected cells was also monitored
at every time point by detecting p24 positive cells by flow cytometry. Interestingly, we
found a significant reduction in the percentage of infected cells in selenium supplemented
conditions in comparison to cells grown in Ctrl conditions (Figure 7e), at least at days 4
and 7 post-infection. Taken together, our data indicate no difference in HIV-1 replication in
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Jurkat by the supplementation of culture media with 100 nM selenium, except for a lower
percentage of infected cells.

2.4. Selenium Levels Did Not Affect HIV-1 Replication in Primary Cells but Modified the
Proportion of Infected Cells

Since the selenoproteome of primary CD4 T-cells isolated from healthy donors seemed
well responsive to selenium level variations and different from Jurkat cells’ selenoproteome,
we also investigated whether selenium modified HIV-1 infection in this model. As these
primary cells were less prone to infection than Jurkat cells, we used a higher MOI (0.1)
than with the cell lines. Isolated CD4 T-cells were more susceptible to cell death after
HIV-1 infection than Jurkat cells. Therefore, we performed shorter kinetics than with
lymphoma-derived T cell infection (Figure 8a). Even then, at day 4 post-infection, for
donor 2, cells could not be collected due to the very high rate of mortality. At days 2, 3
and 4 post-infection, aliquots of the culture media were harvested and evaluated for p24
production, and infectivity was assessed by a TZM-bl assay as described in the previous
paragraph. The percentage of infected cells was measured when cells were harvested at
day 4. As illustrated in Figure 8b, the production of viral particles detected by p24 Western
blots were comparable with, or without, addition of selenium in the culture media, and
this was observed for the four donors. Then, the infectivity of the collected particles from
all donors was assessed on the TZM-bl cell line (Figure 8c). When comparing the particles
produced in the presence or absence, of selenium supplementation, no significant difference
could be detected for any of the donors. However, we could observe a small, but significant,
effect in the proportion of infected cells when they were supplemented with selenium
(Figure 8e). Taken together, our data indicate that the amount of virus particles were
equally produced and infectious under the different experimental conditions in primary
cells, but the percentage of infected cells was reproducibly lower in selenium supplemented
conditions four days post infection. These data with primary cells are consistent with what
we obtained with Jurkat cells.

Figure 8. Cont.
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Figure 8. Kinetics of HIV-1 infection of T-cells isolated from donors in Ctrl or 100 nM supplemented
conditions (a–e). (a) Schematic of the experimental procedure used to follow the different parameters
of viral production and cell infection over four days. Similar to what was done with Jurkat in Figure 7,
the media were collected at different time points and evaluated for the levels of p24 (b), infectivity of
TZM-bl cells (c) and the ratio of infectivity over p24 levels (d) (n = 1). The infectivity assays were
assessed with technical triplicates. For panels (b–d), the maximum value was arbitrarily set as 100%.

2.5. The Infection of Primary T Cells with HIV-1 Altered the Levels of Certain Selenoproteins

The fact that the selenium supplementation did not interfere with HIV-1 replication
did not prevent the virus from altering the cellular use of selenium in selenoproteins. In this
context, we therefore investigated whether HIV-1 infection affected the levels of selected
selenoproteins in Ctrl and supplemented conditions (Figure 9). As we were limited in the
biological samples available for this experiment, we performed this Western blot analysis
with extracts from donors 3 and 4, for which we had a range of p24 positive cells between
30% and 50% (Figure 8e). With this level of infected cells, it would be difficult to visualize
subtle effects. For example, in case of an inhibitory effect, the reduction in selenoproteome
expression induced by HIV-1 infection would be diluted by the non-infected cells. On
the other hand, an increase in expression or the emergence of a band corresponding to
a protein isoform would be easier to observe. As illustrated in Figure 9, we monitored
the expression of five selenoproteins, namely GPX4, GPX1, SELENOO, TXNRD1 and
SELENOS, in response to HIV-1 infection at various time points and in cellular protein
extracts. As a general trend, we observed a slight decrease in the expression of GPX1, GPX4,
SELENOO and SELENOS at days 2, 3 or 4 post-infection. Interestingly, for SELENOS, an
additional shorter form of the protein is visible at every time point post-infection and for
the two donors tested here.
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Figure 9. Analysis of selenoprotein expression in response to HIV-1 infection, in control (Ctrl) and
100 nM supplemented conditions. NI, non-infected cell extracts; INF, infected cell extracts. Donor 3
and Donor 4 were analyzed (n = 1) for the expression of SELENOO, GPX1, GPX4 and TXNRD1 (a)
and SELENOS (b). Non-specific bands are indicated by an asterisk. The hash indicates an unknown
band for GPX1. The arrows indicate the migration of two isoforms for SELENOS. The values are
given in Table S5.

3. Discussion

Viruses use their host’s cellular machinery and metabolism to replicate and form
new infectious particles. In turn, host cells have developed antiviral mechanisms to
counteract or restrict viral replication. These anti-viral proteins are often referred to as
restriction factors [54]. These proteins, which are considered the first line of defense against
viral pathogens, are either upregulated by interferons (IFNs) or constitutively expressed.
Interestingly, several of them have additional biological functions outside of immunity and
can be envisioned as moonlighting proteins. The identification of cellular proteins able
to restrict HIV-1 replication have received enormous research interest over the years, and
several antiviral factors have now been clearly defined and include apolipoprotein B mRNA
editing enzyme, catalytic polypeptide-like 3G (APOBEC3G), Tetherin, interferon-induced
transmembrane proteins (IFITMs), cholesterol-25-hydroxylase (CH25H), KRAB-associated
protein 1/ tripartite motif-containing protein 28 (KAP1/TRIM28), 90K, Moloney leukemia
virus 10 protein (MOV10), myxovirus resistance gene B (MxB), Schlafen family member
11 (SLFN11), and zinc-finger antiviral protein (ZAP) [55]. However, viruses constantly
evolve intricate solutions to evade or directly counteract many restriction factors, leading
to continuous virus–host adaptation. The fact that selenium levels were associated with
a decrease in CD4 T-cell counts in infected patients prompted us to hypothesize that
selenoproteins could, in some way, also be involved in the control of HIV replication.
As selenoproteins are principally regulated by selenium levels, we studied the impact
of selenium addition on HIV-1 replication in different in vitro models available in the
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laboratory. Therefore, we started our work with two established cell lines (Jurkat and
SupT1). Our data show that infection of a defined number of cells led to the production of
similarly infectious viral particles, independent of the selenium concentration added. We
then decided to confirm these results in primary CD4 T-cells that were isolated and activated
from four healthy donors. Although primary CD4 T cells represent a more relevant model
for HIV-1 infection, these cells are very difficult to grow and infect, and they are rapidly
killed by the virus, rendering any biochemical analyses technically challenging. Data
presented in Figure 8 confirmed that selenium had no significant effect on HIV-1 protein
production nor infectivity. However, we observed that the concentration of selenium in the
culture medium had a small, but significant, impact on the percentage of the cell population
that is infected by the virus. Interestingly, we also confirmed in primary cells that HIV-
1 infection altered the expression of cellular selenoproteins, as suggested in a pioneer
experiment done in Jurkat with 75Se radioactive labelling with a decreased expression of
several selenoproteins, including Gpx [46]. Our data suggest a link between selenium,
selenoproteins and viral infection that we will investigate in future experiments.

The rationale of this work was to investigate the T-cell selenoproteome which is poorly
described in the literature. Here, we first showed that expression of the selenoprotein
mRNAs varied slightly between primary and established T cells, with high expression of
GPX4, TXNRD1, SELENOT, GPX1, SELENOO, SELENOK, and SELENOW. As predicted
from experiments that we performed in non-immune cellular models, synthesis of some
selenoproteins was particularly sensitive to selenium variations in the culture medium at
sub-micromolar ranges. This was particularly true for GPX1, GPX4, SELENOH, SELENOK
and SELENOS, which are often referred to as stress-response members. On the other
side, the selenoproteins that are part of the housekeeping members were less sensitive to
changes in selenium concentration, and these include TXNRD1, SELENOP and SEPHS2.
These data were then strengthened by measurement of enzymatic activities for GPXs
and TXNRDs, which were enhanced by selenium supplementation, confirming that they
represent an important line of the antioxidant defense and redox homeostasis in these
immune cells. From our experiments, it appeared that SupT1 was less responsive to
selenium variation than other cells, and this is why we selected Jurkat and primary cells
to investigate the link between selenium and HIV infection in the following experiments.
We were surprised to observe no significant effect of selenium on viral replication even
when using primary cells, which is the relevant physiological model for HIV infection. It
is noteworthy that we applied many experimental designs changing MOI, kinetics, and
readouts but the conclusions remained unchanged. Surprisingly, it was previously shown
that the overexpression of Gpx1 in SupT1 clones could accelerate HIV-1 replication, using
very low MOI and rather long kinetics (14 days) [56]. In patients, infection with HIV-1 is a
long and complex process that can be subdivided into three major phases: primary infection,
which lasts for the first few weeks and is followed by a long latency phase (10–12 years)
before the eventual progression to AIDS. As it was, our current experimental design mimics
the first phase of infection (primary infection) with a high concentration of CD4 T cells that
are infected in a short period of time and the virus that replicates rapidly. This contrasts
with previous epidemiological studies, which investigated the fate of patients and the role
of selenium during the latency. Thus, we do not see our results as being contradictory
to previously published work. In fact, during HIV-1 latency, selenium most probably
plays a role at many levels of the immune system or on many other cell types than CD4
T lymphocytes, such as macrophages, dendritic cells or reservoir cells, which have yet
to be unambiguously identified. To our knowledge, this is the first demonstration that
selenium concentration does not interfere with HIV-1 replication during the acute phase
of replication but does not exclude a role in the later stages of the disease; this deserves
further investigation.

Another interesting part of our finding concerns the changes in selenoprotein ex-
pression following HIV-1 infection in primary cells. Although we were faced with the
technical challenge of working with non-transformed cells for which the culture is delicate
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and that are very inefficiently infected by the virus, we were still able to detect a slightly
lower expression level for SELENOO, SELENOS, GPX4 and GPX1, whereas it was not the
case for TXNRD1. In order to confirm these subtle changes at the selenoproteome scale,
we compared our results with data obtained from mass spectrometry proteomics studies.
Although these proteomics approaches continue to improve, only a few analyses have
detected changes of T cells for low or moderately expressed cellular proteins in response
to HIV-1 infection using mass spectrometry. Notably, a recent work described an elegant
strategy to (i) circumvent confounding effects due to uninfected cells, (ii) limit the viral
replication cycle to a single round and (iii) use a low MOI (i.e., ≤1) [57]. In this work, the
authors infected primary human CD4 T lymphocytes with an HIV reporter virus encoding
a cell surface streptavidin-binding affinity tag in place of the envelope (Env) gene, allowing
antibody-free magnetic cell sorting of infected cells (AFMACS). This strategy allowed a
rapid purification of HIV-infected cells from cultures, avoiding a tedious and potentially
stressful cell sorting by flow cytometry. In this work, the authors were able to quanti-
tate approximately 9000 proteins across multiple donors, among which they found 650
HIV-dependent changes. In this high coverage proteomic atlas, available as online supple-
mentary data, we were able to find quantitative data for 15 members of the selenoproteome.
In the three different donors, GPX1, GPX4, SELENOF, SELENOH, SELENOK, SELENOM,
SELENON, SELENOO, SELENOS, SELENOT, SELENOW, SEPHS2, TXNRD1, TXNRD2,
and TXNRD3 were detected, which is remarkable for a mass spectrometry proteomic ap-
proach and close to what could be obtained by immunological strategies. Among these
selenoproteins, only TXNRD1 changed significantly in infected cell extracts in comparison
to control conditions. At 24 and 48 h post-infection, a 15% and 25% decrease in protein
expression was observed in infected cells, respectively. This decrease was in agreement
with results obtained two decades ago using 75Se radioactive labeling [46]. This change
was too subtle to be detected in our experimental design, using Western blots with less
than 50% infected cells. However, the advantage of Western blot versus proteomics is the
possibility of visualizing the emergence of protein isoforms, such as the one we observed
for SELENOS after HIV infection. In their proteomic study, the authors also reported the
downregulation of both GPX1 and GPX4 at 24 and 48 h, although this was not considered
significant. The authors also studied proteomic changes observed in response to resting cell
activation by TCR stimulation [57] and found a dramatic remodeling of the selenoproteome
for the different donors with a significant decrease in SELENOW, SELENOH, SELENOM,
GPX4, GPX1, SEPHS2, TXNRD2, SELENOF, TXNRD3 and SELENOO, and a significant
increase in SELENOS, SELENON and SELENOK in response to T-cell activation. Only
SELENOT and TXNRD1 remained unchanged. These data suggest a significant and differ-
ential function for several selenoproteins between resting and activated cells. However,
it should be noted that detailed information about selenium concentration in the culture
media used is missing, which restricts interpretation of the data. It would be interesting to
recapitulate these experiments with a tight control of selenium concentration in order to
understand its impact both on T-cell activation and selenoproteome remodeling during
this process.

Another study reported the effects of HIV-1 infection on transformed T-cell lines
(CEM), which were infected at high MOI with an Env-deficient, VSVg-pseudotyped virus,
enabling a synchronous single round infection with less than 10% of uninfected cells [58].
In this work, only eight selenoproteins were detected that included GPX1, GPX4, SELENOF,
SELENOH, SELENOS, SEPHS2, TXNRD1, and TXNRD2, but only very little changes were
found. Only for SELENOH and SELENOS, a significant decrease (between 20% and 30%)
was observed in the late phase of infection (48 and 72 h). Only in early time points (6 h) was
a very weak decrease (between 12% to 15%) observed for GPX1, GPX4 and SEPHS2. Thus,
this report and our data confirm that HIV-1 replication does not disrupt the selenoproteome
during the acute phase of infection, but only induces subtle changes. Altogether, our results
show that selenium concentration affects the expression of selenoproteins in T cells in
a hierarchical manner, as it was described in non-immune cells. Amongst the proteins
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that are mostly affected, one can find GPX1, GPX4, SELENOH, SELENOK, SELENOS and
SELENOT. However, in the context of our experimental setting that mimics only the early
phases of HIV-1 infection, only very little effects or interplay with the selenoproteome
could be observed.

4. Materials and Methods

This manuscript adopts the systematic nomenclature of selenoprotein names [59].

4.1. Materials

Jurkat, SupT1 and HEK293T cells lines used in this study were obtained from ATCC.
TZM-bl cells were obtained from NIH AIDS Reagent program (Manassas, VA, USA). Fresh
blood samples were provided by Etablissement francais du sang (EFS) de Lyon. Cell culture
media and supplements, NuPAGE 4–12% bis–Tris polyacrylamide gels, MOPS and MES
SDS running buffer, Dynabeads Human T-Activator CD3/CD28 were purchased from
Life Technologies (ThermoFisher Scientific, Waltham, MA, USA). Fetal calf serum (FCS),
sodium selenite, synthetic oligonucleotides, Percoll, Ficoll, t-BHP, NADPH, thioredoxin,
L-GSH, glutathione reductase, DTNB, sucrose, DMSO, EDTA, Triton X100, glycerol and
DTT were purchased from Merck (Darmstadt, Germany). Interleukin2 was from Eurobio
Scientific (Les Ulis, France). The luciferase assay reagent was purchased from Promega
(Charbonnières, France). The microplate readers FLUOSTAR OPTIMA and LUMISTAR
OPTIMA were from BMG Labtech (Champigny-sur-Marne, France). The list of antibodies
used in this study is given in Table S3. The plasmid pNL4.3 was obtained from the NIH
AIDS Reagent program.

4.2. Cell Culture

Adherent cells (HEK293T and TZM-bl) were grown and maintained in 75 cm2 plates
in Dulbecco’s Modified Eagle Medium (D-MEM). Cells in suspension (Jurkat, SupT1 and
primary T cells) were cultured in Roswell Park Memorial Institute medium (RPMI). Media
were supplemented with 10% fetal calf serum, 100 μg/mL streptomycin, 100 UI/mL
penicillin, and 2 mM L-glutamine. Only for RPMI medium, 1 mM pyruvate and 10 mM
HEPES were added. For the culture of primary T-lymphocytes, 30 U/mL Interleukin2
was added to the growth media. Cells were cultivated at 37 ◦C in humidified atmosphere
containing 5% of CO2. Selenium supplementation was obtained by adding a defined
volume of a concentrated solution of sodium selenite (0.1 mM diluted in ultrapure water)
in the culture media. In our cell culture experiments, selenium is exclusively provided
by the FCS, and can vary widely from providers and even from one lot to another of the
same provider [49]. Here, we used a lot of FCS containing 110 nM of selenium, which is
in the low range, and kept it for all the experiments of the present study. Therefore, the
Ctrl growth conditions that contained 10% FCS (11 nM of selenium) could be considered
selenium deficient.

4.3. Isolation and Culture of Primary CD4 T-Cells

We isolated human CD4 T cells from peripheral blood mononuclear cells (PBMC),
using a negative selection strategy following the manufacturer’s instructions. Our stud-
ies were performed with fresh blood samples originating from different healthy donors.
Briefly, peripheral blood mononuclear cells (PBMC) were isolated by Ficoll density gradient
centrifugation, 25 min at 750× g, without the centrifuge brake. The PBMC ring was col-
lected between the plasma and Ficoll and diluted with 1 × PBS. After several washes with
1 × PBS, the cells were counted, placed on a Percoll cushion and centrifuged for 20 min
at 930× g. The peripheral blood lymphocytes (PBL) fractions were collected in the upper
phase while the monocytes formed a ring at the interface. The PBL were counted, aliquoted
at approximately 30 × 106 cells/mL and stored at −80 ◦C in freezing medium composed of
10% DMSO and 90% SVF. The negative isolation of CD4 positive T cells was performed
with the EasySepTM Human CD4 T-Cell Isolation Kit (StemCell Technologies, Saint Égrève,
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France) according to the manufacturer’s protocol. Then, the activation of primary T lym-
phocytes via the T-cell receptor (TCR) complex was performed with Dynabeads Human
T-Activator CD3/CD28 for 72 h according to the manufacturer’s protocol. After this time
period of activation and expansion, the cells were then readily used for HIV-1 infection
and/or selenium supplementation of the culture media.

4.4. HIV-1 Production in HEK293T Cells and Titration

HIV-1 viral particles were produced by transient calcium phosphate transfection of
HEK293T cells with pNL4.3 plasmid DNA. The day prior to transfection, HEK293T cells
were seeded at 6.5 × 106 cells per 10 cm plates. Ten micrograms of pNL4.3 plasmid were
transfected per plate using calcium phosphate precipitation of DNA. The medium was
replaced by a fresh one 6 h later. Two days post-transfection, the medium was collected,
filtered (0.45 μm cutoff) and concentrated by ultracentrifugation at 4 ◦C (1 h 30 min,
110,000× g) through a 20% sucrose cushion prepared in TNE buffer (10 mM Tris, pH 8,
100 mM NaCl, 1 mM EDTA). The concentrated viral particles from one 10 cm plate were
resuspended in 100 μL RPMI, aliquoted and stored at −80 ◦C for several months. The viral
particles were titrated by serial dilution on Jurkat cells (LTR HIV-1 GFP, from NIH AIDS
reagent program).

4.5. Infection of CD4 T-Cells with HIV-1

Jurkat and primary CD4 T cells were counted and resuspended at 4 × 106 cells/mL. A
volume of freshly thawed HIV-1 viral particles was added to the cells to obtain a defined
MOI (multiplicity of infection), previously calculated in Jurkat cells stably expressing GFP
gene in the control of the HIV-1 LTR promoter. Infection occurred in a small volume for 3 h
at 37 ◦C. The cells were then washed with 1 × PBS and resuspended in a culture medium,
supplemented or not with 100 nM sodium selenite, and incubated at 37 ◦C from 2 to 15 days
as indicated in every experiment.

4.6. Quantification of Infectious HIV-1 Produced by CD4 T Cells

The viral particles produced by CD4 T cells were analyzed for their capacity to infect
TZM-bl cells. Previously designated JC53-bl (clone 13), the TZM-bl are HeLa cells producing
large amounts of CD4 and CCR5 and separate integrated copies of the luciferase and beta-
galactosidase genes under control of the HIV-1 promoter. We modified this cell line by
integrating copies of the mCherry gene, using a lentivirus. The red fluorescence was
directly proportional to cell numbers and therefore used to normalize the luciferase relative
to cell density.

The day prior to infection, TZM-bl cell were seeded in a 96 well plate at 1 × 104 cells/well.
The day of infection, the collected media from CD4 T cells were serial diluted (1/3) in
triplicate and added to the TZM-bl cells. After 48 h of growth, the cells were harvested
and evaluated for red fluorescence and luciferase activity using a multiplate reader. In
each well, the luciferase activity (AU) was expressed relative to the fluorescence intensity
(AU). The infectivity of the media was then expressed relative to the maximum value of
the experiment set at 100.

4.7. Quantification of p24 Contained in Viral Particles

To evaluate the quantity of viral particles released by CD4 T cells, aliquots of the culture
media were collected and concentrated by 30 min ultracentrifugation at g though a 20%
sucrose cushion at 4 ◦C. After removal of the supernatants, the pellets were resuspended in
20 μL of lysis buffer (25 mM Tris-HCl, pH 7.8, 2 mM DTT, 2 mM EDTA, 1% Triton X-100 and
10% glycerol). Equal volumes (10 μL) were separated in 4–12% Bis-Tris NuPAGE Novex
Midi Gels and transferred onto nitrocellulose membranes using iBlot DRy blotting System
(Themo Fisher Scientific, Waltham, MA, USA). Membranes were probed with indicated p24
antibodies and HRP-conjugated anti-mouse secondary antibodies. The chemiluminescence
signal was detected using ECL Clarirty Max detection kit (Biorad, Hercules, CA, USA)
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in the Chemidoc Imager (Biorad). Data quantifications were performed with ImageLab
Software (Biorad, Version 6.0.1, Hercules, CA, USA).

4.8. Total RNA Extraction and Analysis by RT-qPCR

The quantification of selenoprotein mRNAs was performed as described in [31]. Briefly,
total RNAs were purified with Tri Reagent® (Molecular Research Center, Cincinnati, OH,
USA) according to manufacturer’s instructions and resuspended in ultrapure milliQ water.
RNAs were reverse transcribed using qScript cDNA Synthesis kit (Quanta Bio, Beverly,
MA, USA) according to the manufacturer’s instructions. Real-time PCRs were performed in
triplicate using FastStart Universal SYBR® Green master (Roche Applied Science, Penzberg,
Germany) on a StepOne Real-Time PCR System (Applied Biosystems, Foster City, CA, USA).
Primers used are described in [31] and listed in Table S6. Serial dilutions of a cDNA mixture
were used to create a standard curve and determine the efficiency of the amplification for
each pair of primers. The quantification of selenoprotein mRNAs was performed, using a
set of four reference genes.

4.9. Protein Extraction and Analysis by Western Blot

After a wash with 1X PBS, cellular protein extracts were harvested with lysis buffer
(described earlier). Then, protein concentrations were measured using the DCTM protein
assay kit (Biorad) in microplate assays. Equal protein amounts (30 μg) were separated in
4–12% Bis-Tris NuPAGE Novex Midi Gels and transferred onto nitrocellulose membranes
using the iBlot® DRy blotting System. Membranes were probed with indicated primary
antibodies and HRP-conjugated anti-rabbit or anti-mouse secondary antibodies. The chemi-
luminescence signal was detected using an ECL Select detection kit (GEHealthcare, Chicago,
IL, USA) in the Chemidoc Imager (Biorad, Hercules, CA, USA). Data quantifications were
performed as described earlier.

4.10. GPX and TXNRD Enzymatic Assays

GPX and TXNRD activities were measured in enzymatic coupled assay as described
in [37,38,60] with 30 μg of protein extracts. GPX enzymatic activities (U/mg) were measured
with t-BHP substrate and expressed as nmol of glutathione/min·mg. TXNRD enzymatic
activities (U/mg) were expressed as nmol of NADPH/min·mg.

4.11. Flow Cytometry

The percentage of infected cell was monitored by flow cytometry. Briefly, cells were
washed once with PBS and fixed with PBS containing 4% formaldehyde for 20 min at 4 ◦C.
Cells were washed once with PBS and once with staining buffer (PBS containing 2% fetal
calf serum and 2 mM EDTA). Then, cells were incubated with anti-HIV-1 p24 antibody
coupled with FITC diluted 1/100 in staining buffer, for 1 h at 4 ◦C. Cells were washed twice
with staining buffer and analyzed on a FACS Canto (7 colors) using FACS Diva software
(BD Biosciences) and analyzed with FlowJo software (Treestar, Ashland, OR, USA).

4.12. Ethics Statement

Primary blood cells were obtained from the blood of healthy donors (EFS-Lyon) in the
form of discarded “leukopacks” obtained anonymously so that gender, race, and age of
donors were unknown to the investigator and inclusion of women or minorities cannot be
determined. This research is exempt from approval, although written informed consent
was obtained from blood donors to allow use of their cells for research purposes.

5. Conclusions

HIV-1 infects CD4 T lymphocytes, monocytes, macrophages and dendritic cells, but
only a decline in CD4 T cells reflects the progression of HIV infection. The fact that selenium
levels were associated with a decrease in CD4 T-cell counts in infected patients justified the
study of the impact of selenium on HIV-1 replication in laboratory models. We primarily
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characterized the expression pattern of the selenoprotein genes in two established cell
lines (Jurkat and SupT1) and primary CD4 T cells isolated from the blood of anonymous
healthy donors. We found that the expression of the selenoproteome in human T cells is
tightly regulated by the selenium level of the culture media, and this is in agreement with
reports from non-immune cells. We showed that selenium had no significant effect on
HIV-1 protein production nor infectivity, indicating that selenium may not be involved in
the acute phase of replication but does not exclude a role in the later stages of the disease
since the selenium levels slightly modified the proportion of infected cells. Finally, the
expression of the selenoproteome is slightly modified by HIV-1 infection.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms23031394/s1.

Author Contributions: Conceptualization, C.V., O.M.G., T.O. and L.C.; methodology, C.V., O.M.G.,
T.O. and L.C.; validation, C.V., O.M.G.; formal analysis, C.V., O.M.G.; investigation, C.V., O.M.G.;
writing—original draft preparation, C.V., O.M.G., T.O. and L.C.; writing—review and editing, C.V.,
O.M.G., T.O. and L.C.; visualization, C.V., O.M.G., T.O. and L.C.; supervision, T.O. and L.C.; project
administration, T.O. and L.C.; funding acquisition, C.V., O.M.G., T.O. and L.C. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by Agence nationale de recherche sur le sida et les hépatites
virale (ANRS), INSERM, CNRS and ENS de Lyon ‘Emerging Project’ (LC in 2016 and TO in 2018), the
CNRS MITI programs “Isotop” and “Metallo-Mix”. OG was a recipient of a Master fellowship from
Labex Ecofect (ANR-11-LABX-0048) of the Université de Lyon, within the program Investissements
d’Avenir (ANR-11-IDEX-0007) operated by the French National Research Agency (ANR). OG is a
recipient of a PhD fellowship from the Université Claude Bernard Lyon 1. CV is a recipient of a
post-doctoral fellowship from ANRS.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Requests for further information about resources, reagents, and data
availability should be directed to the corresponding author.

Acknowledgments: In several figures and in the graphical abstract, we used illustrations from
(https://smart.servier.com/) and (https://biorender.com/) websites. We are grateful to Xuan-
Nhi Nguyen, Andrea Cimarelli, Lucie Etienne and Didier Décimo for their technical assistance
and scientific advices. We acknowledge the contribution of the Etablissement Français du Sang
Auvergne—Rhône-Alpes.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ferguson, M.R.; Rojo, D.R.; von Lindern, J.J.; O’Brien, W.A. HIV-1 replication cycle. Clin. Lab. Med. 2002, 22, 611–635. [CrossRef]
2. Nyamweya, S.; Hegedus, A.; Jaye, A.; Rowland-Jones, S.; Flanagan, K.L.; Macallan, D.C. Comparing HIV-1 and HIV-2 infection:

Lessons for viral immunopathogenesis. Rev. Med. Virol. 2013, 23, 221–240. [CrossRef] [PubMed]
3. Samji, H.; Cescon, A.; Hogg, R.S.; Modur, S.P.; Althoff, K.N.; Buchacz, K.; Burchell, A.N.; Cohen, M.; Gebo, K.A.; Gill, M.J.; et al.

Closing the gap: Increases in life expectancy among treated HIV-positive individuals in the United States and Canada. PLoS ONE
2013, 8, e81355. [CrossRef] [PubMed]

4. Palella, F.J., Jr.; Delaney, K.M.; Moorman, A.C.; Loveless, M.O.; Fuhrer, J.; Satten, G.A.; Aschman, D.J.; Holmberg, S.D. Declining
morbidity and mortality among patients with advanced human immunodeficiency virus infection. HIV Outpatient Study
Investigators. N. Engl. J. Med. 1998, 338, 853–860. [CrossRef] [PubMed]

5. Guillin, O.M.; Vindry, C.; Ohlmann, T.; Chavatte, L. Selenium, Selenoproteins and Viral Infection. Nutrients 2019, 11, 2101.
[CrossRef]

6. Pitney, C.L.; Royal, M.; Klebert, M. Selenium supplementation in HIV-infected patients: Is there any potential clinical benefit? J.
Assoc. Nurses AIDS Care 2009, 20, 326–333. [CrossRef]

7. Bogden, J.D.; Oleske, J.M. The essential trace minerals, immunity, and progression of HIV-1 infection. Nutr. Res. 2007, 27, 69–77.
[CrossRef]

25



Int. J. Mol. Sci. 2022, 23, 1394

8. Kamwesiga, J.; Mutabazi, V.; Kayumba, J.; Tayari, J.-C.K.; Uwimbabazi, J.C.; Batanage, G.; Uwera, G.; Baziruwiha, M.; Ntizimira,
C.; Murebwayire, A.; et al. Effect of selenium supplementation on CD4+ T-cell recovery, viral suppression and morbidity of
HIV-infected patients in Rwanda: A randomized controlled trial. AIDS 2015, 29, 1045–1052. [CrossRef]

9. Baum, M.K.; Campa, A.; Lai, S.; Sales Martinez, S.; Tsalaile, L.; Burns, P.; Farahani, M.; Li, Y.; van Widenfelt, E.; Page, J.B.; et al.
Effect of micronutrient supplementation on disease progression in asymptomatic, antiretroviral-naive, HIV-infected adults in
Botswana: A randomized clinical trial. JAMA 2013, 310, 2154–2163. [CrossRef]

10. Hurwitz, B.E.; Klaus, J.R.; Llabre, M.M.; Gonzalez, A.; Lawrence, P.J.; Maher, K.J.; Greeson, J.M.; Baum, M.K.; Shor-Posner, G.;
Skyler, J.S.; et al. Suppression of human immunodeficiency virus type 1 viral load with selenium supplementation: A randomized
controlled trial. Arch. Intern. Med. 2007, 167, 148–154. [CrossRef]

11. de Menezes Barbosa, E.G.; Junior, F.B.; Machado, A.A.; Navarro, A.M. A longer time of exposure to antiretroviral therapy
improves selenium levels. Clin. Nutr. 2015, 34, 248–251. [CrossRef] [PubMed]

12. Campa, A.; Sales Martinez, S.; Baum, M.K. Selenium in HIV/AIDS. In Selenium: Its Molecular Biology and Role in Human Health,
4th ed.; Hatfield, D.L., Schweizer, U., Tsuji, P.A., Gladyshev, V.N., Eds.; Springer Science + Business Media, LLC: New York, NY,
USA, 2016; pp. 333–342.

13. Schomburg, L. Selenium Deficiency Due to Diet, Pregnancy, Severe Illness, or COVID-19-A Preventable Trigger for Autoimmune
Disease. Int. J. Mol. Sci. 2021, 22, 8532. [CrossRef] [PubMed]

14. Beck, M.A.; Levander, O.A.; Handy, J. Selenium deficiency and viral infection. J. Nutr. 2003, 133 (Suppl. 1), 1463S–1467S.
[CrossRef] [PubMed]

15. Beck, M.A.; Nelson, H.K.; Shi, Q.; Van Dael, P.; Schiffrin, E.J.; Blum, S.; Barclay, D.; Levander, O.A. Selenium deficiency increases
the pathology of an influenza virus infection. FASEB J. 2001, 15, 1481–1483. [CrossRef] [PubMed]

16. Beck, M.A. Rapid genomic evolution of a non-virulent coxsackievirus B3 in selenium-deficient mice. Biomed. Environ. Sci. 1997,
10, 307–315.

17. Beck, M.A.; Shi, Q.; Morris, V.C.; Levander, O.A. Rapid genomic evolution of a non-virulent coxsackievirus B3 in selenium-
deficient mice results in selection of identical virulent isolates. Nat. Med. 1995, 1, 433–436. [CrossRef] [PubMed]

18. Sonet, J.; Bulteau, A.-L.; Chavatte, L. Selenium and Selenoproteins in Human Health and Diseases. In Metallomics: Analytical
Techniques and Speciation Methods; Michalke, B., Ed.; 2016 Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2016;
pp. 364–381.

19. Labunskyy, V.M.; Hatfield, D.L.; Gladyshev, V.N. Selenoproteins: Molecular pathways and physiological roles. Physiol. Rev. 2014,
94, 739–777. [CrossRef]

20. Papp, L.V.; Lu, J.; Holmgren, A.; Khanna, K.K. From selenium to selenoproteins: Synthesis, identity, and their role in human
health. Antioxid. Redox Signal. 2007, 9, 775–806. [CrossRef]

21. Kryukov, G.V.; Castellano, S.; Novoselov, S.V.; Lobanov, A.V.; Zehtab, O.; Guigo, R.; Gladyshev, V.N. Characterization of
mammalian selenoproteomes. Science 2003, 300, 1439–1443. [CrossRef]

22. Driscoll, D.M.; Copeland, P.R. Mechanism and regulation of selenoprotein synthesis. Annu. Rev. Nutr. 2003, 23, 17–40. [CrossRef]
23. Brigelius-Flohe, R.; Maiorino, M. Glutathione peroxidases. Biochim. Biophys. Acta 2012, 1830, 3289–3303. [CrossRef] [PubMed]
24. Arner, E.S. Focus on mammalian thioredoxin reductases—Important selenoproteins with versatile functions. Biochim. Biophys.

Acta 2009, 1790, 495–526. [CrossRef] [PubMed]
25. Zhang, X.; Xiong, W.; Chen, L.L.; Huang, J.Q.; Lei, X.G. Selenoprotein V protects against endoplasmic reticulum stress and

oxidative injury induced by pro-oxidants. Free Radic. Biol. Med. 2020, 160, 670–679. [CrossRef] [PubMed]
26. Pothion, H.; Jehan, C.; Tostivint, H.; Cartier, D.; Bucharles, C.; Falluel-Morel, A.; Boukhzar, L.; Anouar, Y.; Lihrmann, I.

Selenoprotein T: An Essential Oxidoreductase Serving as a Guardian of Endoplasmic Reticulum Homeostasis. Antioxid. Redox
Signal. 2020, 33, 1257–1275. [CrossRef] [PubMed]

27. Rocca, C.; Pasqua, T.; Boukhzar, L.; Anouar, Y.; Angelone, T. Progress in the emerging role of selenoproteins in cardiovascular
disease: Focus on endoplasmic reticulum-resident selenoproteins. Cell. Mol. Life Sci. 2019, 76, 3969–3985. [CrossRef]

28. Pitts, M.W.; Hoffmann, P.R. Endoplasmic reticulum-resident selenoproteins as regulators of calcium signaling and homeostasis.
Cell Calcium 2018, 70, 76–86. [CrossRef]

29. Addinsall, A.B.; Wright, C.R.; Andrikopoulos, S.; van der Poel, C.; Stupka, N. Emerging roles of endoplasmic reticulum-resident
selenoproteins in the regulation of cellular stress responses and the implications for metabolic disease. Biochem. J. 2018, 475,
1037–1057. [CrossRef]

30. Avery, J.C.; Hoffmann, P.R. Selenium, Selenoproteins, and Immunity. Nutrients 2018, 10, 1203. [CrossRef]
31. Vindry, C.; Ohlmann, T.; Chavatte, L. Translation regulation of mammalian selenoproteins. Biochim. Biophys. Acta Gen. Subj. 2018,

1862, 2480–2492. [CrossRef]
32. Bulteau, A.-L.; Chavatte, L. Update on selenoprotein biosynthesis. Antioxid. Redox Signal. 2015, 23, 775–794. [CrossRef]
33. Sonet, J.; Bulteau, A.L.; Touat-Hamici, Z.; Mosca, M.; Bierla, K.; Mounicou, S.; Lobinski, R.; Chavatte, L. Selenoproteome

Expression Studied by Non-Radioactive Isotopic Selenium-Labeling in Human Cell Lines. Int. J. Mol. Sci. 2021, 22, 7308.
[CrossRef] [PubMed]

34. Touat-Hamici, Z.; Bulteau, A.L.; Bianga, J.; Jean-Jacques, H.; Szpunar, J.; Lobinski, R.; Chavatte, L. Selenium-regulated hierarchy
of human selenoproteome in cancerous and immortalized cells lines. Biochim. Biophys. Acta Gen. Subj. 2018, 1862, 2493–2505.
[CrossRef] [PubMed]

26



Int. J. Mol. Sci. 2022, 23, 1394

35. Hammad, G.; Legrain, Y.; Touat-Hamici, Z.; Duhieu, S.; Cornu, D.; Bulteau, A.L.; Chavatte, L. Interplay between Selenium Levels
and Replicative Senescence in WI-38 Human Fibroblasts: A Proteomic Approach. Antioxidants 2018, 7, 19. [CrossRef] [PubMed]

36. Touat-Hamici, Z.; Legrain, Y.; Sonet, J.; Bulteau, A.-L.; Chavatte, L. Alteration of selenoprotein expression during stress and in
aging. In Selenium: Its Molecular Biology and Role in Human Health, 4th ed.; Hatfield, D.L., Schweizer, U., Tsuji, P.A., Gladyshev,
V.N., Eds.; Springer Science + Business Media, LLC: New York, NY, USA, 2016; pp. 539–551.

37. Touat-Hamici, Z.; Legrain, Y.; Bulteau, A.-L.; Chavatte, L. Selective up-regulation of human selenoproteins in response to
oxidative stress. J. Biol. Chem. 2014, 289, 14750–14761. [CrossRef] [PubMed]

38. Legrain, Y.; Touat-Hamici, Z.; Chavatte, L. Interplay between selenium levels, selenoprotein expression, and replicative senescence
in WI-38 human fibroblasts. J. Biol. Chem. 2014, 289, 6299–6310. [CrossRef]

39. Bock, A.; Forchhammer, K.; Heider, J.; Leinfelder, W.; Sawers, G.; Veprek, B.; Zinoni, F. Selenocysteine: The 21st amino acid. Mol.
Microbiol. 1991, 5, 515–520. [CrossRef]

40. Bock, A.; Forchhammer, K.; Heider, J.; Baron, C. Selenoprotein synthesis: An expansion of the genetic code. Trends Biochem. Sci.
1991, 16, 463–467. [CrossRef]

41. Lejeune, F. Nonsense-mediated mRNA decay at the crossroads of many cellular pathways. BMB Rep. 2017, 50, 175–185. [CrossRef]
42. Vindry, C.; Guillin, O.; Mangeot, P.E.; Ohlmann, T.; Chavatte, L. 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 2019, 8,
574. [CrossRef]

43. Dalley, B.K.; Baird, L.; Howard, M.T. Studying Selenoprotein mRNA Translation Using RNA-Seq and Ribosome Profiling. Methods
Mol. Biol. 2018, 1661, 103–123.

44. Fradejas-Villar, N.; Seeher, S.; Anderson, C.B.; Doengi, M.; Carlson, B.A.; Hatfield, D.L.; Schweizer, U.; Howard, M.T. The
RNA-binding protein Secisbp2 differentially modulates UGA codon reassignment and RNA decay. Nucleic Acids Res. 2017, 45,
4094–4107. [CrossRef] [PubMed]

45. Howard, M.T.; Carlson, B.A.; Anderson, C.B.; Hatfield, D.L. Translational redefinition of UGA codons is regulated by selenium
availability. J. Biol. Chem. 2013, 288, 19401–19413. [CrossRef] [PubMed]

46. Gladyshev, V.N.; Stadtman, T.C.; Hatfield, D.L.; Jeang, K.T. Levels of major selenoproteins in T cells decrease during HIV infection
and low molecular mass selenium compounds increase. Proc. Natl. Acad. Sci. USA 1999, 96, 835–839. [CrossRef] [PubMed]

47. Mariotti, M.; Ridge, P.G.; Zhang, Y.; Lobanov, A.V.; Pringle, T.H.; Guigo, R.; Hatfield, D.L.; Gladyshev, V.N. Composition and
evolution of the vertebrate and mammalian selenoproteomes. PLoS ONE 2012, 7, e33066. [CrossRef] [PubMed]

48. Lobanov, A.V.; Fomenko, D.E.; Zhang, Y.; Sengupta, A.; Hatfield, D.L.; Gladyshev, V.N. Evolutionary dynamics of eukaryotic
selenoproteomes: Large selenoproteomes may associate with aquatic life and small with terrestrial life. Genome. Biol. 2007, 8,
R198. [CrossRef] [PubMed]

49. Karlenius, T.C.; Shah, F.; Yu, W.C.; Hawkes, H.J.; Tinggi, U.; Clarke, F.M.; Tonissen, K.F. The selenium content of cell culture
serum influences redox-regulated gene expression. Biotechniques 2011, 50, 295–301. [CrossRef]

50. Brigelius-Flohe, R.; Kipp, A.P. Physiological functions of GPx2 and its role in inflammation-triggered carcinogenesis. Ann. N. Y.
Acad. Sci. 2012, 1259, 19–25. [CrossRef]

51. Stafford, W.C.; Peng, X.; Olofsson, M.H.; Zhang, X.; Luci, D.K.; Lu, L.; Cheng, Q.; Tresaugues, L.; Dexheimer, T.S.; Coussens, N.P.;
et al. Irreversible inhibition of cytosolic thioredoxin reductase 1 as a mechanistic basis for anticancer therapy. Sci. Transl. Med.
2018, 10. [CrossRef]

52. Sonet, J.; Mosca, M.; Bierla, K.; Modzelewska, K.; Flis-Borsuk, A.; Suchocki, P.; Ksiazek, I.; Anuszewska, E.; Bulteau, A.L.; Szpunar,
J.; et al. Selenized Plant Oil Is an Efficient Source of Selenium for Selenoprotein Biosynthesis in Human Cell Lines. Nutrients 2019,
11, 1524. [CrossRef]

53. Mohammadi, P.; Desfarges, S.; Bartha, I.; Joos, B.; Zangger, N.; Munoz, M.; Gunthard, H.F.; Beerenwinkel, N.; Telenti, A.; Ciuffi, A.
24 hours in the life of HIV-1 in a T cell line. PLoS Pathog. 2013, 9, e1003161. [CrossRef]

54. Prelli Bozzo, C.; Kmiec, D.; Kirchhoff, F. When good turns bad: How viruses exploit innate immunity factors. Curr. Opin. Virol.
2021, 52, 60–67. [CrossRef] [PubMed]

55. Kluge, S.F.; Sauter, D.; Kirchhoff, F. SnapShot: Antiviral restriction factors. Cell 2015, 163, 774. [CrossRef] [PubMed]
56. Sandstrom, P.A.; Murray, J.; Folks, T.M.; Diamond, A.M. Antioxidant defenses influence HIV-1 replication and associated

cytopathic effects. Free Radic. Biol. Med. 1998, 24, 1485–1491. [CrossRef]
57. Naamati, A.; Williamson, J.C.; Greenwood, E.J.; Marelli, S.; Lehner, P.J.; Matheson, N.J. Functional proteomic atlas of HIV infection

in primary human CD4+ T cells. eLife 2019, 8, e41431. [CrossRef] [PubMed]
58. Greenwood, E.J.; Matheson, N.J.; Wals, K.; van den Boomen, D.J.; Antrobus, R.; Williamson, J.C.; Lehner, P.J. Temporal proteomic

analysis of HIV infection reveals remodelling of the host phosphoproteome by lentiviral Vif variants. eLife 2016, 5, e18296.
[CrossRef] [PubMed]

59. Gladyshev, V.N.; Arner, E.S.; Berry, M.J.; Brigelius-Flohe, R.; Bruford, E.A.; Burk, R.F.; Carlson, B.A.; Castellano, S.; Chavatte, L.;
Conrad, M.; et al. Selenoprotein Gene Nomenclature. J. Biol. Chem. 2016, 291, 24036–24040. [CrossRef]

60. Sonet, J.; Bierla, K.; Bulteau, A.L.; Lobinski, R.; Chavatte, L. Comparison of analytical methods using enzymatic activity,
immunoaffinity and selenium-specific mass spectrometric detection for the quantitation of glutathione peroxidase 1. Anal. Chim.
Acta 2018, 1011, 11–19. [CrossRef]

27





 International Journal of 

Molecular Sciences

Article

Natural Autoimmunity to Selenoprotein P Impairs Selenium
Transport in Hashimoto’s Thyroiditis

Qian Sun 1,2, Sebastian Mehl 1,2, Kostja Renko 1,2,3, Petra Seemann 1,2,4, Christian L. Görlich 1,2, Julian Hackler 1,2,

Waldemar B. Minich 1,2, George J. Kahaly 5,* and Lutz Schomburg 1,2,*

Citation: Sun, Q.; Mehl, S.; Renko,

K.; Seemann, P.; Görlich, C.L.;

Hackler, J.; Minich, W.B.; Kahaly, G.J.;

Schomburg, L. Natural

Autoimmunity to Selenoprotein P

Impairs Selenium Transport in

Hashimoto’s Thyroiditis. Int. J. Mol.

Sci. 2021, 22, 13088. https://doi.org/

10.3390/ijms222313088

Academic Editor: Alberto Spisni

Received: 27 October 2021

Accepted: 30 November 2021

Published: 3 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute for Experimental Endocrinology, Charité-Universitätsmedizin Berlin, 13353 Berlin, Germany;
qian.sun@charite.de (Q.S.); sebastian.mehl@mac.com (S.M.); Kostja.Renko@bfr.bund.de (K.R.);
seemann@selenomed.com (P.S.); christian.goerlich@charite.de (C.L.G.); Julian.hackler@charite.de (J.H.);
Waldemar.minich@charite.de (W.B.M.)

2 Freie Universität Berlin, Humboldt-Universität zu Berlin, Berlin Institute of Health, 13353 Berlin, Germany
3 German Federal Institute for Risk Assessment, Department Experimental Toxicology and ZEBET,

12277 Berlin, Germany
4 selenOmed GmbH, 10965 Berlin, Germany
5 Johannes Gutenberg University Medical Center, Department of Medicine I, 55101 Mainz, Germany
* Correspondence: george.kahaly@unimedizin-mainz.de (G.J.K.); lutz.schomburg@charite.de (L.S.)

Abstract: The essential trace element selenium (Se) is needed for the biosynthesis of selenocysteine-
containing selenoproteins, including the secreted enzyme glutathione peroxidase 3 (GPX3) and the
Se-transporter selenoprotein P (SELENOP). Both are found in blood and thyroid colloid, where
they serve protective functions. Serum SELENOP derives mainly from hepatocytes, whereas the
kidney contributes most serum GPX3. Studies using transgenic mice indicated that renal GPX3
biosynthesis depends on Se supply by hepatic SELENOP, which is produced in protein variants with
varying Se contents. Low Se status is an established risk factor for autoimmune thyroid disease, and
thyroid autoimmunity generates novel autoantigens. We hypothesized that natural autoantibodies
to SELENOP are prevalent in thyroid patients, impair Se transport, and negatively affect GPX3
biosynthesis. Using a newly established quantitative immunoassay, SELENOP autoantibodies were
particularly prevalent in Hashimoto’s thyroiditis as compared with healthy control subjects (6.6%
versus 0.3%). Serum samples rich in SELENOP autoantibodies displayed relatively high total Se
and SELENOP concentrations in comparison with autoantibody-negative samples ([Se]; 85.3 vs.
77.1 μg/L, p = 0.0178, and [SELENOP]; 5.1 vs. 3.5 mg/L, p = 0.001), while GPX3 activity was low and
correlated inversely to SELENOP autoantibody concentrations. In renal cells in culture, antibodies
to SELENOP inhibited Se uptake. Our results indicate an impairment of SELENOP-dependent Se
transport by natural SELENOP autoantibodies, suggesting that the characterization of health risk
from Se deficiency may need to include autoimmunity to SELENOP as additional biomarker of
Se status.

Keywords: antioxidative defense; autoantibody; glutathione peroxidase; Hashimoto’s thyroiditis;
trace element

1. Introduction

Autoimmune thyroid disease (AITD) is characterized by an inappropriate interaction
of immune cells with thyroid proteins. An activated immune system, inflammation,
and lymphocytic infiltration into the thyroid gland, accompanied with autoantibodies
(aAb) to thyroid antigens, are hallmarks of AITD [1]. Natural aAb levels are commonly
determined in AITD as diagnostic markers, which support the diagnosis, correlate to
disease severity, and enable the monitoring of treatment success. In Graves’ disease, natural
aAb to the TSH-receptor (TSHR-aAb) are causative for the clinical phenotype, as they bind
as endocrine active agonists to the TSH-receptor and stimulate hyperthyroidism and
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thyroid eye disease [2]. In comparison, natural aAb to another thyroid autoantigen, namely
the thyroperoxidase (TPO-aAb), are detectable in both Graves’ disease and Hashimoto’s
thyroiditis, where they are associated with cell-mediated cytotoxicity [3]. The TPO-aAb
are not directly causing the disease but rather reflect disease activity and disease risk in
asymptomatic healthy subjects [4]. Accordingly, TPO-aAb-positive healthy women who
become pregnant are, for example, at relatively high risk for the development of postpartum
thyroiditis, potentially due to the declining selenium (Se) status during pregnancy [5,6].
The presence of natural aAb in a healthy person without obvious clinical symptoms is
neither necessarily an indication of disease nor of immediate diagnostic value but may
indicate an increased risk of disease.

In general, the pathogenesis of AITD is a multifaceted process, where the essential
production of hydrogen peroxide needed for thyroid hormone biosynthesis may contribute
to tissue inflammation, gland destruction, and the generation of novel autoantigens [7,8].
Accordingly, anti-inflammatory and antioxidative measures are considered in prevention
and treatment of AITD [9,10]. Observational studies have indicated an inverse relation-
ship between the intake of the essential trace element Se with thyroid volume [11], the
development of thyroid nodules [12] and thyroid disease [13]. Dietary uptake of Se is
needed for the formation of the 21st proteinogenic amino acid selenocysteine [14], and
supports the biosynthesis of health-relevant, redox-active selenoproteins, including the
secreted plasma proteins extracellular glutathione peroxidase (GPX3) and selenoprotein
P (SELENOP) [15–17]. These two selenoproteins are found both in the circulation and in
thyroid follicles [18]. While GPX3 is capable of peroxide degradation, SELENOP serves
mainly as transporter for the systemic distribution of Se [19,20]. Importantly, renal GPX3
biosynthesis is supported by SELENOP from hepatocytes [21,22].

SELENOP is a most exceptional protein that varies naturally in its primary
sequence [23,24]. Translational errors occur during decoding of the ten UGA triplets within
the open reading frame [25], and cysteine can replace selenocysteine during biosynthe-
sis [26]. Under antibiotic treatment, Se-free selenoproteins can be synthesized [27]; addition-
ally, tryptophan or arginine may become inserted at UGA codons [28]. Consequently, the av-
erage content of Se per SELENOP molecule has been determined at 5.4 ± 0.5 Se/SELENOP
in human [29], 7.5 Se/Selenop in rat, and 5 Se/Selenop in mouse [30]. Due to this flexibility
in the decoding of UGA, the primary sequence of newly synthesized SELENOP varies.
Circulating SELENOP may thus constitute a mixture of slightly different protein variants.
For this reason, we hypothesized that autoantibodies to SELENOP (SELENOP-aAb) may
develop naturally, particularly in patients with AITD and thyroid inflammation. In order
to test this hypothesis, we analyzed control subjects and patients with different thyroid
diseases for SELENOP-aAb and correlated the results to biomarkers of Se status.

2. Results

An immunoluminometric assay for the detection and quantification of SELENOP-aAb
was established by generating a fusion protein encoding-secreted alkaline phosphatase
(SEAP) in frame with full length human SELENOP, where UGA codons had been re-
placed by cysteine codons. Assay functionality was verified with a SELENOP-specific
antibody and showed the expected concentration-dependent signal intensity with dilu-
tion (Figure 1A). This result was replicated in dilution experiments with serum samples
from patients identified as positive (P01–P05), whereas samples categorized as negative
for SELENOP-aAb (N01–N03) showed background signals only (Figure 1B). Unlabeled
recombinant SELENOP (1 mg/mL) applied to BSA-free (control 1), or BSA-containing
reaction buffer (control 2), was capable of suppressing SELENOP-aAb signals from positive
samples, highlighting the specificity of the detection method (Figure 1C).

In order to test for natural SELENOP-aAb in human subjects, serum samples from
2 cohorts of thyroid patients (n = 423), along with a collection of healthy controls (n = 400),
were compared. The results showed a skewed distribution of signals (Figure 1D), and
relative binding indices (BI) were calculated by dividing the individual SELENOP-aAb
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signals by the average signal obtained from the bottom half of all samples. In this first
analysis, the thresholds of BI = 5 and BI = 10, respectively, were chosen for the classification
of positive vs. negative samples. Irrespective of threshold, SELENOP-aAb were more
prevalent in thyroid patients than controls (4.3 vs. 0.3%, or 2.4 vs. 0.3%, respectively)
(Figure 1E). Among the patients, elevated SELENOP-aAb was mainly found in patients
with Hashimoto’s thyroiditis (Figure 1F).

Figure 1. Characterization of the novel autoantibody assay and prevalence of SELENOP-aAb in thyroid patients. (A) The
SELENOP-aAb assay is characterized by linear response to a SELENOP-specific antibody in gradual dilutions. Signal
intensity (RLU—relative light units) correlated to antibody concentration over a range from 0.078–5.0 μg/mL, yielding
an R squared by sigmoidal 4 PL curve fitting above 0.99. (B) High signal intensities (RLU) decreased gradually with
linear dilutions of SELENOP-aAb-positive (P01–P05) samples, but not of negative (N01–N03) samples. (C) Suppression of
SELENOP-aAb signals by competition with unlabeled SELENOP (1 mg/mL) using equal volumes of sample and unlabeled
SELENOP without (control 1) or with BSA (1 mg/mL; control 2). (D) Analysis of the full cohort of samples (n = 823)
yielded a skewed distribution of SELENOP-aAb signals; the thresholds of BI = 5.0 or BI = 10.0 are indicated by dashed lines.
(E) SELENOP-aAb-positive samples were more prevalent in thyroid patients than in controls (BI > 5; 4.3 vs. 0.3%, or BI > 10;
2.4 vs. 0.3%). (F) Among patients, SELENOP-aAb were most prevalent in Hashimoto’s thyroiditis (HT). GOI—goitre;
TCa—thyroid carcinoma; Hypo—hypothyroidism; GD—Graves’ disease.

Next, the impact of SELENOP-aAb on the Se status was analyzed in the AITD patients.
Three complementary biomarkers of Se status, i.e., total serum Se and SELENOP concen-
trations along with GPX3 activity, were assessed in parallel. Serum SELENOP showed
positive and strong linear correlations with total Se and GPX3 activity (Figure 2A,C), while
total serum Se correlated only weakly with GPX3 activity (Figure 2B). One particular
sample displayed moderate GPX3 activity in combination with exceptionally high Se and
SELENOP concentrations (indicated as red dot; Se—495 μg/L; SELENOP—13.2 mg/L;
GPX3 activity—179 U/L). This finding may indicate a compromised GPX3 gene expression,
a mutated GPX3 variant with reduced enzymatic activity, accelerated GPX3 degradation,
or little renal GPX3 biosynthesis, potentially due to impaired renal Se uptake. This sample
displayed highest SELENOP-aAb concentrations (BI = 175), in agreement with the hypoth-
esis of a disturbed Se transport towards the kidney. In order to test whether antibodies to
SELENOP are capable of affecting target cell Se uptake, human embryonic kidney cells
(HEK293) were transfected with a reporter for selenoprotein biosynthesis, encoding a
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Se-dependent luciferase in combination with the selenocysteine insertion sequence (SECIS)
element of GPX4. The reporter system showed Se-dependent induction of luciferase ac-
tivity in response to inorganic selenite (1.0, 5.0 or 10 nM, f.c.), and in response to human
serum (0.05% or 0.5%, v/v) as a natural Se source, as expected under regular Se-deficient
culture conditions with 10% FBS as sole Se source. A significant decline in the luciferase
reporter signal was observed upon adding an antibody to SELENOP (0.8 ng/mL), into the
culture medium (Figure 2D). This result is compatible with the notion of SELENOP-aAb
disturbing SELENOP uptake into target cells. To further verify the characteristics of nat-
ural SELENOP-aAb, immunoglobulins were isolated from positive and negative serum
samples by protein A-mediated immunoprecipitation and analyzed for directly associated
Se and SELENOP content. The isolates from SELENOP-aAb-positive samples contained
measurable amounts of Se (Figure 2E) and/or SELENOP (Figure 2F), whereas isolates from
controls were devoid of associated Se or SELENOP.

Figure 2. Selenium (Se) status assessment and potential role of natural SELENOP-aAb. Three biomarkers of Se status
were determined in serum samples from AITD patients (n = 284). Positive correlations were observed for (A) total Se with
SELENOP (r = 0.342, p < 0.0001), (B) total Se with GPX3 activity (r = 0.171, p = 0.0046), and (C) SELENOP with GPX3
activity (r = 0.545, p < 0.0001). The sample with highest SELENOP-aAb displayed exceptionally high Se and SELENOP
levels in combination with moderate GPX3 activity (indicated as red dots). (D) HEK293 cells expressing a Se-dependent
luciferase showed increased reporter activity (RLU) in response to selenite or human serum added to the culture medium.
The signal was significantly suppressed by the addition of a SELENOP-specific antibody (n = 3). (E) The immunoglobulins
from 5 SELENOP-aAb-positive (P01–P05) and 10 SELENOP-aAb-negative samples (N01–N10) were precipitated by protein
A. Measurable (E) SELENOP or (F) Se concentrations were detected in the isolates from SELENOP-aAb-positive samples
only, but not in those from SELENOP-aAb-negative samples. Correlations were analyzed by Spearman’s correlation test.
Two-tailed t-test was used for comparisons between two groups, p-values < 0.05 were considered statistically significant;
* indicates p < 0.05; ** indicates p < 0.01; **** indicates p < 0.0001.

When classifying patients as SELENOP-aAb-positive or -negative, by choosing BI > 5.0
as threshold, the positive samples displayed elevated total serum Se (median: 85.3 vs.
77.0 μg/L, p = 0.033), whereas SELENOP concentration or GPX3 activity was not differ-
ent (Figure 3A–C). A positive correlation was observed between SELENOP-aAb with Se
(r = 0.582, p = 0.018) (Figure 3D) and with SELENOP (r = 0.730, p = 0.001) (Figure 3E),
but not with GPX3 activity (Figure 3F). When using a higher threshold, i.e., BI > 10 as
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cut-off, relatively high Se (85.3 vs. 77.1 μg/L, p = 0.0178) and SELENOP (5.1 vs. 3.5 mg/L,
p = 0.001) concentrations were observed in the group of SELENOP-aAb-positive samples
(Figure 3A,B), whereas GPX3 activity was not elevated (Figure 3C). Positive correlation was
observed between SELENOP-aAb and Se (r = 0.695, p = 0.038) (Figure 3G) or SELENOP
(r = 0.627, p = 0.035) (Figure 3H), reaching statistical significance when the very positive
sample highlighted in Figure 2A–C is included, but not when omitted from the analysis.
Notably, the SELENOP-aAb correlated inversely to GPX3 activity (r = −0.669, p = 0.049)
(Figure 3I).

Figure 3. Comparison of three complementary biomarkers of Se-status in relation to SELENOP autoimmunity. The patients
with positive SELENOP-aAb (BI > 5) displayed relatively high (A) total Se, while (B) SELENOP or (C) GPX3 activity were
not different in comparison to SELENOP-aAb-negative patients. SELENOP-aAb correlated positively to (D) serum Se
and (E) SELENOP, but not to (F) GPX3 activity. When applying a more stringent cut-off for positivity (BI > 10), serum
samples with positive SELENOP-aAb displayed relatively high (A) total Se and (B) SELENOP, whereas (C) GPX3 activity
was not elevated. Positive correlation was observed between SELENOP-aAb and (G) serum Se and (H) SELENOP. (I) GPX3
activity was inversely correlated to SELENOP-aAb. Comparisons between two groups were conducted by Mann–Whitney
test. Correlations were tested by Pearson’s correlation analysis with two-tailed p-values. p-values < 0.05 were considered
statistically significant; n.s. indicates p ≥ 0.05; * indicates p < 0.05, and ** indicates p < 0.01.
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3. Discussion

This study describes naturally occurring autoantibodies to the Se transport protein
SELENOP in human subjects and suggests a potential physiological relevance. Our data
indicate that autoimmunity to SELENOP is a rare finding in healthy adult subjects. How-
ever, a considerable fraction of thyroid patients express SELENOP-aAb to varying degrees,
with some patients being highly positive for SELENOP-aAb. The elevated prevalence
in Hashimoto’s thyroiditis may either result from SELENOP-aAb predisposing them
to the diseases—as low Se has been identified as risk factor for autoimmune thyroid
disease [31–33]—or the autoimmunity develops as a consequence of the ongoing inflam-
mation and associated oxidative damage to thyroid proteins, i.e., resulting from the lym-
phocytic thyroiditis and generation of novel autoantigens as side effect of disease [8,34].
Alternatively, both the predisposition to and consequences of the inflammatory disease may
have contributed to the elevated prevalence of SELENOP-aAb observed in the patients [6].
From an etiological perspective, human SELENOP is naturally synthesized in different
variants, some of which are potentially prone to becoming easily modified and eliciting
an autoimmune response, as the protein carries several highly reactive selenocysteine
residues [35,36]. Both notions may offer an explanation for the increased prevalence of
SELENOP-aAb in AITD and indicate a diagnostic or even pathophysiological relevance, as
just recently documented for the central role of Se status and GPX-dependent protection
from neutrophil ferroptosis in systemic autoimmunity [37]. This hypothesis needs to be
elucidated in larger studies and ideally with samples from a longitudinal, prospective trial.

Against our expectation, SELENOP-aAb were not associated with SELENOP defi-
ciency, but rather with elevated Se and SELENOP serum concentrations, suggesting some
stabilizing effect of the autoantibodies on circulating SELENOP. This interpretation is
consistent with the observed inhibition of SELENOP uptake into renal HEK293 target cells
by antibodies to SELENOP, nicely echoing published results on SELENOP-neutralizing
antibodies antagonizing Se uptake as novel candidates for type 2 diabetes therapy [38,39].
Importantly, this theory is substantiated in human subjects by the relatively low and in-
adequate GPX3 activity in SELENOP-aAb-positive patients, and the inverse association
of GPX3 activity with SELENOP-aAb concentrations, despite an increased Se status as
reflected in elevated total Se and SELENOP levels. Transgenic mouse models have shown
that hepatic SELENOP biosynthesis is supplying the kidney with Se for GPX3 biosynthesis
via specific uptake through the lipoprotein receptor megalin [22,40]. In the case that the
antagonistic nature of SELENOP-aAb, impairing Se supply to target cells, becomes substan-
tiated by future research, it would be of far-reaching medical relevance, as also the central
nervous system relies on receptor-mediated SELENOP uptake for Se supply and protection
of highly active interneurons from death by ferroptosis [41,42]. In the absence of regular
and efficient SELENOP supply and uptake, severe neurological symptoms, including
epileptic seizures, were observed in transgenic mice [41,43–46], and also recently in a dog
model of impaired SELENOP expression, leading to brain atrophy and cerebellar ataxia [47].
It remains to be tested whether SELENOP-aAb are relevant for neurological disease, and
whether SELENOP-aAb-positive thyroid patients are at particular risk for neurological
sequelae, e.g., seizures, tremors, ataxia, or symptoms of Hashimoto encephalopathy.

Correcting a Se deficit, whatever the cause, needs an adequate supply, as excessive
Se intake can be toxic [48]. Some observational studies and systematic analyses have
reported an association between elevated Se concentrations and type 2 diabetes [49]. Other
systematic reviews, focusing on sufficiently large and well-controlled supplementation
studies, show that there is no evidence that Se supplementation increases the risk of
type 2 diabetes [50]. The documented association between increased serum Se concentra-
tions and type 2 diabetes could be a consequence of insulin resistance leading to increased
hepatic biosynthesis of SELENOP due to abrogation of insulin-mediated SELENOP sup-
pression, i.e., a question of reverse causality, potentially a function of protecting the cardio-
vascular system [51]. This notion is supported by recent findings of a positive association
between increased Se concentrations and protection from all-cause mortality and heart dis-
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ease mortality in diabetic patients, as determined in NHANES III [52]. The extent to which
SELENOP-aAb may alter the protective interaction of Se and SELENOP on the vasculature
is unknown, and the question of whether functional Se deficiency by low Se supply, in
combination with SELENOP-aAb causes hypoglycemia needs to be investigated [53].

Our findings suggest that Se status assessment by the biomarkers used until now,
i.e., total Se and SELENOP concentrations along with GPX3 activity [54–58], may be
insufficient when SELENOP-aAb are present. In particular, the poor correlation between
Se or SELENOP concentrations and GPX3 activity in a given subject may indicate the
presence of SELENOP-aAb impairing SELENOP uptake and GPX3 biosynthesis by kidney,
as impressively documented in the positive subject with highest SELENOP-aAb (red
dots in Figure 2). This interrelation may also be of relevance for preventive or adjuvant
Se therapy [33,59–62], as positive effects may be observed, particularly in the presence
of SELENOP-aAb. This hypothesis is based on the findings in transgenic mice, where
SELENOP deficiency and resulting symptoms can be successfully compensated for by
supplemental selenite or other selenocompounds [45,63–65]. A score combining classical
Se status biomarkers with the presence of SELENOP-aAb may be superior in judging the
functional Se status and requirements for Se supplementation than a single biomarker alone.
Such a scoring system would be capable of identifying Se deficiency also in cohorts of
well-supplied subjects with apparently sufficient SELENOP expression, and might indicate
subjects with specific requirements to overcome SELENOP-aAb-mediated inhibition of
SELENOP-dependent Se supply (Figure 4). Prospective studies of sufficient size and length
are needed next to test the clinical relevance of SELENOP-aAb for AITD risk, and for
stratifying the results from Se supplementation studies.

Figure 4. Potential pathophysiological relevance of SELENOP-aAb. Dietary sources of Se are mainly converted in
hepatocytes into SELENOP for secretion and systemic supply of target tissues. Thereby, SELENOP constitutes both
the major serum Se transporter and a reliable biomarker of Se status. Patients with elevated SELENOP-aAb display
increased serum Se and SELENOP concentrations, indicative of SELENOP stabilization or impaired receptor-mediated
SELENOP uptake and clearance. Thereby, target tissues may become insufficiently supplied for full biosynthesis of the
essential tissue-relevant selenoproteins (examples are indicated). The biosynthesis of circulating GPX3 by kidney cells is
known to directly depend on hepatic SELENOP. Accordingly, serum GPX3 activity correlated inversely to SELENOP-aAb in
thyroid patients, consistent with target cell Se deficiency. Extrapolating these results, SELENOP-aAb may increase the risk
of neurological symptoms, thyroid disease, subfertility, pregnancy problems, and other Se-dependent diseases.
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4. Materials and Methods

4.1. Human Samples

Blood samples (n = 423) from patients with different thyroid diseases were collected
and serum was prepared, aliquoted, and stored at −80 ◦C. The study had been approved
by the Ethical committee of the Charité-University Medical School, Berlin (#EA2/173/17).
Recruitment of the patients proceeded in consecutive manner and diagnostic criteria
for thyroid disease were applied as described in [66]. A cohort of serum samples from
subjects with a self-reported status as healthy (controls, n = 400) was obtained from a
commercial supplier (InVent Diagnostica GmbH, Hennigsdorf, Germany) and served as
control (Table 1). All samples included were derived after obtaining written informed
consent from the subjects enrolled into the analyses, and the study was conducted in
accordance with the declaration of Helsinki on ethical principles for medical research
involving human subjects.

Table 1. Characterization of the study cohort.

Healthy Controls n = 400

sex, female/male [n/n] 200/200
age, median (95% CI) [y] 31 (29–32)

Thyroid Patients n = 423
sex, female/male [n/n] 362/61

age, median (95% CI) [y] 49 (47–51)
GOI, n (%) 61 (14.4%)
TCa, n (%) 17 (4.0%)

Hypo, n (%) 61 (14.4%)
GD, n (%) 73 (17.3%)
HT, n (%) 211 (49.9%)

GOI—goitre; TCa—thyroid carcinoma; Hypo—hypothyroidism; GD—Graves’ disease; HT—Hashimoto’s thyroiditis.

4.2. Generation of Recombinant SEAP-SELENOP Reporter Proteins

The cDNA of secreted alkaline phosphatase (SEAP) was amplified by PCR and inserted
into plasmid pIRESneo (Clontech, Palo Alto, CA, USA) giving rise to pIRESneo-SEAP. A
cDNA of a UGA-free human SELENOP reading frame was synthesized, whereby UGA
codons were replaced by cysteine codons by a commercial supplier (Eurofins Genomics
GmbH, Ebersberg, Germany). The fragment was amplified by PCR and ligated into
pIRESneo-SEAP, amplified in E. coli and sequence verified. Recombinant protein was
produced via stable expression of pIRESneo-SEAP-SELENOP in HEK 293 cells. Cell culture
supernatants containing the secreted recombinant protein were collected and used as
reporter in the SELENOP-aAb detection assay.

4.3. Immunoluminometric Assay for Detection of SELENOP-aAb

The immunoluminometric assay is based on the binding of aAb to recombinant SEAP-
SELENOP, followed by precipitation of the antibody–antigen–reporter complex by protein
A. To this end, diluted supernatants of HEK293 cells expressing SEAP-SELENOP was
incubated with 5 μL serum sample at 4 ◦C overnight. On the second day, the same volume
(40 μL) of a protein A slurry (ASKA Biotech GmbH, Berlin, Germany) was added and
incubated for 1 h at RT. Complexes formed were washed 6 times with washing buffer
(50 mM Tris HCl, pH 7.4, 100 mM NaCl, 10% glycerol, and 0.5% Triton X-100), removing
unbound SEAP-SELENOP and other serum proteins. Finally, reporter activity was detected
as luminescence signal by a luminometer (Berthold Technologies GmbH, Bad Wildbad,
Germany). Binding index (BI) was calculated for each sample by dividing the relative light
units (RLU), obtained with the average RLU from the lowest 50% of signals in the same
assay plate, which was set as BI = 1.0. This mathematical method for background signal
definition was based on the assumption that SELENOP-aAb were present in less than 50%
of the samples tested. During the analyses, the inter- and intra-assay CV was determined
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to be below 20% based on the analysis of selected positive and negative serum samples
included into each assay run.

4.4. Isolation of Immunoglobulins (IgG) from Serum Sample

Total IgGs were isolated from five positive and ten negative serum samples by precip-
itation with Protein A slurry (ASKA Biotech GmbH, Berlin, Germany). To this end, serum
samples were incubated with 2 volumes of protein A in PBS (50%) overnight at 4 ◦C. The
supernatants were discarded, and the pellets were washed 6 times with PBS. Precipitated
IgG were eluted with 3-fold volume of citric acid (25 mM, pH 2.0) and neutralized using
1-fold volume of HEPES (1 M, pH 8.0).

4.5. Quantification of GPX3 Activity and Total Se and SELENOP Concentrations

GPX3 activity in serum samples was determined by a coupled enzymatic test monitor-
ing NADPH decline at 340 nm due to glutathione reductase activity catalyzing regeneration
of consumed glutathione by GPX during H2O2 reduction [67]. Briefly, serum samples of
5 μL were applied to 96-well plates containing 200 μL of a test mixture, including 1 mM
NaN3, 3.4 mM reduced glutathione, 0.3 U/mL glutathione reductase, and 0.27 mg/mL
NADPH. The reaction was started by 10 μL of 0.00375% H2O2. A constant serum sample
was included into each assay run for quality control. The inter- and intra-assay CVs were
determined to be below 15% during the analyses.

Se concentrations in serum samples or in the immunoglobulin-isolates were analyzed
by total reflection X-ray fluorescence (TXRF) using a benchtop TXRF analyzer (S4 T-STAR,
Bruker Nano GmbH, Berlin, Germany), as described previously [68,69]. Briefly, serum
samples were diluted with a Ga-standard (1 mg/L, Alfa Aesar GmbH & Co KG, Karlsruhe,
Germany), applied to polished quartz glass plates, and dried at 37 ◦C overnight. Isolated
immunoglobulin complexes from SELENOP-aAb-positive and -negative serum samples
were precipitated by adding 9 volumes of ice-cold ethanol (100%) overnight at −80 ◦C, and
subsequent centrifugation for 30 min at 4 ◦C and 14,000× g. The pellets were dissolved at
80 ◦C for 2 h in 100 μL HNO3 (61%), the Ga standard was added, and sample was applied to
quartz plates and analyzed. A commercial serum standard (Seronorm, Sero AS, Billingstad,
Norway) served as control in each analytical run. The determined concentrations of Se
were within the specified range of the standard, and the inter-assay coefficient of variation
(CV) was below 5% during the analyses.

SELENOP concentrations were determined by a validated commercial SELENOP-
specific ELISA (selenOtest ELISA, selenOmed GmbH, Berlin, Germany), essentially as
described in [29]. Briefly, 100 μL of each IgG-isolate or 1:33 diluted serum samples were
applied to pre-coated 96-well plates. Standards and calibrators were included into each
assay run for quality control. The inter-assay CV was determined to be below 10%.

4.6. Luciferase-Based Reporter Gene Assay for Selenoprotein Biosynthesis in Cell Culture

A Se-responsive reporter gene assay was established using stably transfected human
embryonic kidney (HEK293) cells, expressing a luciferase reporter containing a fusion
protein of Firefly (FLuc) and Renilla (RLuc) luciferase, interrupted by an in-frame UGA
codon and a GPX4-derived selenocysteine-insertion sequence (SECIS) element, as described
previously [70]. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM/F12;
Pan-Biotech GmbH, Aidenbach, Germany), containing 10% (v/v) FCS. For reporter gene
assay, 20,000 cells per well were cultivated in 96-well plates in DMEM/F12 containing
10% (v/v) FCS for 24 h and stimulated by different sources of Se (sodium selenite or
human serum) in the absence or presence of an anti-SELENOP antibody (0.8 ng/mL f.c.,
#SM-MAB-7356, selenOmed GmbH, Berlin, Germany).

The two human sera used in this experiment were tested free of SELENOP-aAb. The
Se concentrations of these serum samples used in the in vitro studies were (a) 100.6 μg/L
and (b) 109.7 μg/L, corresponding to the final Se concentrations in the cell culture mediums
(0.5% serum, v/v), of 6.4 nM and 6.9 nM, respectively. After 48 h of incubation, medium
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was removed and cells were lysed in 40 μL passive Lysis puffer (PromoCell, Heidelberg,
Germany) for 10 min at RT and stored at −30 ◦C to support cell lysis until measurement. For
the detection, 25 μL of cell lysates were transferred into white 96-well plates, and Renilla lu-
ciferase activity was measured 30 s after adding coelenterazine (100 μL/well, 2.5 μg/mL in
PBS, Synchem UG, Altenburg, Germany) using a microplate reader (PerkinElmer, Waltham,
MA, USA).

4.7. Statistical Analyses

Statistical analyses were performed using SPSS (version 25, SAS Institute, Cary, NC,
USA) or GraphPad Prism v.9.1.2 (GraphPad Software Inc., San Diego, CA, USA). The results
are represented as mean with SD, as median with interquartile range, or by displaying
the individual values. Normal distribution of values was tested by the Shapiro–Wilk
test. Comparisons between two groups were conducted by unpaired t-test, and non-
normally distributed variables were compared with the Mann–Whitney test. Correlations
were tested by Pearson’s correlation analysis and for non-normally distributed variables
by Spearman’s correlation test. p-values < 0.05 were considered significant; * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001.

5. Conclusions

The results indicated an impairment of SELENOP-dependent Se transport by natural
SELENOP autoantibodies, and suggest that the characterization of health risk from Se
deficiency may need to include autoimmunity to SELENOP as additional biomarker of Se
status. Thereby, patients with “functional Se deficits” may be identified as those who may
display a particular requirement for a sufficiently high Se intake and are likely to respond
positively to adjuvant Se in clinical supplementation trials.
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Abstract: SELENOF is a member of the class of selenoproteins in which the amino acid selenocysteine
is co-translationally inserted into the elongating peptide in response to an in-frame UGA codon
located in the 3′-untranslated (3′-UTR) region of the SELENOF mRNA. Polymorphisms in the 3′-UTR
are associated with an increased risk of dying from prostate cancer and these variations are functional
and 10 times more frequent in the genomes of African American men. SELENOF is dramatically
reduced in prostate cancer compared to benign adjacent regions. Using a prostate cancer tissue
microarray, it was previously established that the reduction of SELENOF in the cancers from African
American men was significantly greater than in cancers from Caucasian men. When SELENOF
levels in human prostate immortalized epithelial cells were reduced with an shRNA construct, those
cells acquired the ability to grow in soft agar, increased the ability to migrate in a scratch assay
and acquired features of energy metabolism associated with prostate cancer. These results support
a role of SELENOF loss in prostate cancer progression and further indicate that SELENOF loss
and genotype may contribute to the disparity in prostate cancer mortality experienced by African
American men.

Keywords: prostate; cancer; selenium; selenoprotein; tumor suppressor

1. Introduction

Prostate cancer remains a significant clinical problem in the US, with an estimated
248,530 men diagnosed with the disease and 34,130 men dying from prostate cancer in 2021,
making death from prostate cancer the second leading cause of death among American
men [1]. Moreover, genetic factors contribute to prostate cancer risk; individuals with
first-degree relatives diagnosed with prostate cancer have a higher risk of disease (as
confirmed by meta-analysis [2]). However, most men with prostate cancer do not have a
known family history, which strongly suggests that high-risk genetic factors are likely to
be of relatively low penetrance and may be influenced by environmental variables.

Epidemiological studies report an inverse association between selenium (Se) levels
and risk of several cancer types [3]. There are 25 human selenium-containing proteins or
selenoproteins containing selenocysteine [4]. One selenoprotein implicated in prostate
cancer etiology is SELENOF [5] which was originally identified as a human T cell 15 kDa
protein that labels with 75Se and is expressed at high levels in the prostate [6,7]. SELENOF
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belongs to the family of selenium-containing proteins in which selenium is inserted co-
translationally in response to a UGA codon in the corresponding mRNA [8]. Notably,
the function of SELENOF remains unknown. In most cell types, SELENOF resides in the
endoplasmic reticulum (ER) in a complex with UDP-glucose: glycoprotein glucosyltrans-
ferase (UGGT), which helps to maintain correct protein folding [9]. However, SELENOF is
uniquely associated with the plasma membrane in normal prostate epithelial cells [10].

The SELENOF gene is polymorphic in the 3′-untranslated region (UTR) that recognizes
in-frame UGA codons as the amino acid selenocysteine [6]. Polymorphisms at positions
811 and 1125 form a haplotype where a C at 811 always corresponds to a G at 1125 and
a T at 811 always corresponds to an A at 1125. Using two different specialized reporter
constructs, these genetic variations were shown to be functional and likely determine the
amount of SELENOF made as a function of selenium availability [7,11]. A potential role for
SELENOF in carcinogenesis in multiple organ types is indicated by several lines of evidence,
including loss of heterozygosity in breast cancers [11,12] and the association of specific
polymorphisms of SELENOF and the risk of colorectal cancer [13,14]. Genetic data implicate
SELENOF in prostate cancer etiology, with a statistically significant association between
SELENOF polymorphisms, plasma selenium levels, and prostate cancer mortality [15].
Indeed, 811/1125 polymorphisms exhibit a trend toward association with prostate cancer-
specific mortality.

Epidemiological data reported by Penney et al. [15] and our in vitro data [7,11] in-
dicate an interaction between selenium and SELENOF, and its association with prostate
cancer mortality. Selenium is distributed to the body from the liver as a component of
selenoprotein P (SELENOP), previously referred to as SEPP1 [5], which contains 10 or
more UGA-encoded selenocysteine residues. There are two functional polymorphisms in
the gene for SELENOP, one a coding single-nucleotide polymorphism (SNP) (rs3877899,
Ala234Thr) that influences plasma selenium levels [16] and another in the 3′ UTR that effects
SELENOP synthesis (rs7579). These polymorphisms interact with SELENOF alleles to
impact prostate cancer risk in a cohort of European men [17].

Studies using human tissues have supported a role for the loss of SELENOF in prostate
cancer etiology. SELENOF localizes to the plasma membrane in normal human prostate
tissues, but not in other tissues, where its location is predominately in the ER and levels
are dramatically reduced in prostate cancers compared to adjacent benign tissue [10]. The
Gleason Grade Group, an indicator of prostate cancer aggressiveness, negatively associates
with SELENOF genotype [10]. While these data provide an indication of a contributing
role for SELENOF loss in prostate cancer incidence or severity, the studies presented here
were designed to obtain evidence that the loss of SELENOF may directly contribute to
disease progression.

2. Results

2.1. Lower Levels of SELENOF in Human Prostate Tissues Obtained from African American and
Caucasian Men

Previously, we reported that lower levels of SELENOF were found in prostate cancer
of African Americans compared to that from Caucasian men [10]. Here, a disparity TMA set
was obtained from the Prostate Cancer Biorepository Network (PCBN) containing primarily
high-grade tumor and matched benign prostate tissue cores (4 tumor and 4 benign tissue
cores) from 60 Caucasian and 60 African American men matched on age +/− 3 years,
Gleason grade, and stage. The TMA slides were stained using a validated SELENOF
specific antibody to determine SELENOF levels, an E-cadherin antibody to identify regions
of epithelial cells and to designate membrane localization, and DAPI to stain the nucleus
of each cell. Only areas of the obtained images with both E-cadherin and SELENOF were
used in the analysis to exclude stromal regions and non-specific background signal. As we
published previously [10], SELENOF was expressed mainly in the epithelial cells and not
in the stromal cells and was located near the lateral and basal membrane of the epithelial
cells with undetectable levels on the apical side facing the lumen. Prostate cancer had
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dramatically lower levels of SELENOF compared to adjacent benign tissue with diffuse
staining throughout the cytoplasm (See Figure 1 for representative images).

Figure 1. SELENOF levels are lower in prostate cancer compared to benign prostatic tissue. A
representative immunofluorescent image of SELENOF (green) and E-cadherin (red). The top images
show a region of benign prostatic tissue and the bottom images represent a region of prostate cancer.
(Magnification = 20×). Staining with anti-E-cadherin antibodies was included both as a marker for
the outer membrane and to restrict quantification of images to epithelial cells.

The comparisons of SELENOF intensities between benign and tumor-appearing re-
gions, and between races are listed in Supplemental Table S1. We analyzed averaged SE-
LENOF levels, and the relative amount or percentages of membrane associated SELENOF,
calculated as the amount of SELENOF that co-localized with E-cadherin, compared to
that amount determined for the entire cell. Paired t-tests revealed that SELENOF levels and
distribution were dramatically lower in cancer cells when compared to benign tissues, consistent
with our previous study [10]. Differences in SELENOF levels that co-localized with E-cadherin,
presumably at the outer cellular membrane, were analyzed by paired t-test for significance. SE-
LENOF levels that did not co-localize with E-cadherin were considered cytoplasmic. Regardless
as to whether signals obtained were from the membrane or cytoplasmic regions, epithelial cells
from prostate cancer cores had significantly lower levels and percentages of SELENOF in the
membrane than benign prostate cores (Supplemental Table S1, top).

To investigate if there was a difference in SELENOF levels between African Americans
and Caucasians, race comparisons on log transformed SELENOF levels, the relative cellular
distribution were performed for each tissue and for the benign versus cancer differences
(Supplemental Table S1, bottom). There were no significant differences in SELENOF levels
or membrane percentages in benign prostate tissues between Caucasians and African
Americans, regardless of whether the entire cell, cytoplasmic, or membrane regions were
considered. Contrary to the previous study indicating that prostate tissue from African
Americans had lower levels of SELENOF compared to that of Caucasians [10], tissue from
African Americans had significantly higher levels of SELENOF in prostate cancer cores
compared to Caucasians. Possible reasons for the differences in these results include the dif-
ferent designs of the TMAs, the much smaller sample size for the TMA presented here and
much fewer low-grade cancers in this analysis compared to the previous one. The higher
levels of SELENOF in African American cancer cells were statistically significant whether
the entire cell (p = 0.036), cytoplasmic (p = 0.036), or membrane (p = 0.024) regions were
compared. Similar race differences were also found in the cytoplasmic (p = 0.047), mem-
brane (p = 0.039) regions, and the entire cell (p = 0.036). The difference in SELENOF levels
and distribution between benign and cancer cells were slightly higher in African Americans
than Caucasian samples, although these differences were not statistically significant.
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To assess if membrane-located SELENOF levels were associated with prostate cancer
stage, and if race modified the association, multivariate ordinal logistic regression models
for Gleason score were employed. In these models, the effects of SELENOF that co-localized
with the outer membrane-located protein E-cadherin in terms of percentage, race, and their
interactions were tested. Gleason grading is a scoring system used by pathologists based on
histology [18]. Each prostate core is assigned a score ranging from 1 to 5, with 1 representing
benign, well-differentiated glands, 3 representing moderately differentiated glands, and
5 representing poorly differentiated glands [18]. Two scores are reported with the primary
score being the most prevalent Gleason grade in the biopsied core and a secondary score
representing the second most prevalent Gleason grade [19]. The primary and secondary
scores are added together to calculate the Gleason score [19]. Out of 60 African American
and 59 Caucasian patients, 20 (16.8%) patients had Gleason grade of 3 + 3, 26 (21.9%)
had 3 + 4 or 3 + 5, 19 (16.0%) had 4 + 3, and 54 (45.4%) had 4 + 4, 4 + 5, or 5 + 4. In the
multivariate ordinal logistic regression models, Gleason grades 4 or higher were treated
as an ordered categorical outcome SELENOF distribution (percentages) and interactions
with race were examined separately as the SELENOF percent distribution in cancer and
benign cells (Supplemental Table S2a), and benign minus cancer percentage differences
(Supplemental Table S2b).

The model selection process of SELENOF distributions in benign and cancer cells,
and interactions between race and cancer cell membrane distribution indicated signifi-
cant associations with Gleason grades. Higher cytoplasmic levels decreased the risk of
higher Gleason grades (OR = 0.92, p-value = 0.0003). Among Caucasian patients, higher
membrane levels strongly reduced the risk of higher Gleason grades (estimate = −0.34,
p-value = 0.0006; OR of Caucasian membrane association is 0.71). Such protective effects of
membrane localization were significantly reduced in African American patients (estimate
of interaction = 0.26, p-value = 0.0132). The effect of SELENOF in the membrane of cancer
cells in African American patients had an OR closer to 1 compared to that in Caucasians
(OR = 0.92, p-value = 0.015).

The model selection process for the ordinal logistic regression model using benign-
cancer SELENOF percent differences, race, and their interactions as predictors for Glea-
son grades revealed race-differential effects of the benign-cancer difference in SELENOF
percentages in the entire cell and in the cytoplasm (Supplemental Table S2b). Benign-
cancer cell percent differences did not influence Gleason grade in Caucasians (OR = 0.98,
p-value = 0.80). However, an increase in benign-cancer cell SELENOF percent difference in
the entire cell significantly increased the risk of having higher Gleason grade for African
Americans (OR = 1.57, 95% CI = 1.2, 2.04). These results indicated that African Americans
were almost 1.6 times more likely to have a higher Gleason score with each percent increase
in the difference in SELENOF levels between benign and prostate cancer. Similarly, the
benign-cancer cytoplasmic percent difference did not influence Gleason grades among
Caucasians (OR = 0.999, p-value = 0.99). However, an increase in the benign-cancer cell
SELENOF cytoplasmic percentage difference significantly reduced the risk of having a
higher Gleason grade for African Americans (OR = 0.59, 95% CI = 0.43, 0.80). In other
words, among African Americans, each percent increase in the benign-cancer cytoplasmic
difference resulted in and odds of 1/0.59 = 1.70 times in having a lower Gleason grade.

2.2. Reducing SELENOF Levels Alters Phenotypes Associated with Transformation

To investigate whether the loss of SELENOF in prostate cancer indicates a tumor
suppressor function, immortalized and non-transformed RWPE-1 human prostate cells
were used because of their high expression of SELENOF and similar localization of SE-
LENOF near the plasma membrane as seen in human benign tissues [10]. Four shRNA
constructs and a scramble construct were obtained, transfected into RWPE-1 cells and
stably transfected RWPE-1 cells were selected using puromycin. Pools and individual
clones of SELENOF shRNA and SELENOF scramble transfected cells were isolated and
expanded. As shown in Figure 2A, parental RWPE-1 cells and the pool of RWPE-1 cells
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transfected with the scramble shRNA construct exhibit high levels of SELENOF. Two of
the SELENOF shRNA transfectant pools, designated shRNA B and shRNA D, displayed
reduced levels of SELENOF by approximately 60% and 20%, respectively (Figure 2A).
Fluorescent signals from the Western blots were quantified and presented as a fold change
compared to the parental RWPE-1 cells below the corresponding Western blot. There was
no significant difference in SELENOF levels between the parental RWPE-1 cells and the
RWPE-1 scramble pool cells. SELENOF levels were significantly lower in shRNA B RWPE-1
cells and shRNA D RWPE-1 cells compared to the parental RWPE-1 cells (p < 0.001 and
p < 0.05, respectively).

Figure 2. Reduction of SELENOF levels in RWPE-1 cells. (A) SELENOF levels were successfully
reduced with an shRNA vector. Western blots using anti-SELENOF antibodies were quantified and
a two-tailed t-test was performed for significant differences parental RWPE-1 cells and transfected
RWPE-1 cells. n = 3, * p < 0.05, *** p < 0.001. (B) Fluorometric dsDNA quantification was performed
after 3 days. Data are represented as the mean ± SEM, ns, not significant, n = 3. (C) Parental RWPE-1
and RWPE-1 scramble cells exhibit SELENOF membrane-associated localization shown in red, similar
to what is seen in human benign tissues. Nuclei are stained blue with DAPI. Both shRNA RWPE-1
transfected clones have diffuse SELENOF staining in the cytoplasm similar to what is seen in prostate
cancer tissue and prostate cancer cell lines (magnification is 63×).
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The reduction of SELENOF levels did not alter the proliferation of shRNA RWPE-
1 cells relative to RWPE-1 scramble cells after 24, 48, and 72 h (Figure 2B). Given the
localization of SELENOF in RWPE-1 cells near the plasma membrane [10], SELENOF was
visualized by immunofluorescence to determine if any changes in localization occurred
with the reduced SELENOF levels (Figure 2C). Both pools of RWPE-1 shRNA cells exhibited
lower levels of SELENOF. SELENOF staining was in a diffuse pattern throughout the
cytoplasm that was consistent with what was seen previously in prostate cancer tissues
and prostate cancer cell lines [10]. With the greatest reduction in SELENOF achieved in
the SELENOF shRNA B pool cells compared to either native RWPE-1 cells or an expanded
clone transfected with a control, scrambled shRNA construct, further experiments utilized
two individual clones derived from the shRNA B pool, each with a similar reduction in
SELENOF as seen in the pool samples.

To investigate if the reduction of SELENOF could alter the phenotype of parental
RWPE-1 cells, RWPE-1 scramble, and two individual clones of shRNA RWPE-1 cells, were
subjected to commonly used assays of cellular transformation. The ability of cells to grow
in semi-solid media was assessed as anchorage-independent growth, a common phenotype
of transformation [20–22]. Five thousand cells were seeded in semi-solid media, allowed to
grow into colonies and imaged. As shown in Figure 3A, parental RWPE-1 and RWPE-1
scramble cells did not form any colonies in the semi-solid media. In contrast, clone 1 of
the shRNA B RWPE-1 cells formed approximately 500 colonies per seeded 5000 cells and
clone 2 of the shRNA B RWPE-1 cells formed approximately 1000 colonies per seeded 5000.
These results indicated that reducing SELENOF levels in non-transformed RWPE-1 cells
promoted anchorage-independent growth, a phenotype of transformation.

A scratch or wound healing assay was next used to determine the ability of cells to
migrate on a tissue culture dish, a surrogate for aggressive or advanced cancer cells [23].
Parental RWPE-1, RWPE-1 scramble, and two clones of shRNA RWPE-1 cells were plated
to form a fully confluent cell monolayer. A scratch was created using a pipette tip and the
width of the scratch was measured. Although no differences in proliferation were observed
when SELENOF levels were reduced, aphidicolin was used as an anti-proliferative agent to
ensure differences in proliferation would not affect the results. Forty-eight hours after the
initial scratch, both shRNA RWPE-1 clones nearly closed the wound completely while the
parental RWPE-1 and RWPE-1 scramble-transfected cells only decreased the width of the
wound slightly (Figure 4A). The widths of the scratch at 24 and 48 h were compared to the
initial scratch width made at 0 h as a fold change (Figure 4). No significant difference was
observed when the RWPE-1 scramble pool cells when compared to the parental RWPE-1
cells. Both shRNA RWPE-1 clones significantly migrated faster when compared to the
RWPE-1 scramble cells at 48 h (p < 0.0001, Figure 4B).
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Figure 3. Reduction of SELENOF in RWPE-1 cells results in anchorage-independent growth. (A) Rep-
resentative images of cells cultured in soft agar used to quantify the number of colonies formed.
RWPE-1 and RWPE-1 scramble C1 did not form any colonies. (B) Quantification of the average
number of colonies formed per 5000 cells plated. Data are represented in mean ± SEM, n = 3, and a
two-tailed paired t-test was used to determine statistical differences *** p < 0.001.

Figure 4. Cont.
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Figure 4. Reduction of SELENOF increases the migration of RWPE-1 cells in a scratch assay. (A) Rep-
resentative images were captured at 0 h, 24 h, and 48 h for RWPE-1, RWPE-1 scramble, and 2 clones
of RWPE-1 shRNA SELENOF cells. (B) Quantification of the scratch from three independent experi-
ments are shown. The images were captured using the EVOS FL Auto Imaging system (ThermoFisher)
and the width was measured using ImageJ. Data are represented as the mean ± SEM, ns, not significant,
n = 3 and a two-tailed paired t-test was used to determine statistical significance, *** p < 0.001.

2.3. Effects of SELENOF on Metabolism

The metabolism of the benign prostate includes a truncated TCA cycle with glycol-
ysis predominating to accumulate high levels of citrate required for sperm health [24].
Prostate carcinogenesis often involves a shift in energy metabolism from glycolysis to
oxidative phosphorylation [25,26]. To investigate the effects of SELENOF on mitochondrial
respiration in prostate cells, the oxygen consumption rate (OCR) of RWPE-1 cells with
reduced SELENOF and control cells were measured in real time using the Seahorse XFe24
platform. The OCR is presented as the fold change of shRNA RWPE-1 cells compared
RWPE-1 scramble cells in Figure 5. Reducing the levels of SELENOF significantly increased
basal oxidative phosphorylation by approximately 3-fold (Figure 5A) compared to control
RWPE-1 scramble cells. Maximal respiration is calculated by measuring the OCR after ATP
synthase is inhibited by oligomycin and an uncoupler, FCCP, is injected into the assay. The
spare respiratory capacity is the difference between the peak of OCR after FCCP injection
and the initial basal OCR. Reducing the levels of SELENOF in RWPE-1 cells resulted in
increased maximal respiration and spare respiratory capacity by 3.5-fold (Figure 5B) and
4-fold (Figure 5C), respectively. ATP production (Figure 5D), which is determined as the
difference in OCR before and after oligomycin injection that inhibits ATP synthase also
increased by 3-fold. Together, these results indicate that the reducing SELENOF levels in
RWPE-1 cells increase mitochondrial respiration and presumably ATP synthesis.

A recent study using hepatic cells isolated from SELENOF knockout mice indicated
differences in the levels of proteins related to energy metabolism, specifically in pathways
involving glycolysis/gluconeogenesis and the TCA cycle compared to control mice [27]. In
addition, SELENOF knockout mice experienced a greater frequency of glucose and lipid
metabolism disorders [28]. Given these observations, changes in AMP-activated protein
kinase (AMPK) in SELENOF knock down cells were explored due to its central role in
cellular metabolism. AMPK is activated by phosphorylation at Thr172 when ATP levels
decline resulting in the stimulation of glucose utilization for ATP production. Reducing
SELENOF in RWPE-1 cells resulted in an approximately 1.7–2-fold increase in pAMPK
levels without changes in total AMPK (Figure 6A). Both a representative Western blot and
the quantification of the signals are shown in the figure.
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Figure 5. Reduction of SELENOF increases oxygen consumption in RWPE-1 cells. Average fold changes are represented
for (A) basal, (B) maximal respiration after FCCP injection, (C) spare respiratory capacity (difference in peak OCR and
basal measurements), and (D) mitochondrial ATP production (difference before and after oligomycin injection). Data are
presented as the mean ± SEM, n =3, two-tailed paired t-test, * p < 0.05, ** p < 0.01, n = 3.

Another key regulator of metabolism and a target of pAMPK is acetyl-CoA carboxylase
(ACC), which functions in the production of the malonyl-CoA substrate for the biosyn-
thesis of fatty acids as an alternative energy source [29]. Inhibitory phosphorylation at
Ser79, was determined by Western blotting with pACC specific antibodies (Figure 6B).
Reducing SELENOF levels resulted in increased phosphorylation of ACC without changes
to total ACC levels. Together, the increased phosphorylation of AMPK and ACC when
SELENOF levels are reduced indicate a potential function of SELENOF in glycolysis and
lipid metabolism.

Figure 6. Cont.
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Figure 6. Reducing SELNENOF levels resulted in enhanced phosphorylation of AMPK and ACC in
RWPE-1 cells. (A) Representative Western blots using anti-SELEONOF antibodies demonstrating the
increase in the phosphorylation of AMPK in shRNA RWPE-1 cells without changes in total AMPK.
(B) Representative Western blot and quantification of the changes in the phosphorylation of ACC and
total levels of ACC. Florescent intensities were quantified and are shown next to the corresponding
Western blots of three independent biological replicates. The data are presented as the mean ± SEM,
n = 3, ns, not significant, * p < 0.05, ** p < 0.01.

3. Discussion

Loss of SELENOF was considered to be a significant occurrence in prostate cancer
progression due to the lower levels in prostate cancers and the association of polymor-
phisms in the SELENOF gene with prostate cancer mortality [10,15]. In order to extend
these observational studies to a model that can begin to assess functional consequences
to its loss, SELENOF levels were reduced in the RWPE-1 non-tumorigenic prostate cell
line. As a result, these cells acquired the characteristics of the transformed phenotype,
including growth in soft agar and increased migration. In addition, the shift to a more
aerobic respiration from a glycolytic means of energy production mirrors the changes that
happen during the progression of normal prostate epithelium to malignancy. Collectively,
these cell culture studies indicate that loss of SELENOF is very likely contributing to disease
progression and that loss is not a bystander effect of the carcinogenic process.

Neither the function of SELENOF nor the molecular consequences of its loss are
understood. In most cell types, SELENOF is located in the ER, and its location in the ER
and tight binding to UGGT, a protein that functions in protein disulfide bond formation
and quality control in that organelle, indicates that SELENOF may contribute to that
process [9]. In contrast, SELENOF appears to reside in the cell membrane of benign
prostatic epithelia based on its co-localization with E-cadherin, being excluded from the
apical portion facing the lumen [10]. These observations indicate that SELENOF may have
a function in regulating the secretion of bioactive proteins or compounds. Studies with
SELENOF knockout mice have indicated the enhanced secretion of non-functional IgM,
leading the authors to suggest that SELENOF was a “gatekeeper of secreted disulfide-rich
glycoproteins” [30]. Determining whether the loss of SELENOF contributes to prostate
cancer progression via a secretory mechanism involving the release of proteins that promote
cancer initiation or progression will require additional studies.

The data presented herein along with previous results indicate that the loss of SE-
LENOF during prostate cancer progression may contribute to the disparity in prostate
cancer among African American men. The cell culture work provided evidence that lower
levels of SELENOF have a physiological impact on prostate epithelial cells. Additionally,
prostatic cancers seen in African American men have a lower level of SELENOF [10] with a
greater difference between the tumor and benign tissue than Caucasian men. Moreover,
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the haplotype much more frequent among the genomes of African Americans is predicted
to result in less SELENOF based on cell culture studies with reporter constructs that
specifically determine the impact of these variations on the recognition of in-frame UGA
codons as selenocysteine [8,11]. In addition, SELENOF levels are affected by selenium
availability, and this is likely to occur to a greater extent among those with the at-risk
haplotype, and several reports have indicated that African Americans exhibit lower levels
of selenium [10,31]. The loss of SELENOF in prostate cancers may therefore be a risk factor
present disproportionally among the genomes of African Americans that can help guide
clinicians in their decisions regarding treatment options. Restoring SELENOF levels may
also be developed as a new therapy to treat men with the detrimental genetic variation or
greatest loss of SELENOF during cancer progression. Rather than an approach to increasing
SELENOF levels using selenium supplementation, we suggest that future studies address
the reasons for SELENOF loss in prostate cancers to develop a targeted approach, given
concerns raised about selenium supplementation and the potential for enhancing the risk
of cancer and other diseases [32–34].

4. Materials and Methods

Tissue Microarray (TMA). The “120 Case High Grade Race Disparity TMA” was
obtained from the Prostate Cancer Biorepository Network (PCBN). This TMA contains
tumor and matched benign prostate tissue from 60 self-identified Caucasian and 60 self-
identified African American patients matched by age +/− 3 years, Gleason grade, and
stage and is enriched for cases with a Gleason score ≥8.

Cell Culture and Plasmid Construction. Immortalized non-transformed RWPE-1
prostate epithelial cells were obtained from ATCC and maintained in keratinocyte serum
free media (Gibco. Langley, OK, USA). The media was supplemented with recombinant
epidermal growth fact (rEGF) and bovine pituitary extract (BPE). The PC-3 human prostate
carcinoma cell line was maintained in RPMI-1640 media (Gibco, Cat#: 11,875) supple-
mented with 10% fetal bovine serum (Gemini Bio, West Sacramento, CA, USA), 100 U/mL
penicillin and 100 μg/mL streptomycin (Gibco). All cells were maintained at 37 ◦C with
5% CO2. Identity verification of the cell lines was performed by Genetica Cell Line Testing
(Burlington, NJ, USA) and the Clinical Molecular Pathology Laboratory at UIC by short
tandem repeat (STR) analyses. SELENOF shRNA and control scramble RNA were pur-
chased from Origene Technologies (Cat#: TG316,856) and transfected into RWPE-1 cells
using ContinuumTM transfection reagent (Gemini Bio, Cat#: 400–700). Transfected cells
were selected in 1 μg/mL puromycin (Sigma-Aldrich, St. Louis, MO, USA), individual
clones were isolated and expanded for RWPE-1 scramble shRNA transfected cells and
RWPE-1 shRNA cells.

Quantification of SELENOF mRNA. Cells were allowed to grow to 90% conflu-
ency and total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen, Hilden,
Germany, Cat#: 74134) according to the manufacturer’s protocol. The RNA was reverse-
transcribed using the high-capacity cDNA reverse transcription kit (Thermofisher, Waltham,
MA, USA, Cat#: 4368814) without changes to the protocol. Utilizing the Fast SYBR
Green Master Mix (Thermofisher, Cat#: 4,385,612) and QuantStudio 6 Flex Real-time PCR
System (Thermofisher), fold changes were calculated using the delta–delta CT method using
GAPDH as the internal amplification control. SELENOF was amplified using 6 pmol of forward
(5′–TGCGGAAAATGGTAGCGAT–3′) and reverse (5′–CATGCCTCCGATGAAAACTCT–3′)
primers per reaction. GAPDH was amplified as an internal control using 6 pmol of forward (5′–
ACCCCTTCATTGACCTCAACTA–3′) and reverse (5′–ATCGCCCCACTTGATTTTG–3′) primers.

Western Blotting. Cells were grown to approximately 90% confluency, harvested, and
lysed using 1x cell lysis buffer (Cell Signaling Technology, Danvers, MA, USA) contain-
ing both protease and phosphatase inhibitors (Millipore). Protein concentrations were
measured using the Bradford assay (Bio-Rad, Hercules, CA, USA) and measured using a
spectrophotometer (Bio-Rad). Lysates were combined with NuPAGE LDS loading buffer
(Life Technologies, Carlsbad, CA, USA) and 1x reducing agent (Life Technologies) and
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boiled at 95 ◦C for 10 min. The prepared lysates were electrophoresed on a gradient 4–12%
Bis-Tris denaturing polyacrylamide gel (Life Technologies). After electrophoresis, proteins
were transferred to a small pore nitrocellulose membrane (Thermofisher). Membranes
were blocked using Licor blocking buffer (LI-COR, Lincoln, NE, USA) for 1 h and incu-
bated overnight with antibodies at 4 ◦C. SELENOF antibody (Abcam, Waltham, MA, USA)
was used at 1:2000, GAPDH (Cell Signaling Technologies, Cat#: 2118) at 1:10,000, β-actin
(Abcam) at 1:10,000, pAMPKThr172 at 1:1000 (Cell Signaling Technologies, Cat#: 2535),
AMPKα at 1:1000 (Cell Signaling Technologies, Cat#: 5832), pACCS79 at 1:1000 (Cell
Signaling Technologies, Cat#: 11,818), ACC at 1:1000 (Cell Signaling Technologies, Cat#:
3676) concentrations. Secondary antibodies, either anti-rabbit or anti-mouse (LI-COR Bio-
sciences), were used at 1:5000 concentrations. The membrane was visualized and analyzed
using the Odyssey® CLx imaging system (LI-COR Biosciences).

Cell Proliferation and Growth in Semi-Solid Media. Proliferation was measured
using the FluoReporter blue fluorometric dsDNA quantitation kit (Thermofisher, Cat#:
F-2962). An equal number of cells (5000 cells/well) were plated on a 96-well plate (Corning
Inc., Glendale, AZ, USA) in triplicate and were incubated at 37 ◦C for 3 days according
to the manufacturer’s protocol. Growth in semi-sold agar was assayed using a 6-well
plate with an equal number of cells in each well (5000 cells/well) containing 0.6% agar
(Gibco) and culture media. Cells were incubated at 37 ◦C for 6 weeks, imaged using an
EVOS FL Imaging System (Invitrogen, Waltham, MA, USA and counted using Celeste
software (Invitrogen).

Wound Healing Assay. Cells plated for the wound healing or scratch assays were
incubated on a 6-well plate until 100% confluency. The wound or scratch was generated
by dragging a pipette tip through the middle of the well across the monolayer of cells.
The media was replaced after the scratch was created. Aphidicolin (Cayman Chemical,
Cat#: 14,007, Ann Arbor, MI, USA), a cell proliferation inhibitor, was added at 1 μ/mL to
each of the wells. Images of the wound were captured using an EVOS FL imaging system
(Invitrogen, Waltham, MA) at 0 h, 24 h, and 48 h after the initial scratch. Three areas of the
wound closure were measured using ImageJ and averaged for each of the conditions.

Oxygen Consumption. Oxygen consumption rate (OCR) was used as a surrogate for
oxidative phosphorylation using a Seahorse XF analyzer and Seahorse XF cell mito stress
test kit (Agilent Technologies, Inc., Santa Clara, CA, USA) according to the manufacturer’s
protocol. In short, oxygen consumption was measured by a fluorophore that is quenched
by the presence of oxygen. As mitochondrial respiration consumes oxygen, the signal is
measured by the instrument. The cell mito stress test kit utilizes specific electron trans-
port chain inhibitors, oligomycin, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP), and a combination of rotenone and antimycin A to measure various parameters
of mitochondrial function with OCR. Basal measurements are first obtained, followed by
sequential injections of these inhibitors. Oligomycin is an ATP synthase or complex V
inhibitor that decreases the electron flow through the electron transport chain and builds a
gradient for the next injection. This measurement after the oligomycin injection is indicative
of mitochondrial ATP production. Next, FCCP, an uncoupler of oxidative phosphorylation
is injected and disrupts the proton gradient across the mitochondrial membrane. This
enables electrons to flow freely, and this parameter is indicative of the maximal respiration
of the mitochondria. The difference between maximal respiration and the initial basal
measurement is the spare respiratory capacity or the ability of the mitochondria to re-
spond to various increased energy needs of the cell. Lastly, the combination of rotenone
and antimycin A, inhibitors of complex I and III respectively, shuts down mitochondrial
respiration completely permitting the measurement of non-mitochondrial respiration in
the cells.

Immunohistochemistry. Immunofluorescent staining of the TMA was performed
by the UIC Research Histology Core using the BondTM Research Detection System (Le-
ica Biosystems, Buffalo Grove, IL, USA, DS9455). A Leica BondTM (Leica Biosystems,
Buffalo Grove, IL, USA) was used for deparaffinization, antigen retrieval, and staining.
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The tissues were washed with bond dewax solution (Leica Biosystems, AR9222) at 72 ◦C
and then washed with 100% ethanol. Following the ethanol wash and washes with bond
wash solution (Leica Biosystems, AR9590), target antigens were unmasked by incubation
in bond ER 1 solution at pH 6.0 for 40 min at 98 ◦C (Leica Biosystems, AR9640). After the
incubation with a background sniper protein block (Biocare Medical, #BS966) for 30 min at
RT, sequential immunostaining was performed with antibodies directed against SELENOF
(Abcam, Cat#: ab124,840, rabbit monoclonal NCIR128A, 1:100 dilution) and E-cadherin
(Cell Signaling, Cat#: 14,472, mouse monoclonal 4A2, 1:100). Sections were incubated
with the primary antibodies at room temperature for 1 h followed by incubation with
Alexa-488 and Alexa-555-conjugated secTondary goat anti-mouse and goat-anti rabbit IgG
(Thermofisher Scientific, # A32,734 and #A32,732) at room temperature for 1 h. Lastly, the
slides were counterstained with DAPI and mounted with Pro-GoldTM diamond antifade
mountant (Thermofisher Scientific, #P36961). Stained tissue slides were scanned at 20x
on Vectra 3 automated quantitative imaging system (Akoya Biosciences, Marlborough,
MA, USA) and analyzed as previously described [10] by the UIC Research Tissue Imaging
Core. Briefly, images were spectrally unmixed and adjusted for tissue autofluorescence.
E-cadherin staining was used for tissue segmentation, and after cell segmentation, the
levels of SELENOF in epithelial cells were analyzed for each core. Various artifacts were
manually excluded.

Statistical Analysis. Statistical analyses were performed in SAS 9.4 by our statisti-
cal team. SELENOF levels and percentages in cancer and benign tissues from African
American and Caucasian men were compared using paired t-tests for within-individual
type of tissue comparison or independent group t-tests for race comparison. Due to
skewness in the observed individual SELENOF levels, log-transformed SELENOF mea-
sures were used in all t-tests. Multivariate ordinal logistic regression models for Gleason
sum categories were employed to assess the association between SELENOF levels, race
(African Americans vs. Caucasian), and the potential interactions between them. Two sets
of SELENOF percent measures were considered separately in the regression models: 1. SE-
LENOF percentages in cancer and benign cells; the benign minus cancer differences in
SELENOF percentages. Interactions between race and SELENOF percent or benign-cancer
differences were first tested. Then backward selections were performed for each main
SELENOF effects keeping the significant interaction terms in the model. Proportional odds
assumptions were tested for each ordinal logistic regression model. In the results, estimate
of effects, standard errors, odds ratios with 95% confidence intervals were reported. All
statistical tests are two-sided tests that control for a Type I error probability of 0.05. All other
experimental data were collected from at least three biologically independent experiments.
Results are reported as mean ± SEM and p < 0.05 were considered statistically significant.

5. Conclusions

In conclusion, the data provided here indicates that SELENOF is a prostate cancer
tumor suppressor able to alter the transformed phenotype of human prostate epithelial
cells and may contribute to the disparity in prostate cancer mortality that exists among
men of African descent.
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Abstract: Selenophosphate synthetase 1 (SEPHS1) plays an essential role in cell growth and survival.
However, the underlying molecular mechanisms remain unclear. In the present study, the pathways
regulated by SEPHS1 during gastrulation were determined by bioinformatical analyses and experi-
mental verification using systemic knockout mice targeting Sephs1. We found that the coagulation
system and retinoic acid signaling were most highly affected by SEPHS1 deficiency throughout
gastrulation. Gene expression patterns of altered embryo morphogenesis and inhibition of Wnt
signaling were predicted with high probability at E6.5. These predictions were verified by structural
abnormalities in the dermal layer of Sephs1−/− embryos. At E7.5, organogenesis and activation of
prolactin signaling were predicted to be affected by Sephs1 knockout. Delay of head fold formation
was observed in the Sephs1−/− embryos. At E8.5, gene expression associated with organ development
and insulin-like growth hormone signaling that regulates organ growth during development was
altered. Consistent with these observations, various morphological abnormalities of organs and axial
rotation failure were observed. We also found that the gene sets related to redox homeostasis and
apoptosis were gradually enriched in a time-dependent manner until E8.5. However, DNA damage
and apoptosis markers were detected only when the Sephs1−/− embryos aged to E9.5. Our results
suggest that SEPHS1 deficiency causes a gradual increase of oxidative stress which changes signaling
pathways during gastrulation, and afterwards leads to apoptosis.

Keywords: selenium; selenoprotein; SEPHS1; early embryogenesis; embryonic lethality; reactive
oxygen species

1. Introduction

Selenium (Se) is an essential trace element required in the diet of humans and other
forms of life. An adequate amount of selenium is essential to good health. For example,
Se is implicated in cancer prevention, antiviral response, boosting the immune system,
male reproduction, and embryo development [1–3]. In addition to those beneficial effects
of Se, it is notable that Se also affects the progression of pregnancy. Specifically, Se levels
and the activity of blood glutathione peroxidase were lower than average in women
who had experienced miscarriage, premature birth, or preeclampsia [4,5]. Moreover,
pregnant women who had low serum Se levels showed a high incidence of spontaneous
miscarriage [6].
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Se is the only trace element to be specified in the genetic code, and selenocysteine
(Sec) is the 21st amino acid, which is incorporated into protein in response to the UGA
codon during translation [7]. Selenoproteins contain single or multiple Sec residues in
their active sites and are known to carry out important roles, often with the beneficial
effects of Se described above [1,2]. One of most common functions of selenoproteins is
to protect cells and tissues from oxidative stress by serving as reactive oxygen species
(ROS) scavengers [8,9]. During Sec synthesis, selenophosphate serves as the selenium
donor. Selenophosphate synthetase (SEPHS) catalyzes the reaction of selenophosphate
synthesis, in which inorganic selenium and ATP are used as substrates [10]. There are
two types of SEPHSs in higher eukaryotes, SEPHS1 and 2 [11]. Both isotypes have ATP
binding and catalytic domains, and there is a high amino acid sequence homology between
them. One of the biggest differences between SEPHS1 and 2 is that SEPHS2 contains Sec in
the catalytic domain, while SEPHS1 does not. Instead, SEPHS1 contains threonine at the
position corresponding to Sec in SEPHS2 [12]. Another feature is that only SEPHS2 has the
ability to synthesize selenophosphate [13]. According to data from the International Mouse
Phenotyping Consortium, whole-gene deletion of Sephs2 did not show embryonic lethality
but showed abnormalities in heart morphology of the knockout fetuses [14]. SEPHS1,
however, is required for cell survival and proliferation [15].

The most prominent role of SEPHS1 is that it participates in the regulation of cellular
redox homeostasis [3]. In Drosophila, a P-element insertion mutation in Sephs1 (SelD) led
to embryonic lethality following the loss of imaginal disc formation [16]. Subsequently, it
was demonstrated that the embryonic lethality in Drosophila is mediated by ROS-induced
apoptosis [17]. An in vitro study using SL2 cells, an embryonic cell line of Drosophila,
showed that SEPHS1 deficiency induced ROS accumulation which in turn led to the
inhibition of cell proliferation and glutamine-dependent megamitochondria formation [18].
In addition to studies in Drosophila, systemic knockout mice targeting Sephs1 showed
embryonic lethality and complete resorption by E14.5 [19]. Knockdown of Sephs1 in
a mouse embryonic cancer cell line (F9) showed the inhibition of cell proliferation by
increased levels of ROS, specifically hydrogen peroxide [19]. Deficiency of SEPHS1 in F9
cells also reversed cancer malignancy characteristics such as cell invasion and anchorage
independence. The expression levels of glutaredoxin 1 (Glrx1) and glutathione-s-transferase
O1 (GstO1), which are involved in redox homeostasis, were significantly decreased by
SEPHS1-deficiency in F9 cells.

Oxidative stress causes numerous types of damage during embryonic development
by altering cellular macromolecules such as lipids, proteins, and nucleic acids [20]. Con-
sequently, an affected embryo undergoes growth inhibition, development retardation,
metabolic dysfunction, and apoptosis [21]. In the case of embryos cultured in vitro, high
ROS levels have detrimental effects on embryo growth, but the addition of free radical
scavengers recovers cells from the detrimental effects of ROS [22]. The importance of ROS
during development was also demonstrated by regulating the expression of antioxidant
genes. For example, disruption of thioredoxin 1 (Txn1) resulted in embryo hatching failure
and lethality shortly after implantation [23]. Thioredoxin 2 (Txn2) mutation inhibited
neural tube formation and induced massive apoptosis at E10.5 [24].

Although it is known that SEPHS1 plays an essential role for cell survival and prolifer-
ation, the underlying molecular and biochemical mechanisms have not been fully clarified.
To elucidate the role of SEPHS1 during early embryogenesis, we generated systemic knock-
out mice targeting Sephs1. Pathways and genes regulated by SEPHS1 were predicted using
various bioinformatical tools described herein, and the predicted pathways were verified
by analyzing the anatomical structure of the developing embryo.

2. Results

2.1. RNA-seq Data Analysis

We previously reported that the systemic knockout targeting Sephs1 in a mouse model
resulted in the embryo beginning to show a difference in size at E7.5 and lethality at E11.5 [19].
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In this study, the effect of SEPHS1 deficiency on early embryogenesis was analyzed in
more detail during this period. Figure 1A shows whole-embryo images obtained by optical
microscopy. There are no differences between wild-type (Sephs1+/+ and Sephs1+/−) and the
Sephs1−/− embryo at E6.5. The Sephs1−/− embryo began to show size differences from wild-
type at E7.5, and the difference extended at E8.5, wherein head folds were observed to be less
developed than in wild-type. In addition, the Sephs1−/− embryo does not turn in the final
fetal position at E9.5 and is smaller than wild-type. Unlike in the wild-type embryo, optic and
otic vesicles were not observed, although the allantois still remained, and three primary brain
vesicles (prosencephalon, mesencephalon, and rhombencephalon) were observed as being
immature. At E9.5, no vitelline vessel was found in the yolk sac (arrow in Figure S1A). At
E10.5, the size of the Sephs1−/− embryo was dramatically reduced from that at E9.5 (data not
shown) and the embryo appeared to be fully absorbed at E11.5 (arrowhead in panel E11.5 of
Figure 1A). We used 32, 24, 34, 20, 17, and 10 embryos at E6.5, E7.5, E8.5, E9.5, E10.5, and E11.5,
respectively (See Materials and Methods for more detailed information). All the embryos
that had the same genotype and were prepared at the same embryonic day showed similar
phenotypes both in size and in morphology.

Figure 1. Transcriptome analysis of Sephs1−/− embryos. (A) Morphology of wild-type and Sephs1−/− embryos after
dissection. The yolk sac was removed after E8.5. Arrowhead indicates absorbed Sephs1−/− embryo at E11.5 that attached to
the yolk sac. (B) Real-time quantitative PCR of embryonic stage marker genes. Expression levels of Pou5f1 (Oct4), Brachyury
(T), and Six3 were measured in wild-type embryos as described in Materials and Methods. ** indicates p < 0.01. (C) Principal
component analysis of RNA-seq data. The percentages represent the variance captured by each principal components 1
and 2 in analysis. (D) Venn diagram of the number of DEGs overlapping between embryonic day E6.5-E8.5. DEG cut-off:
max(FPKM) > 1, |Log2(Fold Change)| > 1 and p < 0.01. al, allantois; amc, amniotic cavity; ba, first branchial arch; ec,
ectoderm; en, endoderm; epi, epiblast; exe, extra embryonic region; hf, head fold; ht, heart; lb, limb bud; me, mesoderm;
mes, mesencephalon; op, optic vesicle; ot, otic vesicle; rho, rhombencephalon; t, tail; tel, telencephalon.

In order to assess the effect of SEPHS1 deficiency on embryonic development and the
related signaling pathways responsible for phenotypic changes, RNA-seq was performed
using purified RNA from wild-type and Sephs1−/− embryos at the E6.5, E7.5, and E8.5 stages.

As shown in Figure 1B, Pou5f1 (Oct4) and Brachyury (T) were expressed most abun-
dantly at E6.5 and at E7.5, respectively, and Six3 was expressed only at E8.5 in wild-type
embryo. These results indicate that the pooled RNAs isolated from embryos at the same
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embryonic day were highly homogeneous. In addition, principal component analysis
(PCA) was performed to examine the relationship between the read sets. PCA revealed that
the differences in developmental stages are much more distinct than genotypic differences
between wild-type and Sephs1 knockout (Figure 1C). Differentially expressed genes (DEGs)
were obtained at E6.5, E7.5 and E8.5 with the log2(fold change) cut off of ±1 at p < 0.01
(Table S1). There are 21 genes commonly affected by SEPHS1 deficiency at all three stages
(Figure 1D). The functions of the down-regulated genes include those relating to organo-
genesis (Cntnap2, Gata4, Mmp15, Asrgl1, and Arl6ip5) and cell survival (Hectd3) [25–27].
Interestingly, the up-regulated genes showed region-specificity; Fgg, Afp, Trf, and Serpinf2
in the extraembryonic region and Spp2 in the placenta. Notably, Galectin 2 (Lgals2), the
most up-regulated DEG, is reported to be an oxidative stress-responsive gene shown to be
up-regulated under H2O2 treatment [28]. These results suggest that SEPHS1-deficiency
causes developmental retardation and the induction of oxidative stress.

2.2. Pathway Analysis of Differentially Expressed Genes

In order to identify the pathways that are regulated by SEPHS1, pathway enrichment
analysis using Metascape was performed with DEGs (Figure 2A), with the log2(fold change)
cut off of ± 0.5 at p < 0.01. At E6.5, embryo and tissue morphogenesis were significantly
affected by Sephs1 knockout. At E7.5 and E8.5, development of differentiated tissues such
as ‘vascular morphogenesis’, ‘epithelial cell differentiation’, ‘mesenchymal development’,
‘head’ development’, and ‘heart development’ were greatly affected. Some of the predicted
results in Figure 2A were consistent with the results of Ingenuity Pathway Analysis (IPA)
(Table S2). For example, the genes included in ‘LXR/RXR activation’ predicted by IPA
were also found in the ‘Regulation of body fluid level’ and ‘Plasma lipoprotein assembly,
remodeling, and clearance’ predicted by the Metascape analysis. These genes participate in
retinoic acid (RA) signaling. In addition, most of the genes in the ‘Coagulation system’ of
IPA were included in the Metascape category of ‘Hemostasis’.

In order to identify the transcription factors targeting the DEGs during gastrulation,
transcription factors that are known to be activated during gastrulation were selected
from Transcriptional Regulatory Relationships Unraveled by Sentence-based Text mining
(TRRUST) database. Among the gastrulation-specific transcription factors, the transcription
factors that contain target genes (of which more than 50% are DEGs) were further selected
to identify the transcription factors governing the expression of target DEGs (Figure 2B).
Among the selected transcription factors, 12 transcription factors were DEG themselves (as-
terisks in Figure 2B). We defined these transcription factor genes as differentially expressed
transcription factor genes (DTFGs). Interestingly, DTFGs were apt to be clustered together.
The expression of DEGs by non-DTFGs, the transcription factors whose expression was not
changed by Sephs1 knockout, may be regulated indirectly by changes in protein stability,
phosphorylation, and interaction with other co-regulators.

To analyze the expression pattern of DEGs, hierarchical clustering was performed
(Figure 2C). Expression patterns of DTFGs (asterisks in Figure 2B) were indicated on the
right of each cluster to which they belong. The DTFGs in the same cluster in Figure 2B were
in the same or neighboring cluster in Figure 2C. For example, Eomes, Tal1, Hnf4α, Gata4,
Stat3, and Pitx2 were included in C3 and C4. This suggests that DTFGs are expressed in
the same pattern with their target genes.

To identify biological processes that were most highly affected by SEPHS1 defi-
ciency, gene ontology (GO) analysis was performed with DEGs belonging to each cluster
(Figure 2D). As a result, genes in each cluster were found to regulate distinct pathways.
For example, the genes in cluster 1 were predicted to regulate pathways participating in
axis formation and the genes in cluster 2 in neuron development.
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Figure 2. Pathway analysis of Sephs1−/− embryo and transcription factor prediction. (A) Metascape pathway enrichment
analysis. Each gene ontology group was integrated into summary terms according to the significance. p < 0.01. (B) Transcrip-
tion factors that regulate gastrulation-related DEGs in the Sephs1−/− embryo. Fold-change of transcription factor between
wild-type and Sephs1−/− embryos was illustrated by heat map. * indicates DEGs. (C) Hierarchical clustering of DEGs
according to their fold-change. The distance between DEGs was calculated via Pearson correlation, and clustered by the
pairwise complete linkage method. Clusters were defined at the third branch from the base trunk. (D) GO analysis using
clustered DEG sets. Cut off at p < 0.001. (E) Expression patterns of dermal layer marker genes at E6.5. Immunohistochemistry
was performed with SOX2, OTX2, FOXA2, and EOMES as described in Materials and Methods. Scale bars represent 100 μm.

Since dermal layers of the embryos at the early gastrula stage determine the cell
lineage leading to tissue differentiation, the gene expression pattern and/or morphological
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feature of each dermal layer are important to organ development at the following stages.
We examined the expression levels and locations of dermal layer markers (Sox2, Otx2,
Foxa2, and Eomes) selected from the transcription factors shown in Figure 2B.

Sex determining region Y-box 2 (Sox2) encodes a transcription factor that is essential
for maintaining pluripotency of undifferentiated embryonic stem cells, but is also known
to be expressed specifically in the ectoderm of both embryonic and extraembryonic regions
during the gastrulation stage [29]. As shown in Figure 2E, the levels of Sox2 expression
were significantly decreased in the Sephs1−/− embryo compared to wild-type (log2(Fold
Change) at E6.5 = −0.42). Orthodenticle homeobox 2 (Otx2), which encodes a member
of the bicoid subfamily of homeodomain-containing transcription factors, is an embryonic
mesoderm-specific gene that plays a key role in nervous system development [30]. The
area in which Otx2 was expressed was reduced to the bottom half of the Sephs1−/− embryo,
while the size of the embryo was similar with that of wild-type. The fact that the structure
of mesodermal layer was changed by SEPHS1-deficiency suggests that the development of
connective tissues such as blood, blood vessels, muscles, and heart will proceed abnormally in
the Sephs1−/− embryos, because these tissues are differentiated from the mesodermal lineage
cells. Notably, the expression level of Otx2 was not changed by Sephs1 knockout (log2(Fold
Change) at E6.5 = −0.22). Forkhead box protein A2 (Foxa2) encodes a protein belonging to a
subfamily of the Forkhead box transcription factors and is an endoderm-specific gene [31].
There was no difference in expression levels of Foxa2 and location of expression between
wild-type and the Sephs1−/− embryo. We observed that only the rate of differentiation of the
endoderm-originated organs, such as the digestive and respiratory systems, was retarded
and these organs appeared to be at the E9.5 stage in the Sephs1−/− embryo. It appears that
SEPHS1-deficiency does not affect the morphology of endodermal lineage tissues during
development. Eomesodermin (Eomes), also referred to as T-box brain protein 2 (Tbr2), is a
member of the T-box family of transcription factors initially expressed in the extraembryonic
ectoderm and is known to play an important role in anterior visceral endoderm formation
and epithelial-mesenchymal transition (EMT) [32,33]. In the wild-type embryo, Eomes was
expressed throughout the extraembryonic ectoderm. However, in the Sephs1−/− embryo, the
expression area was limited to the bottom of the extraembryonic ectoderm region, wherein
the expression levels were slightly decreased (log2(Fold Change) at E6.5 = −0.15), suggesting
that extraembryonic lineage tissues, such as the yolk sac and placenta, may differentiate
abnormally after E6.5. In conclusion, expression levels and locations of the dermal layer
marker genes provide evidence that knockout of Sephs1 causes morphological changes as well
as the retardation of development during dermal layer formation.

2.3. Morphological Changes in the Embryonic Region by Sephs1 Knockout

We confirmed the developmental abnormalities predicted in Figure 2 by examining
morphological changes in the Sephs1−/− embryos using X-ray microscopy (XRM) technol-
ogy (Figure 3). The central nervous system of the Sephs1−/− embryo manifested retarded
development and abnormal shape compared to those of the wild-type embryo. At E7.75,
head fold (hf) was found in the wild-type embryo (panel (a) of Figure 3A) but not in the
Sephs1−/− embryo (panel (c) in Figure 3A). At E8.5 and E9.5, although three primary brain
vesicles (prosencephalon (pro) and mesencephalon (ms) and rhombencephalon (rho)) were
formed, the size of brain tissue in the Sephs1−/− embryo was much smaller than that in
wild-type, and the neural groove between prosencephalon (pro) and mesencephalon (ms)
was not closed (arrowheads in Figure 3B). In the transverse section of the cervical region in
E8.5, the closures of the neural grooves in wild-type embryos were progressing, whereas
in the Sephs1−/− embryo, it was open to the outside (Figure 3C). The neural plate (blue)
was closed around somites (yellow) in the wild-type embryo (Video S1), but remained
open in the Sephs1−/− embryo (Video S2). In addition, the development of somites was
delayed. Segmentation of somites was clearly observed in the wild-type embryo at E8.5
and E9.5, while somite segmentation did not occur in the Sephs1−/− embryo until E9.5
(see yellow-colored regions in Figure 3B). Segmented somites (yellow) were straight and
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parallel with the neural plate (blue), and clearly distinguished from the neural plate (blue)
in wild type at E9.5 (Video S3). On the other hand, somites (yellow) in the Sephs1−/−
embryo were severely twisted and had ambiguous boundaries (Video S4).

Figure 3. Embryonic defects in Sephs1−/− embryos. (A) Virtual view of embryos cut in sagittal (a,c) and transverse
(b,d) directions at E7.75. Transverse views shown in b and d were generated at positions marked with an asterisk in a and
c, respectively. Scale bars represent 200 μm. (B) 3-dimensional reconstruction of XRM data. Each organ was indicated by a
different color using the Region of Interest tool in Dragonfly software (red, heart; yellow, somite; blue, neural plate; light
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blue, gut). (C,D) Transverse section of XRM data. The upper embryonic body (C) and the lower half of the embryonic
body (D) were virtually sectioned. Scale bars represent 200 μm. (E) Comparison of detailed structure of allantois. The
junction sites of the umbilical vein and vitelline vein are more magnified in the box. (F) Statistical analysis of 3-dimensional
reconstruction. Volume was calculated by Dragonfly, ORS. * indicates p < 0.05. ** indicates p < 0.01. orange, allantois; green,
chorion; pink and purple, umbilical vessel; blue and yellow, vitelline vessel. al, allantois; ar, archenteron; ch, chorion; ec,
endocardium; fg, foregut; hg, hindgut; hs, heart sectum; ht, heart; mc, myocardium; lv, left ventricle; ms, mesencephalon;
ng, neural groove; np, neural plate; nt, neural tube; ot, otic vesicle; pl, placenta; pro, prosencephalon; rho, rhombencephalon;
rv, right ventricle; sm, somite; uv, umbilical vessel; vv, vitelline vessel; and ys, yolk sac.

Heart development was also inhibited by SEPHS1-deficiency. As shown in Figure 3B,
the differentiation of heart (ht) in the Sephs1−/− embryo at E8.5 proceeded slowly compared
to wild-type. Heart structure of Sephs1−/− embryo remained in the cardiac crescent stage,
while that in wild-type embryo developed into the heart tube stage showing ventricles
and heart septum at E8.5 (Figure 3C). Notably, the size of the heart in both wild-type- and
Sephs1−/− embryos was similar at E9.5, but the cell density was significantly reduced and
the morphology of the heart was irregular in Sephs1−/− embryos (compare Sephs1+/+ with
Sephs1−/− of E9.5 in Figure 3C).

The archenteron (ar), which differentiates into foregut (fg) was not observed in the
Sepsh1−/− embryo at E7.75 (Figure 3A), but observed at E8.5 and E9.5 (Figure 3C). Hindgut
(hg) development seemed to proceed more slowly than foregut formation in the Sephs1−/−
embryo. Hindgut formation was observed only at E9.5 in the Sephs1−/− embryo (Figure 3D).
These data suggest that gut formation was not significantly affected by Sephs1 knockout and
this phenomenon is consistent with the result of FOXA2 expression patterns in Figure 2E.

The process that connects allantois (al) with the chorion (ch) was completed in wild-
type at E8.5, but al and ch were not connected in the Sephs1−/− embryo at E8.5 (Figure 3E).
At E9.5, umbilical (uv) and vitelline vessels (vv, insets (a) and (b) in Figure 3E) were formed
in wild-type, but not in the Sephs1−/− embryo (insets (c) and (d) in Figure 3E). The fact that
the formation of vv and uv is inhibited by SEPHS1-deficiency suggests that SEPHS1 plays
an essential role in the transport of substances between mother and embryo.

In addition, the total volume of the embryo was measured from the 3-dimensional
structure obtained by reconstructing XRM images using a volume calculation software
(Dragonfly). The volume ratio between the Sephs1−/− embryo and the wild-type decreased
by approximately 3.2 times and 3.4 times at E8.5 and E9.5, respectively (Figure 3F). At E8.5,
the number of somites (sm) in Sephs1−/− and wild-type embryos was 3 and 8.2, respectively.
The gap in the somite number between Sephs1−/− embryo and wild-type embryos was
increased at E9.5 (5.3 somites in the Sephs1−/− embryo and 21 somites in the wild-type
embryo). The heart volume of the wild-type embryo at E8.5 was 10.1 times greater than
that of the Sephs1−/− embryo. However, at E9.5, the heart volume in the Sephs1−/− embryo
became abnormally enlarged (Figure 3C). Unlike the wild-type embryo, the Sephs1−/−
embryo did not exhibit axial rotation at E9.5 and the embryonic axis was oriented in the
same direction as at E8.5 (compare the E9.5 wild-type with the E9.5 Sephs1−/− embryos in
Figure 3B). No further axial rotation was observed at E10.5 (data not shown) suggesting
that axial rotation stopped at E8.5.

2.4. Pattern Analysis of DEGs Expressed in Extraembryonic Region

Since biological processes (for example, ‘placenta development’ in Figure 2D) occur-
ring in the extraembryonic region were also predicted, we hypothesized that development
of the extraembryonic region also would proceed abnormally by SEPHS1 deficiency. To test
if there is any abnormality of development in the extraembryonic region in the Sephs1−/−
embryo, pathways involved in the development of extraembryonic region were identi-
fied and the pathway-related morphological changes were examined. We first selected
DEGs among targets of extraembryonic region-specific DTFGs listed in Figure 2C. Four
DTFGs expressed in the extraembryonic region and 70 of their target DEGs were identi-
fied. GO analysis was performed for the identified genes (Figure 4A). As a result, four
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pathways (Retinoid metabolism and transport (RMT), Vitamin transport (VT), Embryonic
morphogenesis (EM), and Epithelial cell differentiation (ECD)) were predicted with high
probability (log10(p) < −4.9).

Figure 4. Expression patterns of transcription factors and its target DEGs in extraembryonic region and extraembryonic
defects in Sephs1−/− embryo. (A) Expression pattern of Hnf4α, Gata4, Eomes, Tfap2c, and their target genes. Target genes
obtained from the Chip-Atlas were filtered by expression specificity to the extraembryonic region. Among these genes, only
DEGs were selected and subjected to hierarchical clustering. Target gene sets were subjected to GO analysis. On the right of
the heat map, the GO term(s) assigned by each gene was (were) marked with ‘+’. RMT, Retinoid metabolism and transport;
VIT, Vitamin transport; EM, Embryo morphogenesis; ECD, Epithelial cell differentiation. (B) Expression patterns of HNF4α
and SEPHS1. Immunohistochemistry was performed against HNF4α and SEPHS1 as described in Materials and Methods.
Small box was enlarged to inbox showing the yolk sac layer. (C) 3D structure of E9.5 embryos reconstructed from XRM
images as described in Materials and Methods (a,b). The virtual section (XRM) and H&E staining image of paraffin section
at the yolk sac (c,d). Arrow indicates hemato-endothelial progenitors. Scale bars represent 500 μm. (D) CD31 expression on
yolk sac at E9.5. The images were acquired with a confocal microscope. Scale bars represent 50 μm. pcp, primary capillary
plexus; vv, vitelline vessel; yse, and yolk sac ensoderm; ysm, yolk sac mesoderm.
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Hnf4α and target genes are predicted to participate mainly in ‘Retinoid metabolism and
transport’ and ‘Vitamin transport’ (RMT and VT in Figure 4A). Most of the genes in ‘Vitamin
transport’ are included in ‘Retinoid metabolism and transport’ except Duox2, Duoxa2, Cubn,
and Amn. Duox2 is target of retinoic acid signaling and Duoxa2 is a maturation factor of
Duox2 [34]. Cubn, which is the cobalamin (vitamin B12) receptor gene, has an inhibitory
function against retinoic acid signaling and Amn encodes the protein that facilitates uptake
of vitamin B12. Therefore, genes in ‘Vitamin transport’ are related with retinoic acid
signaling and can be categorized into the same group with ‘Retinoid metabolism and
transport’. It should be noted that GO analysis using total DEGs by IPA also predicted the
retinoic acid signaling with the highest probability (Table S2). Retinoic acid is a morphogen
participating in axis formation, embryo growth, and cell fate determination during early
embryogenesis [35]. In addition, Hnf4α and its target genes are expressed in extraembryonic
endoderm which develops into the yolk sac at a later stage suggesting that HNF4α plays
an essential role in yolk sac development and its function via retinoic acid signaling.

Gata4 and Eomes, and their target genes did not show enrichment in any specific
pathway. Instead, they commonly participate in the pathways regulated by both Hnf4α
and Tfap2c. It should be noted that Gata4 is an activator of Hnf4α and is expressed more
widely than Hnf4α [36].

Tfap2c and target genes are predicted to participate mainly in embryo morphogenesis
and epithelial cell differentiation (EM and ECD in Figure 4A). During organogenesis, em-
bryonic morphogenesis and epithelial cell differentiation should occur together. Therefore,
embryo morphogenesis and epithelial cell differentiation can be categorized into organo-
genesis. In addition, both embryo morphogenesis and epithelial cell differentiation share
BMP4 as a key protein suggesting BMP4 is used as a common morphogen for embryo
morphogenesis and epithelial cell differentiation. Recently, it was reported that Tfap2c,
which is expressed in extraembryonic ectoderm, plays an essential role in the development
of trophoblast and placenta [37]. Chorioallantoic fusion is a process in trophoblast differen-
tiation. As described in the previous section, we found chorioallantoic fusion did not occur
in the Sephs1−/− embryo (Figure 3E) suggesting that Tfap2c and its target genes inhibit
chorioallantoic fusion in the SEPHS1-deficient embryo.

Since Hnf4α is known to be expressed in extraembryonic endoderm, we examined the
region where this gene was expressed during gastrulation. At E6.5, HNF4α was distributed
more widely in the extraembryonic region of the Sephs1−/− embryo than that of wild-
type, and at E9.5, the cell density of HNF4α-expressing yolk sac endoderm was lower
in the Sephs1−/− embryo than that of the wild-type (Figure 4B). The yolk sac endoderm
morphology was concavo-convex in the wild-type but became flat in the Sephs1−/− embryo.
Another significant difference in the structure of the yolk sac between wild-type and
Sephs1−/− embryo was that the yolk sac endoderm and mesoderm were separated in
the Sephs1−/− embryo at E9.5. XRM image showed that vitelline vessels (vv), which
are normally generated in the yolk sac at E9.5 stage, were not found in the Sephs1−/−
embryo (compare panels (a) and (b) of Figure 4C). Separation of the yolk sac endoderm
and mesoderm was also observed in the Sephs1−/− embryo (panel (d) of Figure 4C). At the
same time point, expression of CD31, which is known as a hemato-endothelial progenitor
marker [38], was not detected in the Sephs1−/− embryo, while it was detected in the wild-
type embryo suggesting that both vitelline vessel and blood progenitors were not formed
due to SEPHS1 deficiency (Figure 4D).

It should be noted that SEPHS1, which is known to be expressed in all tissues, was
expressed only in yolk sac endoderm, not yolk sac mesoderm in the wild-type embryo
(Figure 4B) suggesting that SEPHS1 is expressed cell-type specifically in the same tissue
and its deficiency affects mainly the function of yolk sac endoderm at late gastrulation.

2.5. Pathway Prediction through Protein–Protein Interaction and Gene Set Enrichment Analysis

In order to identify the signaling pathway and molecular mechanism that participate in
gastrulation, additional analyses were performed. By analyzing protein–protein interaction
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(PPI) of DEGs at E6.5, we could obtain three modules with high probability (log10(p) < −9.5);
Wnt signaling pathway, Glutathione metabolism, and the post-translational protein phospho-
rylation pathway (Figure 5A).

Figure 5. Sephs1−/− embryo shows growth retardation, apoptosis and ROS stress. (A) Protein–protein interaction map
at E6.5 using PPI analysis tool plugged-in Metascape. (B) Enrichment score plot of Reactive oxygen species obtained by
gene set enrichment analysis (GSEA). The ranked list was created by sorting the gene list according to fold-change. LES,
Leading edge subset. (C) Immunohistochemistry of 8-oxo-guanine and γH2AX. (D) Enrichment score plot of Apoptosis
obtained by GSEA. The ranked list was created as described above. (E) Protein level of PCNA and cleaved caspase 3.
Immunohistochemistry was performed as described in Materials and Methods. The images were acquired with an Axiovert
200M inverted microscope. Scale bars represent 100 μm.

Wnt signaling regulates mainly morphogenesis, such as growth in the early embryo,
axis formation, and pattern formation [39]. Wnt signaling was inhibited in Sephs1−/−
embryos at E6.5, suggesting that pathways determining embryonic morphology were
affected by Sephs1 knockout before the organogenesis stage. Glutathione is one of the
molecules that plays an essential role in maintaining redox homeostasis. Imbalance in
glutathione metabolism by Sephs1 knockout leads to the accumulation of ROS that causes
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oxidative stress in the cell [19]. Prediction of post-translational protein phosphorylation
with high probability suggests that signaling pathways are actively regulated, since almost
all signaling pathways are regulated through phosphorylation of proteins participating
in each cognate pathway. These results of PPI analysis suggest that SEPHS1 deficiency
causes oxidative stress by disrupting redox homeostasis, and that the oxidative stress will
primarily affect Wnt signaling.

Besides GO analysis, another useful method for pathway prediction is Gene Set
Enrichment Analysis (GSEA). Because GO analysis uses only a gene list to predict pathways
or processes without giving weight according to fold change value of each gene, we cannot
determine to what extent a specific gene contributes to those pathways or processes. The
advantage of GO analysis is that one can identify all possible pathways or processes
enriched by DEGs. On the other hand, with GSEA methods, we can determine how a
specific gene contributes to a specific pathway or process, since DEGs are ranked according
to their fold change value and the ranked DEGs are used to calculate enrichment score for
a pathway or process of interest [40].

GSEA with total genes using the Hallmark Gene Sets from the Molecular Signatures
Database revealed that ‘Reactive Oxygen Species’ was predicted with high significance
where normalized enrichment score (NES) and false discovery rate (FDR) were 1.50 and
0.02, respectively (Figure 5B). There are 28 genes within the leading-edge subset (LES) of
‘Reactive Oxygen Species’ (Table S3). The genes include Glrx1, Prdx2, Prdx6, Txnrd1, Txnrd2,
and Nqo1, and these genes participate in redox homeostasis or ROS generation. We then
examined the gene number within LES and NES of ‘Reactive Oxygen Species’ in more
detail at each embryonic day. The gene numbers within LES were 25, 27, and 31 at E6.5,
E7.5, and E8.5, respectively (Table S3). In addition, the NES of ‘Reactive Oxygen Species’ at
E6.5, E7.5, and E8.5 were 0.56, 1.0, and 1.42, respectively (Figure S2B). These results suggest
that ROS levels in the embryo are gradually increased. DNA damage, such as formation of
γH2AX and 8-oxoguanine, is commonly used as an oxidative stress marker.

In order to determine whether DNA damage due to oxidative stress occurred in the
Sephs1 knockout, immunohistochemistry (IHC) using an antibody against 8-oxoguanine
and γH2AX (phosphorylated H2AX) was performed. Neither formation of γH2AX nor
of 8-oxoguanine were detected from E6.5 to E8.5 (Figure S2C) in Sephs1+/− or Sephs1−/−
embryos. However, both 8-oxoguanine and γH2AX were generated only in the Sephs1−/−
embryo at E9.5 (Figure 5C). These results indicate that oxidative stress was too mild to
cause DNA damage in Sephs1−/− embryos by E8.5, but was strong enough to cause DNA
damage at E9.5.

In addition to ‘Reactive Oxygen Species’, ‘Apoptosis’ was also predicted with high
significance where NES and FDR were 1.6 and 0.00, respectively (Figure 5D). The leading-
edge subset of ‘Apoptosis’ consists of 63 genes (Table S4) including Sqstm1, Pdcd4, Smad7,
Hspb1, Faslg, Bax, Madd, Bmf, and Hgf, which are known to participate in apoptotic signaling.
The gene numbers within LES and the NESs were gradually increased as embryogenesis
proceeded (Figure S2B and Table S4). Unexpectedly, we could not detect the activated form
of caspase-3 in SEPHS1-deficient embryos until E8 (Figure S2D). However, the activated
form of caspase-3 was detected in the Sephs1−/− embryo at E9.5, suggesting that SEPHS1
deficiency induced cell death through apoptosis in the embryo (Figure 5D). Notably,
genes such as Gadd45b, cdkn1a, and Btg2, which are related to cell proliferation, were also
included in the apoptosis pathway. Therefore, we assumed that cell proliferation was also
inhibited by Sephs1 knockout. PCNA is used as the most reliable marker for evaluating
cell proliferation. As shown in Figure 5E, the level of PCNA was significantly decreased
in the Sephs1−/− embryo. These results strongly suggest that SEPHS1-deficiency causes
inhibition of cell proliferation followed by apoptosis.

3. Discussion

SEPHS1 regulates various cellular functions such as redox homeostasis, and thus is
known to be essential for embryo survival and growth. However, the detailed mechanisms
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of which genes or pathways are controlled by Sephs1 during development and how they
result in embryonic lethality have not been fully elucidated. Through transcriptome
analysis, the pathways that are responsible for morphological defects in Sephs1−/− embryo
were predicted. To predict pathways affected by Sephs1 knockout, a combination of
various bioinformatic tools (AmiGO and Metascape analysis, IPA analysis and GSEA) with
various databases for protein–protein interaction (String and BioGrid), transcription factor
(TRRUST and ChIP-Atlas) and cell type (Mouse Gastrulation Atlas and MGI) were applied.

Bioinformatic analyses suggested several interesting features of the effect of SEPHS1-
deficiency on the development at early embryonal stages. Throughout the gastrulation
stage, coagulation was predicted as the most highly affected pathway (log10(p) = −11.9).
Genes included in this GO term are implicated in cell migration and adhesion which are
the most prominent features of cells involved in the dermal layer and in axis formation [41].
Among signaling pathways participating in gastrulation, retinoic acid signaling was pre-
dicted to be activated throughout gastrulation with high significance (log10(p) = −8.9).
Retinoic acid is a morphogen, and its signaling pathway is known to regulate axis for-
mation and cell fate determination [35]. The upregulation of Rbp4, which mediates the
transport of retinoic acid into the cell suggests that the levels of intracellular retinoic acids
were increased by Sephs1 knockout. In addition, we found that the targets of retinoic
acid pathway were also increased in their expression levels, suggesting that retinoic acid
signaling was hyperactivated. Hyperactivation of retinoic acid signaling, due to imbalance
of retinoic acid concentration in the cells, may adversely affect embryonal axis formation
and cell fate determination. We observed various abnormalities during gastrulation and
early organogenesis of SEPHS1-deficient embryo, including the absence of axial rotation.

PPI analysis produced other interesting findings. Wnt, prolactin and insulin-like
growth factor (IGF) signaling pathways were predicted to be affected by Sephs1 knockout at
E6.5, E7.5, and E8.5, respectively (Figure 5A and Figure S2A). Wnt signaling is known to be
involved in regulation of growth in early embryo development, axis formation, and pattern
formation [39,42]. Since the expression of Wnt3a, Wnt2b, Wnt8a, and Fzd3 were significantly
decreased in Sephs1−/− embryo at E6.5, Wnt signaling seemed to be inhibited. Among the
direct targets of Wnt signaling listed in the database ‘the Wnt’ [43], the expression of 85%
of the targets was down-regulated in the Sephs1−/− embryos. At E6.5, Sephs1−/− embryos
showed changes in the expression level and location of dermal layer markers, such as
Sox, Otx2, and Eomes, which may lead to the retardation of embryonic growth and axis
formation at E7.5 (see Figures 1A and 2E). Prolactin is known to play an important role
in the trophoblast growth and the development and differentiation of neural crest cells in
neurulation stage, but its role in the gastrulation stage has not been clearly identified [44].
Since the expression of prl2c2, prl2c3, prl4a1, and prl5a1 was increased in the Sephs1−/−
embryos, we hypothesized that prolactin signaling was hyperactivated. Among the target
genes of the prolactin pathway in KEGG DB (map04917; Prolactin signaling pathway),
the expression of Socs3, Elf5, Prlr, and Slc2a2 were increased by more than 1.5-fold in the
Sephs1−/− embryos at E7.5. Interestingly, although not at E7.5, abnormal development
of the central nervous system was observed at E8.5 (Figure 3B,C). One of the important
roles of prolactin is to control the development of the nervous system [44]. IGF signaling is
known to be involved in promoting growth of embryos and organ development [45]. The
expression of IGFBP3 and other proteins including proteases that binds to IGFBP3 were
up-regulated in the Sephs1−/− embryos (Figure S2A). Binding of IGF to IGFBP3 and binding
of IGFBP3 to proteases inhibit IGF signaling [46]. Therefore, SEPHS1-deficiency seems
to inhibit IGF signaling during late gastrulation and early neurulation. The Sephs1−/−
embryos showed growth retardation, structural brain abnormalities and disrupted cardiac
development at E8.5 and these phenotypes are consistent with those described in another
study [45]. These results suggest that SEPHS1-deficiency affects embryo morphogenesis by
regulating Wnt and retinoic acid signaling and then organogenesis by regulating retinoic
acid, prolactin, and IGF signal pathways in combination.
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It should be noted that most of the genes responsible for reception of retinoic acid
signaling (apolipoprotein and retinoic acid binding protein genes) are expressed in the
extraembryonic region specifically, but its target genes are expressed both in the embryonic
and extraembryonic regions. This finding is consistent with the experimental results.
For example, both vitelline vessel formation and chorioallantoic fusion did not occur in
the Sephs1−/− embryo (Figures 3 and 4). Abnormalities in the yolk sac and placental
development will inhibit nutrient uptake and waste disposal from the embryo.

Taking the results from both the bioinformatic analyses and experimental evidence
into consideration, we propose the role of SEPHS1 during early mouse embryogenesis as
follows (Figure 6). SEPHS1 regulates intracellular ROS levels through regulating the redox
homeostasis system. The deficiency of SEPHS1 causes disruption of the redox homeostasis
system and leads to a gradual increase in ROS levels. Low levels of ROS will cause mild
oxidative stress, leading to abnormalities in signaling pathways. During early gastrulation,
abnormalities in embryonic morphogenesis, such as dermal layer and axis formation, occur
presumably through Wnt and retinoic acid signaling. Abnormalities in organogenesis
occur presumably through prolactin and retinoic acid signaling, followed by insulin-like
growth hormone and retinoic acid signaling during mid- and late-gastrulation, respectively.
ROS accumulate sufficiently to cause cell death through DNA damage at E9.5, followed
by embryonic death. Dead embryos then undergo resorption by E14.5 [19]. Since the
signaling pathways were predicted using bioinformatic tools, future molecular studies will
be needed to further validate our results.

Figure 6. Schematic diagram of effect of SEPHS1 deficiency on early embryogenesis.

In this study, we elucidated how SEPHS1-deficiency induces developmental abnor-
mality and embryonic lethality. Our results provide evidence that SEPHS1-deficiency is
one of the contributors of natural miscarriages, and that the levels of SEPHS1 can be used
as a marker for diagnosis or prognosis of natural miscarriages.

4. Materials and Methods

4.1. Materials

Antibodies against SEPHS1, γH2AX, 8-oxo-guanine, POU5F1, CFL488-conjugated
mouse IgG, and CFL488-conjugated rabbit IgG were purchased from Santa Cruz Biotech
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(Dallas, TX, USA). Antibodies against CD31, EOMES, FOXA2, HNF4α, cleaved caspase3,
PCNA and cy3 conjugated rabbit IgG, AEC substrate, and Mayer’s modified hematoxylin
were purchased from Abcam (Cambridge, UK). Antibody against SOX2 and OTX2 were
purchased from R&D Systems (Minneapolis, MN, USA). Biotin-conjugated antibody against
mouse IgG and rabbit IgG were purchased from Jackson Immunoresearch (West Grove,
PA, USA). MGTM Tissue SV kit was purchased from MG Med (Seoul, Korea). TrizolTM

reagent, DNase I, PowerUpTM SYBRTM Green Master Mix were purchased from Thermo
Fisher (Waltham, MA, USA). MMLV-RT was purchased from Enzynomics (Daejeon, Ko-
rea). TruSeq RNA Sample Prep Kit v2 was purchased from Illumina (San Diego, CA,
USA). Lugol’s solution, streptavidin-HRP, DAPI and paraformaldehyde were purchased
from Sigma-Aldrich (Burlington, MA, USA). Slide glasses coated with 3-aminopropyl
triethoxysilane was purchased from Matsunami Glass (Osaka, Japan).

Programs and their websites are as follows:
AmiGO [47]: http://amigo.geneontology.org/amigo
Ballgown [48], DESeq2 [49] and edgeR [50]: plugged in R: https://www.r-project.org/
BioRender (Toronto, Ontario, Canada): Figure 6 was created with https://biorender.com/
ChIP-Atlas [51]: https://chip-atlas.org/
Dragonfly (ORS, Montreal, Quebec, Canada): https://www.theobjects.com/index.html
FastQC (Babraham Bioinformatics, Babraham Institute, Cambridge, UK): https://

www.bioinformatics.babraham.ac.uk/projects/fastqc
GenePattern 2.0. [52]: https://www.genepattern.org/
Gene Set Enrichment Analysis [40]: https://www.gsea-msigdb.org/gsea/index.jsp
HISAT2 [53]: http://daehwankimlab.github.io/hisat2/
Ingenuity Pathway Analysis (QIAGEN, Germantown, MD, USA): http://www.

ingenuity.com
Metascape [54]: https://metascape.org/gp/index.html
Mouse Gastrulation Atlas [55]: https://marionilab.cruk.cam.ac.uk/MouseGastrulation2018/
Mouse Genome Informatics (MGI) [56]: http://www.informatics.jax.org/index.shtml
MsigDB [57]: https://www.gsea-msigdb.org/gsea/msigdb/
PANTHER [58]: http://www.pantherdb.org/
PRISM (GraphPad Software, San Diego, CA, USA): https://www.graphpad.com/

scientific-software/prism/
StringTie [59]: https://ccb.jhu.edu/software/stringtie/
TreeView [60]: http://jtreeview.sourceforge.net/
Trim Galore (Babraham Bioinformatics, Babraham Institute, Cambridge, UK): https:

//www.bioinformatics.babraham.ac.uk/projects/trim_galore/
TRRUST v2 [61]: https://www.grnpedia.org/trrust/

4.2. Generation of SEPHS1 Total Knockout (Sephs1−/−) Mice

All mice used in this study were on a C57BL/6J background. The generation of
SEPHS1 total knockout (Sephs1−/−) mice have been described previously [19]. Female
Sephs1+/− mice were crossed with male Sephs1+/− mice, and then dissected to obtain
Sephs1−/− embryos. Embryonic day (days post-coitus) E0.5 was defined as noon on the
day that a mating plug was detected. We used 32 embryos (25 Sephs1+/− and 7 Sephs1−/−),
24 embryos (17 Sephs1+/− and 7 Sephs1−/−), 34 embryos (26 Sephs1+/− and 8 Sephs1−/−), 20
embryos (16 Sephs1+/− and 4 Sephs1−/−), 17 embryos (14 Sephs1+/− and 3 Sephs1−/−), and
10 embryos (8 Sephs1+/− and 2 Sephs1−/−) for morphological observation and histological
analysis at E6.5, E7.5, E8.5, E9.5, E10.5 and E11.5, respectively. All procedures performed
involving the mice were conducted in accordance with the Institutional Guidelines of the
Institute of Laboratory Animal Resources (Seoul National University, Seoul, Korea). All
mouse experiments were approved by the Institutional Animal Care and Use Committee
at Seoul National University. All mice used in this study were bred and cared for under
sterile conditions with constant temperature and humidity in the specific pathogen free
animal facility at Seoul National University.
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4.3. Genotyping

For genotyping using DNA, genomic DNA was extracted using the MG Genomic
DNA Purification kit following the manufacturer’s instruction and then subjected to PCR.
The wild-type (WT) allele was amplified by gWT genotyping primer set and the knockout
(KO) allele was amplified by gKO genotyping primer set. For genotyping using RNA, total
RNA was extracted with TrizolTM reagent following the manufacturer’s instruction. Total
RNA was reverse-transcribed by MMLV-RT and then cDNA was subjected to PCR. The
wild-type (WT) allele was amplified by cWT genotyping primer set and the KO allele was
amplified by cKO genotyping primer set. Primer sequences are as follows:

gWT_genotype, forward: 5′-GAGATGCGTTTGTGTCCTCC-3′
gWT_genotype, reverse: 5′-AGTGAGTGCCCGCCTTTA-3′
gKO_genotyping, forward: 5′-GTGTCCTCCATAACTTCGTATAGC-3′
gKO_genotyping, reverse: 5′-GAGAGCAGCAGTGTAGAGGTC-3′
cWT_genotype, forward: 5′-GAGAGTCCTTTAACCCGGAG-3′
cWT_genotype, reverse: 5′-AGGAAAGACCACCATGCCTC-3′
cKO_genotyping, forward: 5′-ATTCAGGAGACGCTTAAGG-3′
cKO_genotyping, reverse: 5′-AGGAAAGACCACCATGCCTC-3′
For genotyping using paraffin-embedded sections, immunohistochemistry against

anti-SEPHS1 antibody was performed.

4.4. Embryo Preparation and RNA Extraction for RNA-seq

Embryos were dissected from the uterus at E6.5, E7.5 and E8.5 with the aid of super-
fine forceps and a 29-gauge needle. RNA was extracted from whole embryos using
TrizolTM reagent with glycogen carrier. After genotyping, Sephs1+/+, Sephs1+/−, or Sephs1−/−
embryos were pooled separately according to their genotype. To remove genomic DNA
(gDNA), RNA samples were treated with DNase I following the manufacturer’s instruction.
mRNA quality was assessed using the RNA 6000 Nano-Assay on a BioAnalyser 2100
(Agilent Technologies, Waltham, MA, USA). A total of 118 embryos at E6.5 (30 Sephs1+/+, 63
Sephs1+/−, and 25 Sephs1−/− embryos), 86 embryos at E7.5 (21 Sephs1+/+, 39 Sephs1+/−, and
26 Sephs1−/− embryos), and 25 embryos at E8.5 (6 Sephs1+/+, 15 Sephs1+/−, and 4 Sephs1−/−
embryos) were used.

4.5. Realtime PCR

Realtime PCR was performed as described previously [19] with minor modifications.
Total RNA isolated using TrizolTM reagent was reverse-transcribed by M-MLV reverse
transcriptase, and then subjected to real-time PCR using PowerUpTM SYBRTM Green
Master with the StepOneTM system (Applied Biosystems, Waltham, MA, USA) according
to the manufacturer’s instructions. Primer sequences are listed below:

Pou5f1 (Oct4), forward: 5′-AAGTTGGCGTGGAGACTTTG-3′
Pou5f1 (Oct4), reverse: 5′-CCGCAGCTTACACATGTTCT-3′
Nanog, forward: 5′-CGGCTCACTTCCTTCTGACT-3′
Nanog, reverse: 5′-GCGTTCCCAGAATTCGATGC-3′
Brachyury (T), forward: 5′-CTGTGAGTCATAACGCCAGC-3′
Brachyury (T), reverse: 5′-AGATCCAGTTGACACCGGTT-3′
Six3, forward: 5′-TTGCTCTCTCTAACTCGCTGG-3′
Six3, reverse: 5′-CCCGACCCTTGTTCATCTGG-3′

4.6. Transcriptome Analysis

Transcriptome analyses were performed using the TruSeq RNA Sample Prep Kit v2
and paired-end sequencing (Illumina HiSeq 4000). We acquired 101-bp reads in 6.3–7.4
Gb per sample. Data yield was approximately 7.0 × 107 raw reads, and approximately
98.5% reads were mapped. Sequencing quality was assessed by FastQC and low-quality
bases were trimmed using Trim Galore. Alignment of reads to the mouse reference genome
(mm10) was carried out by HISAT2 and STAR aligner. Gene quantification was performed
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by StringTie, gene counts by HTseq-count and differential expression analysis by Ballgown
and DESeq2 packages in R. Differential gene expression was evaluated using max (FPKM)
> 1, p < 0.01 and |log2(Fold Change)| > 1. To reduce the sample-to-sample systematic bias
that may affect the interpretation, the data were calibrated by Trimmed Mean of M-values
(TMM) normalization and estimating the size factor using count data ‘edgeR’ in R.

4.7. Pathway Analyses and Transcription Factor Prediction

Ingenuity Pathway Analysis (IPA) was carried out using the canonical pathway
module in IPA and Gene Set Enrichment Analysis (GSEA) using pre-ranked modules.
Functional enrichment analysis was carried out using the specified gene lists by PANTHER
or Metascape. Transcription factor analysis was performed using TRRUST and PaGenBase
modules in Metascape. Protein–protein interaction analysis was carried out using BioGrid
and String modules in Metascape.

Manual transcription factor analysis was performed using TRRUST database. All
transcription factors and their target lists were recruited from the TRRUST database, and
then filtered into the ‘gastrulation’ GO category. The ratio of DEGs among these target
genes was calculated. Transcription factors were filtered with max (FPKM) > 10, the number
of target gene (s) in ‘gastrulation’ GO category > 1 and DEGs in target gene (%) > 50%.

Hierarchical clustering was performed using GenePattern. Distance was calculated
by Euclidean distance or Pearson correlation, and clustered by pairwise complete-linkage
method. Heatmap was illustrated by Treeview.

4.8. X-ray Microscopy Imaging
4.8.1. Sample Preparation

Embryos were prepared, stained, and imaged as described previously with slight
modification [62]. Embryos were dissected within decidua to fully preserve embryo to
extra-embryonic association without disturbing the orientation or morphology. Embryos
were fixed in 4% paraformaldehyde overnight at 4 ◦C and were washed with 1X PBS three
times for 1 h each. Fixed samples were immersed in 0.1 N (v/v) Lugol’s solution at room
temperature for varying time according to the size of the embryo, 3–5 days. After staining,
samples were mounted individually within a microcentrifuge tube filled with 0.5% w/v
agarose and imaged immediately.

4.8.2. Image Acquisition

The raw data for 3D imaging of the samples were acquired via Xradia 620 versa (Carl
Zeiss, Oberkochen, Baden-Württemberg, Germany). Each data set was acquired with the X-
ray source at 60 kV and 142 μA with a 0.5 mm aluminum attenuation filter. The acquisition
time/isotropic voxel is 2 h/1.3 voxel to 4 h/0.8 voxel. Each sample was rotated 360◦ along
the anterior–posterior axis, and a projection image at 2016 × 1344 pixels was generated
every 0.3◦ at an average of 4 images. Acquired projection images were reconstructed and
analyzed via Dragonfly (Version: 2021.1; ORS, Montreal, Quebec, Canada) software.

4.9. Histological Analysis

Embryos were dissected and fixed with 4% paraformaldehyde overnight at 4 ◦C. Fixed
embryos were washed in running tap water for at least 6 hr and then paraffin embedded.
The paraffin embedding process was performed automatically by Tissue processor (Leica,
Wetzlar, Germany) following the routine overnight protocol. Paraffin blocks were sliced to
5 μm thickness, and then the slices attached to slide glasses coated with 3-aminopropyl
triethoxysilane. After overnight drying at 37 ◦C on a slide warmer, the sample slides were
used for further analysis. Hematoxylin and eosin staining was processed automatically by
Autostainer (Leica).
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4.10. Immunohistochemistry

Immunohistochemistry was performed following standard protocols using primary
antibodies: anti-SEPHS1 (1:100), anti-EOMES (1:200), anti-HNF4α (1:100), anti-FOXA2 (1:200),
anti-SOX2 (1:200), anti-OTX2 (1:100), anti-8-oxo-guanine (1:100), anti-γH2AX (1:100), anti-
cleaved caspase 3 (1:100), anti-PCNA (1:200), and anti-CD31 (1:100). Briefly, sample slides were
incubated with xylene for paraffin removal and ethanol for rehydration. Antigen retrieval
was performed with sodium citrate (pH 5.0) or Tris-EDTA (pH 9.0) buffer, according to the
manufacturer’s instruction for the primary antibody. Slides were blocked with 5% normal
goat serum in Tris-buffered saline/Tween for 1 h at room temperature. After the incubation
with primary antibody overnight at 4 ◦C, CFL488-conjugated mouse IgG, Cy3-conjugated
rabbit IgG, biotin-conjugated mouse IgG or biotin-conjugated rabbit IgG was applied for
1 h at room temperature, and biotin-conjugated IgGs were incubated with streptavidin-HRP
for 1 h at room temperature. Slides were counter-stained with DAPI and observed using a
fluorescence microscope (Axiovert 200M, Carl Zeiss) or confocal microscope (LSM710, Carl
Zeiss). In the case of chromogen dye, color development was performed using an AEC
substrate and samples were counter-stained with Mayer’s modified hematoxylin. Slides were
observed using a stereo microscope (SMZ18, Nikon, Tokyo, Japan).

4.11. Statistical Analysis

Statistical analyses were performed using an unpaired Student’s t-test or one-way
ANOVA with GraphPad PRISM 7.0. Statistical analysis for DEGs were performed by exact
test using edgeR. A value of p < 0.01 was considered significant.
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Abstract: The primary function of selenophosphate synthetase (SEPHS) is to catalyze the synthesis
of selenophosphate that serves as a selenium donor during selenocysteine synthesis. In eukaryotes,
there are two isoforms of SEPHS (SEPHS1 and SEPHS2). Between these two isoforms, only SEPHS2 is
known to contain selenophosphate synthesis activity. To examine the function of SEPHS1 in endothe-
lial cells, we introduced targeted null mutations to the gene for SEPHS1, Sephs1, in cultured mouse
2H11 endothelial cells. SEPHS1 deficiency in 2H11 cells resulted in the accumulation of superoxide
and lipid peroxide, and reduction in nitric oxide. Superoxide accumulation in Sephs1-knockout
2H11 cells is due to the induction of xanthine oxidase and NADPH oxidase activity, and due to the
decrease in superoxide dismutase 1 (SOD1) and 3 (SOD3). Superoxide accumulation in 2H11 cells
also led to the inhibition of cell proliferation and angiogenic tube formation. Sephs1-knockout cells
were arrested at G2/M phase and showed increased gamma H2AX foci. Angiogenic dysfunction
in Sephs1-knockout cells is mediated by a reduction in nitric oxide and an increase in ROS. This
study shows for the first time that superoxide was accumulated by SEPHS1 deficiency, leading to cell
dysfunction through DNA damage and inhibition of cell proliferation.

Keywords: selenium; selenoprotein; selenophosphate synthetase; endothelial cell; reactive oxygen
species; cell growth; angiogenesis

1. Introduction

Selenium is an essential trace element that provides many health benefits. For ex-
ample, selenium has been shown to prevent heart disease, have antiviral effects, and to
boost the immune system, when it is consumed in adequate amounts, as discussed in [1]
and references therein. This element also plays important roles in animal development
and in the male reproductive system. Most of the beneficial effects of selenium are likely
mediated by selenoproteins, which contain selenocysteine (Sec) at the active site [2]. Se-
lenocysteine, the 21st amino acid in the genetic code, can be incorporated into a growing
peptide in response to UGA codon translation [3,4]. Sec is produced by replacing the
hydroxyl group of serine that is aminoacylated on tRNA[Ser]Sec with inorganic selenium [2].
Selenophosphate serves as a selenium donor during Sec synthesis. Selenophosphate
synthetase (SEPHS) catalyzes the reaction of selenophosphate synthesis from selenide
at an ATP [5]. There are two isoforms of SEPHSs, SEPHS1 and 2, in eukaryotes, while
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only one form of SEPHS (SelD) exists in prokaryotes and Archaea. Mouse and human
SEPHS1 are composed of 392 amino acids, and only two amino acid residues are differ-
ent between human and mouse SEPHS1 at position 11 (serine in humans and threonine
in mice) and 121 (methionine in humans and isoleucine in mice) according to the NCBI
database (https://www.ncbi.nlm.nih.gov/protein/term=sephs1, accessed on 20 October
2021). These mammalian SEPHS1s have a high sequence homology with their SEPHS2s
counterparts. SEPHS in E. coli (SelD) is composed of 347 amino acids (~37 kDa). The
functions of prokaryotic SelD and eukaryotic SEPHS2 have been well established. SelD
and SEPHS2 synthesize selenophosphate using inorganic selenium and ATP as substrates.
The gamma phosphate of ATP is cleaved and attached to selenium to form selenophos-
phate. Interestingly, the beta phosphate on the remaining ADP is further cleaved, leaving
free inorganic phosphate and AMP as final products [6]. Although SEPHS1s have high
sequence homology with their SEPHS2 paralogues, they do not generate selenophosphate.
It is of interest that SEPHS1 still retains the ability to cleave the gamma phosphate from
ATP [7]. Furthermore, SEPHS1 plays an essential role in cell proliferation and survival.
Knockout of the SEPHS1 gene, Sephs1, by P-element insertion in Drosophila resulted in
embryonic lethality at the third instar larval/pupal stage [8]. When this gene was disrupted
at the 5’-untranslated region, the imaginal disc was subject to aberrant formation. The
cell number in mutant imaginal discs and in the brain was reduced, and apoptotic cells
were observed in the abnormal disc. In another P-element mutant, the larval brain size
was reduced, and DNA synthesis decreased significantly [9]. In Drosophila embryo-derived
SL2 cells, the deficiency of SEPHS1 (SelD) led to a significant reduction in cell prolifera-
tion, and interestingly, also to the formation of megamitochondria [10]. These phenotypic
changes occurred through the inhibition of pyridoxal phosphate synthesis. In mammals,
SEPHS1 also plays key roles in cell proliferation and survival. In mice, systemic Sephs1
knockout led to embryonic lethality. The knockout embryos were clearly underdeveloped
by day E8.5 and virtually resorbed by day E14.5 [11]. Knockdown of Sephs1 mRNA in both
mouse and human cells also suppressed cell proliferation. Malignant properties, including
cell invasion and foci formation, were inhibited by SEPHS1 deficiency in F9 cells [11],
which are a mouse embryonic cancer cell line. Notably, accumulation of reactive oxygen
species (ROS), especially hydrogen peroxide (H2O2), was observed in Sephs1-knockout
F9 cells.

ROS include peroxides, superoxide, hydroxyl radicals, singlet oxygen, and alpha-
oxygen species. Among these ROS, superoxide is frequently used as the precursor of
most other ROS. Dismutation of superoxide produces H2O2. Partial reduction of H2O2
forms a hydroxide ion and a hydroxyl radical and full reduction of H2O2 produces water.
Although ROS can be provided exogenously [12,13], it can also be produced endogenously.
The cellular sources of ROS include electron transport chain complexes in mitochondria,
as well as NADPH oxidase, the cytochrome P450 system and xanthine oxidoreductase
(XOR) [14]. Among these, the electron chain complexes are the main source of ROS
generation. Complex I and III produce superoxide, while complex IV produces H2O2.
NADPH oxidases (NOXs) are a complex of enzymes that produce superoxide by oxidizing
NADPH to NADP+. NOX was originally found in phagocytic cells and is highly expressed
in immune cells. However, NOXs are also expressed in many other different tissues [15].
Four different NOX isoforms and two dual oxidases (DUOX) were discovered. These NOX
family genes are expressed in a tissue-specific manner and localized in specific subcellular
organelles. For example, endothelial cells express NOX1 and NOX4. NOX4 is localized
in the mitochondria and produces H2O2 [16,17]. DUOXs are mainly expressed in thyroid
cells, and also oxidize NADPH to produce NADP and protons, as well as producing
H2O2. XOR has dual enzyme activity that produces xanthine from hypoxanthine and uric
acid from xanthine. XOR can be reversibly converted into two different forms, xanthine
dehydrogenase (XDH) and xanthine oxidase (XO) in mammals. Of these, XO uses oxygen
to produce H2O2 and superoxide by transferring monovalent and divalent electrons to O2,
respectively [18]. It is known that the ratio of XDH/XO is affected by cellular conditions.
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For example, in healthy tissues, the XDH form is most abundant, and this form uses NAD+

as a cofactor. However, in diseased cells, calcium-activated proteinases cleave XDH to XO,
and XO uses oxygen as a cofactor [19,20]. It was also shown that the conversion of XDH to
XO is accelerated under ischemic conditions [21].

The levels of ROS produced endogenously are tightly controlled by diverse ROS
scavengers within the cell under normal conditions. Natural intracellular ROS scavengers
include enzymes such as superoxide dismutases (SODs), catalases, glutathione peroxidases
(GPXs), thioredoxin reductases (TXNRDs), and glutaredoxins (GLRXs). In normal cells,
ROS can be used as a signaling molecule to activate cell proliferation and defense. However,
various ROS species can yield cytotoxic effects, such as DNA damage and cell death, when
the levels are high enough to cause oxidative stress [22].

Although SEPHS1 has been implicated in cell proliferation and oxidation/reduction
homeostasis, the understanding of the detailed mechanism of how SEPHS1 functions is
still limited. In our previous study, SEPHS1 deficiency was shown to inhibit cell growth
and malignancy in F9 cancer cells [11]. It is well known that endothelial cells are involved
in the formation of new blood vessels, i.e., angiogenesis. Therefore, we hypothesized
that SEPHS1 deficiency in endothelial cells would reduce the ability of angiogenesis in
tumors. A cultured endothelial cell line model is well suited to elucidate a more in depth
understanding of the underlying mechanism(s) of SEPHS1 effects on angiogenesis. Since
2H11 is a commonly used cancer cell line derived from mouse endothelial cells, we chose
2H11 to investigate the function of SEPHS1 in endothelial cells. In this study, we examined
the effect of SEPHS1 loss in endothelial cells by the targeted removal of Sephs1, and found
that superoxide, not H2O2, was accumulated. We also observed that superoxide led to
morphological changes of the cell through reducing focal adhesion, growth inhibition by
oxidative-stress-mediated DNA damage, and loss of angiogenic ability by downregulating
nitric oxide which was induced by oxidative stress.

2. Results

2.1. Sephs1 Knockout Leads to Morphological Changes

To study SEPHS1 function in endothelial cells, we constructed a Sephs1-knockout
cell line targeting exon 8, using an endothelial cancer cell line 2H11, combined with
CRISPR/Cas9 technology (see Figure S1 for the position of the target site). 2H11 is de-
rived from an immortalized cell line established by transformation of mouse lymphoid
endothelial cells with SV40 large T antigen. Among 14 independent clones that were
puromycin-resistant, four possible mutant candidates were selected and subjected to
sequencing to identify mutations. Interestingly, although positions and sequences of muta-
tions were different among the clones, all knockout clones showed four different mutations
each. For example, the knockout cell line 8-22 used in this study showed four different
mutations, including a base insertion and deletions leading to a frameshift mutation in
exon 8 (Figure S1). In addition to exon 8, we constructed knockout cell lines targeting exons
3 and 7. All the knockout clones also contained four different mutations in each single
clone (data not shown). These results suggest that there are four copies of Sephs1. As shown
in Figure 1, no SEPHS1 protein was detected by immunocytochemistry or Western blot
analysis in the knockout cells (Figure 1A–C). To exclude off-target effects by the knockout,
a rescue construct was produced by introducing silent mutations into the guide RNA target
site. The levels of SEPHS1 expressed in this rescue cell line increased slightly compared
with those of wild-type 2H11 cells, suggesting the rescue Sephs1 construct recovered from
the knockout effect. Unlike in other cell lines, such as the embryonic cancer F9 cell line in
which SEPHS1 expression was ablated, knockout of Sephs1 in 2H11 cells led to a morpho-
logical change from a fibroblast-like shape to a spindle shape with long, thin cytoplasm
(Figure 1D). Additionally, the number of focal adhesions at lamellipodia was significantly
reduced (lower panel of Figure 1D). For these reasons, the knockout cells appeared to have
weak attachment abilities and exhibited a thinner and longer morphology.
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Figure 1. Construction of Sephs1 knockout and rescue 2H11 endothelial cancer cells. Confirmation of Sephs1 knockout by (A)
immunocytochemistry (Scale bars represent 100 μm) and by (B) RT-PCR (the knockout-specific and rescue-specific primer
sets are described in Materials and Methods) or (C) Western blot analysis. Hprt and anti-vinculin were used as internal
controls. (D) Immunostaining of cytoskeletons and focal adhesion. Red and green color designate F-actin and α-tubulin,
respectively (upper panel). In the lower panel, F-actin is in red and FAK in green. Arrowheads in the lower panel designate
focal adhesion. Since most FAK is overlapped with F-actin, it appears as a yellow color. Scale bars represent 50 μm. DIC,
digital image correlation; WT, wild type; Res, rescue; KO, knockout; FAK, focal adhesion kinase.

2.2. Superoxide Is Accumulated by SEPHS1 Deficiency in Endothelial Cells

In this study, the type of ROS accumulated in Sephs1-knockout cells was determined by
staining with fluorescent dye or a GFP probe (Figure 2). Staining with CM-DCFDA showed
that total ROS levels were increased by approximately 2.4-fold in Sephs1-knockout cells
compared to wild-type controls (Figure 2A and Figure S2A). Furthermore, DHE staining
demonstrated that superoxide levels were significantly increased (approximately 2.2-fold)
in Sephs1-knockout cells (Figure 2A and Figure S2B). To detect the levels of cytosolic H2O2,
cells were transfected with a roGFP-Orp1 probe [23,24], and both oxidized and reduced
forms of Orp1 were measured. The ratio of the oxidized/reduced form was 0.96, 0.95,
and 0.96 in wild-type control, knockout, and rescue cells, respectively (Figure S2C). This
result clearly indicates that the levels of H2O2 were not changed by SEPHS1 deficiency in
2H11 cells. With these cytological data, we can conclude that superoxide, not H2O2, was
accumulated by SEPHS1 deficiency in endothelial cells.

ROS can be accumulated in cells by overproduction of ROS and/or by reducing their
scavengers. As shown in Figure 2B, supplementation of the cell culture medium with
either SOD or N-acetyl cysteine (NAC) reduced intracellular ROS levels, while addition
of catalase did not (Figure S2D). These data suggest that accumulation of superoxide in
Sephs1-knockout cells was due to the lack of SOD and possibly other superoxide scavengers.
This idea was confirmed by examining the RNA levels of ROS scavengers. As shown
in Figure 2C, the RNA expressions of Sod1 and Sod3 decreased significantly in Sephs1-
knockout cells. SOD1 destroys superoxides that are normally produced within the cells,
while SOD3 catalyzes the dismutation of superoxide in the extracellular space secretion.
However, the expression of enzymes such as catalase and glutathione peroxidase 1 (GPX1)
that catalyze the reduction of H2O2, was not changed. These results indicate that superoxide
accumulation in Sephs1-knockout endothelial cells is mediated by downregulating the
expression of superoxide scavengers. Notably, Sod2 levels were not decreased by Sephs1
knockout. In addition, mitochondrial superoxide levels were not changed between wild-
type and knockout cells when the cells were stained with MitoSOXTM Red (data not shown).
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These data suggest that superoxides generated in mitochondria were converted to H2O2
immediately after being produced.

Figure 2. Identification of ROS type accumulated in Sephs1-knockout 2H11 cells. (A) Cells were stained with CM-DCFDA
for general ROS and DHE for superoxide, and hydrogen peroxide levels were measured using roGFP2-Orp1 probe. The
ratio between oxidized Orp (405 nm) and reduced Orp (488 nm) was calculated as described in Materials and Methods.
Scale bars represent 100 μm for CM-DCFDA and DHE, and 50 μm for roGFP2-Orp1, respectively. (B) Confirmation of
superoxide accumulation by treatment of scavengers. Scale bars represent 100 μm. (C) Measuring expression levels of
ROS-scavenging enzymes by real-time PCR. The primers used in this experiment are shown in Table S1. NS, and * indicate
not significant, and p-value < 0.05, respectively. WT, wild type; Res, rescue; KO, knockout.

To identify which synthesis pathway contributes to the accumulation of superoxide
in the Sephs1-knockout 2H11 cells, cells were treated with chemicals that inhibit individ-
ual pathways, and superoxide levels were observed using DHE staining. As shown in
Figure 3A, the addition of allopurinol (XO inhibitor) and GKT137831 (NOX1 and 4 in-
hibitor) decreased superoxide levels in Sephs1-knockout cells near to those levels observed
in wild-type control cells (see also Figure S3). However, the treatment with VAS2780
(NOX2 inhibitor), ML171 (NOX1 inhibitor) or Mito-TEMPO (mitochondrial superoxide
scavenger) did not reduce superoxide levels. These results suggest that XO and NOX4 are
the major sources of superoxide production in Sephs1-knockout endothelial cells. The
increase in superoxide levels caused by XO can be achieved by increasing the expression of
XO. Generation of XO, which is produced by cleaving xanthine oxidoreductase (XOR), was
dramatically induced by Sephs1 knockout (Figure 3B). In Sephs1-knockout cells, the ratio
between XOR and XO was approximately 1, while the XO form was not detectable in wild-
type control and rescue cells. Although GKT137831 is an inhibitor of both NOX1 and NOX4,
only Nox4 mRNA levels were increased significantly by Sephs1 knockout (Figure 3C). These
results indicate that superoxide accumulation in Sephs1-knockout cells occurs both by a
reduction in superoxide scavengers and by an increase in superoxide-producing enzymes
such as XO and NOX4.
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Figure 3. Identification of superoxide-generating sources in Sephs1-knockout 2H11 endothelial cells. (A) Cells were treated
with selective inhibitors of superoxide production (allopurinol, GKT, VAS2780 and ML171) or superoxide scavenger (Mito-
TEMPO). Scale bars represent 100 μm. (B) Western blot analysis using anti-XOR antibody. Actin was used as an internal
control. XOR, xanthine oxidoreductase; XO, xanthine oxidase. (C) Measuring relative expression of NADPH oxidases by
real-time PCR. Relative expression represents the ratio of ΔCt between wild type (WT) and knockout (KO) or rescue (Res)
cells. NS and *** indicate not significant and p-value < 0.001, respectively.

2.3. SEPHS1 Regulates the Levels of Reactive Nitrogen Species and Lipid Peroxidation

In addition to the production of H2O2, superoxide can also be used as a substrate for
the production of other free radicals and reactive species (FRRS) such as reactive nitrogen
species (RNS) and peroxidated lipids. We examined how the accumulated superoxide
affects the formation of these FRRS. As shown in Figure 4A, nitric oxide (NO) levels (DAF-
FM) and peroxynitrite levels (DHR123) were significantly reduced in Sephs1-knockout cells
(Figure S4A,B). In addition, the mRNA levels of nitric oxide synthase 2 and 3 (Nos2 and
Nos3) were also significantly reduced (Figure 4B,C). Since NO is a substrate of peroxynitrite
production, the decrease in peroxynitrite levels in Sephs1-knockout cells is likely due to
the shortage of a substrate. Conversely, the lipid peroxidation was dramatically increased
(see 4HNE staining in Figure 4A and Figure S4C) suggesting that the lipids used as
substrates for lipid peroxidation were sufficiently present to react with superoxide. In
addition, we found that mRNA levels of scavengers of lipid peroxidation products such
as glutaredoxin 1 (Glrx1), peroxiredoxin 1 (Prdx1), glutathione S-transferase a4 (Gsta4)
and glutathione peroxidase 4 (Gpx4) were downregulated in the Sephs1-knockout cells
(Figure 4B). Therefore, it seems that the lipid peroxidation in the Sephs1-knockout cells was
induced by both sufficient substrate and a reduction in scavengers.
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Figure 4. Effect of SEPHS1 deficiency on reactive nitrogen species generation and lipid peroxidation in 2H11 cells.
(A) Staining of cells with fluorescent dyes to detect nitric oxide (DAF-FM), peroxynitrite (DHR123), and lipid peroxidation
(4HNE). Scale bars in DAF-FM and DHR123 represent 100 μm, and 50 μm in in 4HNE. (B) Measuring expression levels of
redox regulators participating in RNS generation and lipid oxidation by RT-PCR and (C) real-time PCR. *, ** and *** indicate
p-value < 0.05, 0.01 and 0.001, respectively. The primers used in this experiment are shown in Table S1. WT, wild type; Res,
rescue; KO, knockout.

2.4. Superoxide Inhibits Cell Proliferation at G2/M Phase

In addition to ROS regulation, another common feature of SEPHS1 is that it is required
for cell proliferation and viability [1]. BrdU incorporation assays to assess DNA synthesis re-
vealed that cell proliferation was reduced by approximately 5-fold in Sephs1-knockout cells
compared to that in wile-type control and rescue cells (Figure 5A and Figure S5A). BrdU
incorporation was restored to normal levels by the addition of NAC or SOD, suggesting
that accumulated superoxide was the main cause of the inhibition of cell proliferation.

Flow cytometric analysis showed that the number of cells in the G2/M phase was signif-
icantly increased (approximately 2-fold) by SEPHS1 deficiency (Figure 5B and Figure S5B).
However, the number of ROS scavenger-treated knockout cells arrested in G2/M was de-
creased similar to that of wile-type control and rescue cells (Figure 5B and Figure S5B).
Generally, ROS affect cell cycle progression by causing DNA damage. For example, ROS
induce the formation of gamma H2AX (a phosphorylated form of H2AX) foci that represent
a double-strand DNA break marker, and subsequently leads to G2/M phase arrest [25,26].
As shown in Figure 5C, the number of gamma H2AX foci was increased approximately
3.5-fold in Sephs1-knockout cells compared to that of the wile-type control (Figure S5C).
The phosphorylation levels of gamma H2AX were decreased in rescue cells and ROS
scavenger-treated knockout cells. In addition, we further examined the levels of G2/M
checkpoint markers such as cyclin A2 and B1, and growth-arrest and DNA-damage pro-
tein beta (GADD45β). As expected, the protein levels of cyclin A2 were increased, but
cyclin B1 decreased in Sephs1-knockout cells and ROS scavenger-treated cells (Figure 5D),
suggesting that Sephs1-knockout cells were arrested at the G2/M phase. The mRNA ex-
pression of GADD45β showed a similar pattern to cyclin A2, suggesting G2/M phase
arrest occurred through DNA damage (Figure 5E). These results strongly suggest that the
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superoxide accumulated by Sephs1 knockout resulted in gamma H2AX formation through
a double-strand break, and that this DNA damage subsequently led to G2/M phase arrest.

 

Figure 5. SEPHS1 deficiency affects cell proliferation, cell cycle and DNA damage in 2H11 cells. (A) Cell proliferation
assay by BrdU incorporation. BrdU incorporation signal is in red, and the nucleus was counterstained with DAPI (blue).
Scale bars represent 100 μm. (B) The effect of SEPHS1 deficiency on cell cycle progression. Cells were stained with PI and
subjected to FACS analysis. DNA content of each cell was visualized as a histogram. 2N and 4N ploidy were grouped by
interval gate. (C) Detection of DNA damage response by immunostaining with anti-gamma H2AX antibody. Nucleus was
counterstained with DAPI. Scale bars represent 50 μm. (D) Expression pattern of G2/M arrest markers by Western blotting.
(E) Measuring expression levels of GADD45β by real-time PCR. ** designates p-value < 0.01. WT, wild type; Res, rescue;
KO, knockout.

2.5. SEPHS1 Deficiency Inhibits Angiogenic Activity of Endothelial Cells

Because endothelial cells are the main cell type of blood vessels, dysfunction of en-
dothelial cells will cause the loss of angiogenic ability of an organism. Excessive ROS have
been known to inactivate NO by oxidoreduction, and the reduction of NO causes endothe-
lial dysfunction [27]. As described in the previous sections, the targeted removal of Sephs1
in endothelial cells led to growth inhibition, reduction in focal adhesion, ROS accumulation
and reduction in RNS levels. We, therefore, examined whether SEPHS1 deficiency affects
the ability of endothelial cells to carry out angiogenesis. Cell migration is one of the im-
portant characteristics of angiogenesis. Wound healing is often used to measure migration
ability of cells. As shown in Figure 6A, Sephs1 knockout caused significant reduction in
the endothelial cells wound-healing ability in scratch-wound assays. The wound-healing
ability was reduced by approximately 2-fold in Sephs1-knockout cells compared to that in
wild-type cells after 12 h incubation (Figure S6A). Both Sephs1-rescue- and ROS-scavenger
(NAC and/or SOD)-treated Sephs1-knockout cells recovered wound-healing abilities with
similar levels to those observed in wild-type 2H11 cells. This suggests that inhibition of
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wound-healing ability in Sephs1-knockout cells is mediated by superoxide accumulation.
Future experiments to determine whether this inhibition of wound healing was due to the
loss of migration ability or the inhibition of proliferation will require additional control
experiments using a proliferation inhibitor such as aphidicolin.

 
Figure 6. SEPHS1 deficiency impairs wound-healing ability and angiogenesis in 2H11 cells. (A) Wound-healing ability
measured by scratch-wound assay. Scale bars represent 500 μm. (B) Tube formation assay to measure angiogenic ability.
The images obtained by optical microscopy were analyzed using Angiogenesis Analyzer in ImageJ. Scale bars represent
100 μm. (C) Measurement of relative mesh formation. Mesh counts and relative mesh formation were obtained as described
in Materials and Methods. *, ** and *** indicate p-value < 0.05, 0.01 and 0.001, respectively. (D) Detection of NO by staining
with DAF-FM. Scale bars represent 100 μm. (E) ROS staining with CM-DCFDA. Scale bars represent 100 μm. WT, wild type;
Res, rescue; KO, knockout.

One of the commonly used methods for detecting angiogenic ability of endothelial
cells is the tube formation assay [28]. As expected, targeted removal of Sephs1 deprived
the knockout cells of tube forming ability (Figure 6B). However, tube forming ability was
recovered by the addition of NAC, SOD, or angiotensin II. Mesh formation is the last stage
of tube formation. The number of meshes observed after NAC, SOD, angiotensin II, or
NAC plus angiotensin II treatment of knockout cells was increased by 80%, 65%, 60% and
120%, respectively (Figure 6C). These data suggest that treatment of ROS scavengers or
angiotensin II alone is not sufficient to recover angiogenic ability, but mixed treatment
of a ROS scavenger and angiotensin II is enough for full recovery. Interestingly, tube
formation in rescue cells was similarly increased compared with wile-type control cells
(130%), suggesting that the ability of endothelial cells to carry out angiogenesis is correlated
with the intracellular levels of SEPHS1 (Figure S6A–C). Since angiotensin II is an inducer of
NO synthesis, NO levels were examined after treatment of angiotensin II in the knockout
cells. As shown in Figure 6D, angiotensin II treatment increased NO levels in Sephs1-
knockout cells similarly to those of wild type cells. Unexpectedly, the levels were also
increased in the cells by NAC treatment. Treatment of NAC combined with angiotensin II
increased NO level more than wild-type, and at similar levels to that of rescue cells. ROS
levels were also examined after treatment of NAC and/or angiotensin II. The levels of ROS
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were negatively correlated to NO levels, suggesting ROS affects NO synthesis (Figure 6E).
Notably, angiotensin II treatment reduced the ROS levels in the Sephs1-knockout cells,
although not as much as with NAC treatment. Since regulation of intracellular NO and
ROS levels determines the angiogenic ability in endothelial cells, these results suggest that
SEPHS1 plays an essential role in angiogenesis by regulating the NO and ROS levels in
endothelial cells.

3. Discussion

Although previous studies showed that the deficiency of SEPHS1 led to the accumu-
lation of ROS, the types of ROS were not determined [10]. Recently it was reported that
H2O2 was accumulated in Sephs1-knockout, F9, embryonic carcinoma cells [11]. In the
Sephs1-knockout F9 cells, the expression of redox-homeostasis-related genes encoding such
proteins as GLRX1 and various GSTs was dysregulated [11]. However, the levels of SODs
and catalases were not changed by SEPHS1 deficiency in F9 cells, suggesting that H2O2
was accumulated mainly by dysregulation of genes involved in redox homeostasis. In this
study, we found that superoxide, rather than H2O2, was accumulated in Sephs1-knockout
2H11 endothelial cancer cells, indicating a cell-type specificity for ROS types controlled
by SEPHS1. As shown in the NIH database (https://www.ncbi.nlm.nih.gov/gene/22929,
accessed on 20 October 2021), there is low cell-type specificity in Sephs1 expression. The
accumulation of different kinds of ROS in different cell types is, therefore, not likely de-
pendent on the expression levels of Sephs1, but is likely dependent on the interaction of
SEPHS1 with a different set of cellular components. It appears that SEPHS1 interacts
with different ROS scavengers and/or producers depending on the cell type, since the
expression levels of genes participating in oxidation/reduction homeostasis appear to
differ. The mechanism of how SEPHS1 interacts with and regulates those proteins needs to
be defined. It is interesting that among six pathways that produce superoxide, only XO and
NOXs are the main sources of superoxide production in Sephs1-knockout endothelial cells.
In the case of XO, deficiency of SEPHS1 induced the processing of XOR to produce XO, and
enzymatic activity of XO was increased accordingly. Another important feature of Sephs1-
knockout endothelial cells is the downregulation of Sod1 and Sod3, which are localized in
the cytoplasm. SOD2 expression was not decreased by SEPHS1 deficiency, suggesting that
the mitochondrial electron transfer chain did not release superoxide into the cytoplasm. In
conclusion, superoxide accumulation in Sephs1-knockout endothelial cells occurs both by
increasing the superoxide-producing system and by reducing SOD expression.

Although the accumulated ROS types are different in Sephs1-knockout cells depending
on cell type, cell proliferation is commonly inhibited. Sephs1-knockout endothelial cells
were arrested at the G2/M phase, and phosphorylation of H2AX was increased by ROS
accumulation. This modification of H2AX is a known marker of double-strand DNA
breaks [29]. Therefore, it is highly likely that the superoxide accumulated in the cell
induces DNA damage and arrests cells at the G2/M checkpoint (Figure 7).

Superoxide can induce the production of reactive nitrogen species such as peroxynitrite
and lipid peroxy radicals. In Sephs1-knockout endothelial cells, only lipid peroxidation was
induced and, unexpectedly, peroxynitrite production was inhibited through the inhibition
of NO production. These reduced NO levels were due to the downregulation of NOSs.
Superoxide accumulation in endothelial cells seems to lead to the inhibition of NO levels,
because NO levels could be increased by ROS scavenger treatment [29]. The mechanism of
how SEPHS1 deficiency inhibits the expression of NOSs is unclear.

Endothelial cells form the lining of the interior surface of blood and lymphatic ves-
sels. Therefore, endothelial cells play key barrier roles between vessels and neighboring
tissues and in controlling the flow of blood and lymph. In this study, we revealed that
SEPHS1 plays an important role in maintaining NO levels in endothelial cells, possibly
by regulating ROS homeostasis. Furthermore, we showed that NO is not the only factor
for angiogenic functions of endothelial cells, but that other factor(s) is (are) required for
SEPHS1-mediated angiogenesis. Since angiogenesis is the most prominent feature of tumor
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growth, and since we have previously shown that SEPHS1 deficiency inhibits tumor-cell
malignancy [11], targeted removal of SEPHS1 in endothelial cells may provide a potential
new measure for antitumor therapy.

Figure 7. A schematic model for SEPHS1 function in mammalian endothelial cells. The cell represents
an endothelial cell in the blood vessel. In normal conditions, SEPHS1 expresses ROS scavengers at ap-
propriate levels, but inhibits superoxide generators such as NOX4 and XO. Superoxide is accumulated
when SEPHS1 is deficient, and the superoxide causes endothelial cell dysfunctions such as growth
retardation by G2/M phase arrest and loss of angiogenic ability by a decrease in NO levels. NO levels
are decreased by downregulation of NOSs. Oxidative stress by superoxide accumulation leads to
DNA damage and then G2/M phase arrest. The mechanism of how SEPHS1 inhibits the expression
of NOSs is unclear. Arrows (→) designate activation and barred-lines (⊥) designate inhibition.

4. Materials and Methods

4.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM) was purchased from Hyclone (Logan,
UT, USA). Fetal bovine serum (FBS) was purchased from Serana (Bunbury, Australia).
Antibiotic–antimycotic, Dulbecco’s phosphate-buffered saline (PBS), trypan blue solution,
rhodamine phalloidin, Lipofectamine® Reagent, blasticidin S HCl and puromycin were
purchased from Life Technologies (Waltham, MA, USA). Neomycin was purchased from
AG Scientific (San Diego, CA, USA). LentiCRISPR v2 and psPAX2 were purchased from
Addgene (Watertown, MA, USA). Superoxide dismutase, catalase, N-acetyl cysteine (NAC),
apocynin, allopurinol, Mito-TEMPO, angiotensin II, dihydroethidium (DHE), dihydrorho-
damine 123 (DHR123), propidium iodide (PI), PMSF cocktail (protease inhibitor) and DAPI
were purchased from Sigma (St. Louis, MI, USA). GKT137831 was purchased from Cayman
(Ann Arbor, MI, USA). 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate,
acetyl ester (CM-DCFDA) and diaminofluorescein-FM diacetate (DAF-FM) were purchased
from Molecular Probes (Eugene, OR, USA). 5-Bromo-2′-deoxy-uridine (BrdU) Labeling
and Detection Kit was purchased from Roche (Basel, Switzerland). ECL reagent was pur-
chased from Amersham (Buckinghamshire, UK). Antibodies against SEPHS1(sc-365945),
BrdU(sc-32323), gamma H2AX(sc-517348), Cyclin B1(sc-245), Xanthine oxidase(sc-398548),
CFL488 conjugated mouse IgG(sc-533653) and CFL488 conjugated rabbit IgG(sc-516248)
were purchased from Santa Cruz Biotech (Dallas, TX, USA). Anti-alpha tubulin(ab15246),
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anti-4HNE(ab46545), anti-cyclin A2(ab137769), anti-beta actin (ab8227), antimouse and
rabbit IgG cy3(ab97035 and ab97075) antibodies were purchased from Abcam (Cambridge,
UK). HRP conjugated anti-rabbit IgG and HRP conjugated anti-mouse IgG(GTX213111-01)
were purchased from Genetex (Irvine, CA, USA). Matrigel used for tube formation assay
was purchased from Corning (Corning, NY, USA). MGTM Tissue SV kit was purchased
from MG Med, (Seoul, Korea). PVDF membranes was purchased from GE Healthcare
(Chicago, IL, USA) FlowJo™ Software Version 10.8.1 from BD (Ashland, OR, USA).

4.2. Cell Culture

The 2H11, HEK293T and GP2-293 cells were cultured as described previously with
minor modifications [11]. Cells were incubated in DMEM with 10% FBS and 1% antibiotic–
antimycotic in a humidified atmosphere containing 5% CO2 at 37 ◦C.

4.3. CRISPR-Based Knockout Cell Line Construction

sgRNA (single guide RNA sequences) targeting a region in exon 8 of Mus musculus
Sephs1 was designed using the CRISPR online design tool (http://crispr.mit.edu, accessed on
26 September 2021). The sequences of sgRNA_E8 were: 5′-CACCGTAGGCCGAACATGT
TTCCGC-3′/5′-AAACGCGGAAACATGTTCGGCCTAC-3′. These complementary oligonu-
cleotides of sgRNA were annealed and cloned into LentiCRISPR v2 vector as described
previously [30].

For lentivirus production, HEK293T cells were transfected with both the constructed
sgRNA-containing LentiCRISPR v2 vector and virus packaging plasmid psPAX2 and
pMD2.G. After a 48hr incubation, lentiviruses were harvested by filtration through 0.45 μm
filter. 2H11 cells were infected with the harvested lentiviruses by incubating for 48hr, and
then the infected cells were selected with 2 mg/mL of puromycin for a further 6 days.
Single clones were obtained using a 96-well plate. From each clone, genomic DNA was
extracted and subjected to PCR amplification using primers (forward: 5′-ACAAAGT
GGGTGTTGGGTGT-3′; reverse: 5′-AGCCTTGTAACCATCCTGCC-3′). The amplified
DNA fragments were cloned into TA-cloning vector, and then each clone was sequenced.
The knockout cell line was further confirmed by PCR using the primer set (forward: 5′-
AAGCATGTGGCAATATGTTTGGAT-3′, reverse: 5′-GTGGCACCAGGTGTGGG-3′).

4.4. CRISPR-Based Rescue Cell Line Construction

To exclude any off-target effect of the Sephs1 gene knockout, a rescue cell line was
constructed as follows. First, silent mutations in sgRNA regions (see Figure S1) were
introduced to wild-type Sephs1 which were resistant to Cas9 cleavage and expressed
wild-type SEPHS1 proteins. Site-directed mutagenesis was carried out by two-step PCR
methods with primer sets (primer set 1 forward: 5’-TACCGAGCTCGGATCCGAAC-3’,
reverse: 5’-CAATCCAAACATATTGCCACATGCTTTGCTCACAGCGGCCAT-3’; primer
set 2 forward: 5’-CATGTGGCAATATGTTTGGATTGATGCATGGGACCTGCCAGA-3’,
reverse: 5’-GGTTTAAACGGGCCCTCTAG-3’. The PCR products were cloned into a
retroviral vector at the BamHI/EcoRI site (pRv.neo; [31]), and the plasmid was delivered
to retroviral packaging cells (GP2-293). After incubating for 48 h, viral particles were
harvested and used to infect 2H11 cells where Sephs1 was knocked out. After infection, a
rescue cell line was selected with G418 (400 μg/mL) and confirmed by PCR with primer set
(forward: 5′-GCATTCCCCACAAAGGCAA-3′, reverse: 5′-AGCAAAGCCTGACACCCA
T-3′), Western blot analysis and immunocytochemistry.

4.5. Real-Time PCR

Real-time PCR was performed as described previously [11] with minor modifica-
tions. Total RNA was isolated using TRIZOL reagent. Total RNA (2000 ng) was reverse-
transcribed by Mo-MuLV reverse transcriptase, and real-time PCR was performed in
triplicate using PowerUpTM SYBRTM Green Master Mix and Prism7300 (Applied Biosys-
tems) according to the manufacturer’s instructions. Sequences of primers used in this study
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are provided in Table S1. The annealing temperature was set as 3 ◦C below the Tm of the
primer set. The Hprt gene was used as an internal control.

4.6. Western Blot Analysis

Western blot analysis was carried out as described previously [11,32] with slight mod-
ifications. Briefly, cells were washed twice with PBS and harvested in ice-cold lysis buffer
(PBS with 0.5% Triton X-100 and 0.1% PMSF cocktail). The protein concentrations of the
resulting cell extracts were measured by Bradford dye-binding method and 20 μg of total
protein from each sample were subjected to 10% SDS-polyacrylamide gel electrophoresis,
then transferred to PVDF membranes. The membranes were incubated overnight at 4◦C
with primary antibodies against SEPHS1 (1:1000), vinculin, xanthine oxidase (1:1000 each),
actin (1:5000), cyclin A2 (1:1000) or cyclin B1 (1:2000). Membranes were washed with Tris-
buffered saline (TBS) containing 0.1% Tween 20 and incubated with secondary antibodies
for 30 min at room temperature. Immunolabeling was detected using ECL reagent, and
luminescence signal was detected using Chemi-Doc (Luminograph II, ATTO). The band
intensities on each blot were quantified using ImageJ software (NIH).

4.7. Immunocytochemistry

Immunocytochemistry was carried out as described previously [10], with modifi-
cations. Briefly, 1.5 × 104 cells were seeded on a 9 mm coverslip and fixed with 4%
paraformaldehyde in PBS, washed with PBS twice, and then permeabilized with 0.1%
Triton X-100 in PBS for 10 min. The permeabilized cells were blocked with 5% FBS in PBS
for 1 h at room temperature and then incubated with primary antibodies with appropri-
ate dilution folds; anti-SEPHS1 (1:100), anti-alpha-tubulin (1:200), anti-4-hydroxynonenal
(4-HNE) (1:50), anti-BrdU (1:100), anti-gamma H2AX (1:100), and anti-CD31(1:50), respec-
tively. Primary antibody binding was performed at 4 ◦C overnight, and then secondary
antibody conjugated with fluorescent dye; anti-rabbit IgG conjugated with Cy3 and anti-
mouse IgG conjugated with CFL488 was incubated (1:100) for 30 min at room temperature.
Cells were observed by Diaphot 300 fluorescence microscope (Nikon FL, Tokyo, Japan) or
LSM700 confocal microscope (Carl Zeiss, Jena, Germany).

4.8. Determining ROS Types

The detection of intracellular ROS was carried out with CM-DCFDA as described
previously [10] with minor modifications. 2H11 cells were seeded at a density of 5 × 104

cells/well in a 12-well plate 1 day before staining. The cells were incubated with 5 μM CM-
DCFDA in DMEM containing 1% antibiotic–antimycotic without FBS for 30 min at 37 ◦C
in 5% CO2, washed twice with PBS, and then observed under fluorescence microscope
(Nikon FL) at an excitation wavelength of 470 nm.

Superoxide was stained with DHE as described previously [11], with slight modifi-
cations. Then, 5 × 104 cells were prepared as above and stained by incubating cells in
10 μM DHE in DMEM containing 1% antibiotic–antimycotic and 10% FBS for 15 min at
37 ◦C. After washing with PBS, the fluorescence signals were observed under fluorescence
microscope (Nikon FL) at an excitation wavelength of 531 nm.

Detection of hydrogen peroxide was carried out as described previously [11], with
minor modifications. The cytosolic roGFP2-Orp1 vector [23,24] was transfected into each
cell. After incubation for 24 h at 37 ◦C in 5% CO2, 1.5 × 104 cells were seeded on a 9 mm
coverslip and incubated for 12 h, washed with PBS, fixed with 4% paraformaldehyde in PBS
and then observed under an LSM 700 confocal microscope (Carl Zeiss). The ratio between
the oxidized (405 nm) and reduced (488 nm) forms of the probes was calculated for each
cell according to Morgan et al. [23]. The intensities of the 405 nm and 488 nm image from
the same original field (100× magnification) were obtained separately as described [11].
The intensity of the 405 nm images was divided by the intensity of the 488 nm images to
calculate the ratio. This procedure was repeated in six different fields for each cell line, and
the ratio images were created by dividing the 405 nm image by the 488 nm image pixel by
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pixel. The ImageJ ‘Blue Green Red’ Look Up Table (LUT) was used for creating false-color
ratio pictures.

4.9. Measurement of ROS Levels with Fluorescence Activated Cell Sorting

Cells were seeded at 2 × 105 cells per well in a 6-well plate. On the following day,
cells were stained with a ROS probe. After staining, cells were harvested and intracellular
fluorescence intensity of the probe was quantified using a fluorescence-activated cell sorter
(FACS, Canto II, BD Biosciences, Franklin Lakes, NJ, USA). A minimum of 2 × 104 cells
were counted from each sample and fluorescence distribution of cells was analyzed and
displayed as a histogram.

4.10. Scratch-Wound Assay

Scratch-wound assay was carried out as described previously [31], with minor mod-
ifications. Cells were seeded at a density of 3 × 105 cells per well in a 6-well plate. On
the following day, cells were scratched with a yellow pipette tip, washed with PBS twice,
and then further incubated in DMEM with 10% FBS at 37 ◦C for 12 h. The movement of
cells into the wound area was measured after photographing the cells. The covered area
was calculated by subtracting initial wound area from the remaining wound area at the
end of the assay. To avoid scratch-width variation, the relative covered area (RCA) was
calculated by RCA[%] = covered area × 100 [%]/initial area. Experiments were performed
in triplicate.

4.11. Tube Formation Assay

Tube formation assay was carried out as described in Cao et al. [33] with modifications.
Cells were seeded at a density of 1.5 × 105 cells per well in a 6-well plate. The cells were
incubated with trypsin EDTA, neutralized with DMEM with 10% FBS and 1% antibiotic–
antimycotic, and harvested by centrifugation. Cells were washed and resuspended with
serum-free DMEM. Cells were then seeded at a density of 3 × 104 cells per well in a
Matrigel-precoated 96-well plate. A Matrigel-precoated 96-well plate was prepared a day
before use by incubating the plate with 100 μL of Matrigel per well for 1 h at 37 ◦C. After
incubating cells for 6 h at 37 ◦C, tube formations were observed with an optical microscope.
The extent of tube formation was analyzed using “Angiogenesis Analyzer” software plugin
for ImageJ as described previously [28].

4.12. Administration of ROS Scavengers and Inhibitor Treatments

ROS scavengers were treated as described by Kate et al. [34] with minor modifications.
In this study, NAC, catalase, SOD and Mito-TEMPO were used in a concentration of 1 mM,
300 units/mL, 300 units/mL, and 50 μM, respectively. Selective inhibitors for xanthine
oxidase and NADPH oxidases were administrated according to Augsburger et al. [35]. In
this study, allopurinol, GKT136901, VAS2780, and ML171 were used at a concentration of
50 μM, 50 μM, 5 μM, and 5 μM, respectively. ROS scavengers and selective inhibitors were
administrated overnight, and on the next day, cells were stained with an appropriate ROS
probe observed with fluorescent microscope or confocal microscope.

4.13. Detection of Reactive Nitrogen Species

Reactive nitrogen species (RNS) analysis was carried out as described by Handa
et al. [36] with modifications. For the detection of nitric oxide, cells were stained by
incubating with 5 μM at 37 ◦C for 30 min. Peroxynitrite was detected by staining cells
with DHR123, 10 μM at 37 ◦C for 30 min. Stained cells were observed with a fluorescence
microscope (Nikon FL). The intensity of the RNS signal was quantified using FACS (Canto
II, BD Biosciences) and FlowJo software.
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4.14. Cell Cycle Analysis

Cell cycle analysis was performed by measuring DNA content after staining cells with
propionic iodide (PI) [37]. Cells were seeded onto a 12-well plate at a density of 3 × 104

cells/well. After a 12 h incubation, ROS scavengers such as SOD or NAC were administered
into Sephs1-knockout cell overnight. On the following day, cells were harvested, washed
once with PBS, and fixed in 70% ethanol at 4 ◦C overnight. The fixed cells were washed
with PBS twice, resuspended with PBS containing RNase A (200 μg/mL) and incubated for
10 min at room temperature. Cells were then further incubated with 100 μg/mL of PI in
PBS for 30 min at room temperature. Stained cells were analyzed using FACS (Canto II, BD
Biosciences) and FlowJo software.

4.15. BrdU Incorporation Assay

BrdU incorporation assay was carried out using BrdU Labeling and Detection Kit
(Roche) according to the manufacturer’s instructions. Briefly, cells were seeded onto a
24-well plate at a density of 1.5 × 104 cells per well overnight. On the following day, BrdU
was added to the growth media at the concentration of 10 μg/mL for 2 h. Incorporated
BrdU was detected by immunocytochemistry using anti-BrdU antibody, and the fluorescent
signals conjugated to the secondary antibody were observed using a confocal microscope
(Carl Zeiss).

4.16. Statistics

Each experiment was performed in biological triplicate for statistical analysis. Statisti-
cal significance was tested by one-way ANOVA followed by Tukey’s multiple compari-
son test.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222111646/s1, Figure S1: Sequences of sgRNA, mutations in a knockout cell line (8–22) and
rescue construct, Figure S2: Quantification of intensity of ROS probes. Figure S3: Quantification of
superoxide accumulation in scavenger and selective inhibitor treated cells. Figure S4: Measurement
of signal intensities of RNS probe and 4-HNE. Figure S5. Analysis of cell proliferation. Figure S6:
Measurement of cell motility and angiogenesis. Table S1: Primer sequences used in this study.
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Abstract: Transfer RNA[Ser]Sec carries multiple post-transcriptional modifications. The A37G muta-
tion in tRNA[Ser]Sec abrogates isopentenylation of base 37 and has a profound effect on selenoprotein
expression in mice. Patients with a homozygous pathogenic p.R323Q variant in tRNA-isopentenyl-
transferase (TRIT1) show a severe neurological disorder, and hence we wondered whether seleno-
protein expression was impaired. Patient fibroblasts with the homozygous p.R323Q variant did not
show a general decrease in selenoprotein expression. However, recombinant human TRIT1R323Q had
significantly diminished activities towards several tRNA substrates in vitro. We thus engineered
mice conditionally deficient in Trit1 in hepatocytes and neurons. Mass-spectrometry revealed that hy-
permodification of U34 to mcm5Um occurs independently of isopentenylation of A37 in tRNA[Ser]Sec.
Western blotting and 75Se metabolic labeling showed only moderate effects on selenoprotein levels
and 75Se incorporation. A detailed analysis of Trit1-deficient liver using ribosomal profiling demon-
strated that UGA/Sec re-coding was moderately affected in Selenop, Txnrd1, and Sephs2, but not
in Gpx1. 2′O-methylation of U34 in tRNA[Ser]Sec depends on FTSJ1, but does not affect UGA/Sec
re-coding in selenoprotein translation. Taken together, our results show that a lack of isopentenylation
of tRNA[Ser]Sec affects UGA/Sec read-through but differs from a A37G mutation.

Keywords: Trit1; isopentenylation; tRNA[Ser]Sec; selenoproteins

1. Introduction

Selenoproteins are proteins containing the rare and essential amino acid selenocys-
teine (Sec), which is co-translationally inserted into proteins. Hierarchical expression of
selenoproteins depends on the availability of selenium (Se) both among organs and among
individual selenoproteins [1]. Moreover, at lower Se availability, selenoprotein expression
is more robust in female than in male mammals [2]. The hierarchy among organs is estab-
lished by provision of selenoprotein P (SELENOP) by the liver and its receptor-mediated
uptake through endocytic receptors [3,4]. Several mechanisms cooperate to establish a
second hierarchy among selenoproteins in one cell. For example, glutathione peroxidase 1
(GPX1) and SELENOW levels closely reflect bioavailability of Se, while GPX4 and thiore-
doxin reductases (TXNRD) remain stably expressed at lower Se levels. This hierarchy has
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been correlated with the affinities of selenocysteine insertion sequences (SECIS) present in
the 3′-untranslated regions of selenoprotein mRNAs to the SECIS-binding protein 2 (SE-
CISBP2) [5–7]. These correlations, however, are not perfect, and binding and competition
of other mRNA binding proteins such as RPL30, NUCLEOLIN, and eIF4A3 have been
invoked to explain aspects of the hierarchy [8–10]. Moreover, selenoprotein mRNAs may
be subject to mRNA surveillance pathways if Se levels are limiting, in particular, GPX1 and
SELENOW.

Sec is encoded by the UGA codon, and thus translation involves a competition be-
tween elongation and termination. Central to this process is tRNA[Ser]Sec. This tRNA was
discovered as a rare seryl-tRNA that recognizes a UGA codon [11,12]. Accordingly, it is
amino-acylated by SerRS. The 3′-Ser is subsequently phosphorylated by PSTK and further
converted to Sec-tRNA[Ser]Sec by selenocysteine synthase [13–16]. Unlike other tRNAs,
there is only one gene encoding tRNA[Ser]Sec in mammals, Trsp (in mice), and TRU-TCA1-1
(in humans). Transfer RNA[Ser]Sec carries several modifications (Figure 1). In both bacteria
and in vertebrates, the anticodon loop carries a hypermodified 5-methylcarboxymethyl
(mcm5)U34, which may be further methylated on the 2′O-position of the ribose (mcm5Um34),
and a N6-isopentenyl(i6)A37 [17–21].

Figure 1. Modifications and mutations in tRNA[Ser]Sec. Sequence of murine tRNA[Ser]Sec with post-
transcriptional modifications indicated [20]. Where proposed, we mentioned the respective enzymes
responsible for the modifications (black). Labelled in red are mutations in the primary sequence
of tRNA[Ser]Sec in transgenic mouse models or observed in a human patient. The U34A mutant
tRNA[Ser]Sec is further deaminated in vivo to inosine (I).

Mutations in tRNA[Ser]Sec affect selenoprotein expression [22]. In transgenic mice,
expression of a hypomorphic tRNA[Ser]Sec with a promotor mutation leads to a neurological
phenotype [23], and gene targeting of Trsp leads to complete abrogation of selenoprotein
expression [24–26]. A pathogenic homozygous c.C65G variant in TRU-TCA1-1 causes a phe-
notype resembling the phenotype of patients with pathogenic SECISBP2 variants [27–29].
Thus, the level and integrity of tRNA[Ser]Sec modulates selenoprotein expression. Inter-
estingly, mutations in A37 and U34 in tRNA[Ser]Sec affect not only the levels but also the
hierarchy of selenoprotein expression. Both mutations reduce expression of GPX1 effec-
tively, while GPX4 and TNXRD1 remain more stably expressed [30,31]. Another publication
presented data that support the notion that the A37G mutation acts, in part, as a dominant
negative [32]. In a pioneering study interrogating selenoprotein translation using ribosomal
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profiling, it was shown that Se availability modulates the efficiency of UGA/Sec recod-
ing [33]. This study further showed that the A37G mutant tRNA[Ser]Sec was not efficiently
supporting selenoprotein translation, even in the presence of supra-nutritional selenium.
Therefore, it is evident that modification of tRNA[Ser]Sec has a major impact on the process
of UGA/Sec re-coding. In fact, the crystal structure of hypomodified tRNA[Ser]Sec showed
a disordered anticodon stem loop [34]. In the cryo-EM structure of a bacterial ribosome
in complex with mRNA and elongation factor SELB, the modified tRNA[Ser]Sec shows
stacking of i6A37 on the anticodon:codon minihelix; however, modification of U34 was not
resolved [35,36].

It has been observed that 2′O-methylation of mcm5U34 (mcm5Um) in tRNA[Ser]Sec

correlates with Se bioavailability [19,37]. Due to the correlation with hierarchical seleno-
protein expression, a role for tRNA modification was proposed, and the effect of A37G and
U34A(I) mutations were explained with the lack of 2′O-methylation of nucleoside 34 in
both mutant tRNAs [30]. Interference with 5-methylcarboxymethylation of tRNA[Ser]Sec by
mutation of the enzyme ALKBH8 reduced selenoprotein expression, supporting a role for
U34 modification in UGA/Sec recoding [38,39].

The observation that treatment with lovastatin affected selenoprotein expression in
cultured cells suggested that isopentenylation of tRNA[Ser]Sec was important for its func-
tion [40,41]. Later, it was shown that tRNA-isopentenyltransferase (TRIT1) was the enzyme
modifying tRNA[Ser]Sec, and knock-down of Trit1 reduced GPX1 expression in NIH 3T3
cells under the condition of low Se availability [42]. Patients carrying pathogenic variants in
TRIT1 show microcephaly with epilepsy that was primarily explained by a mitochondrial
disease associated with deficient isopentenylation of mitochondrial tRNAs [21,43]. Since
neurological disorders including seizures are also phenotypes observed in several mouse
models carrying mutations in tRNA[Ser]Sec [23,44], we wondered whether selenoprotein
expression was also affected in patients harboring pathogenic TRIT1 variants.

We therefore studied selenoprotein biosynthesis in TRIT1-deficient human fibroblasts,
recombinant human TRIT1, and in mice with inactivation of Trit1.

2. Results

2.1. TRIT1-Mutant Human Fibroblasts

Studies of Kim and colleagues suggested that the acquisition of post-transcriptional
modifications in tRNA[Ser]Sec was sequential and interdependent in Xenopus oocytes [20].
Likewise, profound changes in selenoprotein expression were described in mouse mod-
els, wherein A37 in tRNA[Ser]Sec was not isopentenylated due to a A37G mutation [30].
Hence, we wondered whether fibroblasts derived from a patient carrying a homozygous
pathogenic variant in TRIT1 represented an excellent model to study the role of i6A in
tRNA[Ser]Sec for selenoprotein expression [43]. To our surprise, Western blot against se-
lenoproteins did not reveal any reduction in the patient fibroblasts (Figure 2A), despite
the fact that the TRIT1 protein appeared greatly reduced. We subsequently metaboli-
cally labelled the fibroblasts with 75Se-selenite, finding no reduction in 75Se incorporation
into selenoproteins (Figure 2B). We then asked whether another unidentified A37-tRNA-
isopentenyltransferase activity was expressed in these cells. We therefore determined the
modification indices of several tRNAs that are normally isopentenylated, using an estab-
lished RT-qPCR technique [45]. This assay exploits the sensitivity of a reverse transcriptase
reaction to the presence of 2-methylthio-i6A (ms2i6A) in the tRNA substrate. The resulting
cDNA is then quantified by qPCR (Figure 2C). This technique independently confirmed
the results obtained before with a positive hybridization assay [43] and showed that those
tRNAs that are normally containing ms2i6A37 are hypomodified in TRIT1-mutant cells
(Figure 2D,E). In order to obtain an overview of the gene regulation of selenoproteins and
NRF2-depedent anti-oxidative genes, we performed RNA sequencing in TRIT1-mutant
fibroblasts (Figure 2F). Some NRF2 target genes were up-regulated (e.g., MT2), but others
were down-regulated (e.g., GSTM4, GSTM5, MGST1). Induction of mitochondrial tran-
scripts is in line with the mitochondriopathy of the patient. Among selenoproteins, only
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TXNRD1 and SELENOW were decreased at the mRNA level, but this was not reflected
at the protein level (Figure 2A), suggesting that reduced mRNAs are a result of gene-
specific regulation rather than an effect on selenoprotein translation. Taken together, the
p.R322Q variant in TRIT1 did not show a general deficiency in the function of tRNA[Ser]Sec

in selenoprotein translation.

 
Figure 2. Selenoprotein expression in patient fibroblasts carrying a pathogenic homozygous TRIT1R323Q variant. (A) West-
ern blot comparing selenoprotein expression in TRIT1 patient fibroblasts with two control fibroblast lines. The signal
corresponding to TRIT1 protein is reduced almost to the detection limit in the TRIT1 patient cells, while the unspecific
(lower) band suggests equal loading. β-Actin served as control. (B) Metabolic 75Se-labeling of cultured fibroblasts reveals
normal 75Se incorporation in selenoproteins. Coomassie brilliant blue stained gel shows equal protein loading. Asterisks
represent wells loaded with un-labelled protein to avoid diffusion (C) RT-PCR to determined ms2i6A in tRNAs. The two
steps, reverse transcription of tRNA and qPCR of cDNA, are depicted. Primers are represented as half arrows (R1 and R2
are reverse primers and Fw is the forward primer) Arrowhead shows the position of the ms2i6A. (D) Determination of
tRNA modification index based on RT-PCR. Traces from mt-tRNATrp analysis. (E) Modification index of several mt-tRNAs
normally containing ms2i6A37 modifications depends on functional TRIT1. (F) Heatmap of significantly regulated genes
from human fibroblasts focused on selenoprotein and NRF2 target genes. Up-regulated and down-regulated genes in the
patient fibroblasts are depicted in red and blue, respectively.

2.2. In Vitro Activity of TRIT1 and TRIT1R323Q

The exact function of Arg323 in human TRIT1 is not known, but a crystal structure of
the yeast tRNA-isopentenyltransferase MOD5 suggested that the amino acid is involved
in substrate binding [36,46]. Thus, we wondered whether Arg323 might interact only
with some, but not all substrates, and a substitution to Gln might specifically not affect
isopentenylation of tRNA[Ser]Sec. We therefore recombinantly expressed human TRIT1
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protein along with a p.R323Q variant and subjected the purified proteins to biochemical
activity assays. Recombinant TRIT1 with and without the p.R323Q variant transferred 14C-
labelled dimethylallylpyrophosphate (DMAPP) to in vitro transcribed (IVT) tRNA[Ser]Sec,
while a tRNA[Ser]Sec mutant with A37 replaced by G was not isopentenylated, as expected
(Figure 3A). In order to test a battery of cytosolic and mitochondrial tRNAs in the fol-
lowing isopentenylation assays, we used synthetic anticodon-containing fragment (ACF)
oligonucleotides as substrates in a filter-binding assay. As a first step, we determined for
each substrate the KM values along with the respective Vmax towards recombinant human
TRIT1 (Figure 3B; Table 1). In order to assess the effect of the p.R323Q variant, we then
determined in a separate experiment the specific activities of recombinant TRIT1 and the
p.R323Q variant protein against eight ACF substrates (Figure 3C). The variant protein was
significantly less active towards each four mitochondrial and four cytosolic tRNA ACF
substrates, including tRNA[Ser]Sec. This finding suggests that the p.R323Q variant affects
activity towards all tRNA substrates.

 
Figure 3. Activity assays using recombinant TRIT1. (A) In vitro assay using wild type and p.R323Q variant TRIT1
recombinant proteins and in vitro transcribed tRNA[Ser]Sec. Isopentenylated tRNA was also detected in a urea-acrylamide
gel. (B) Representative results of kinetic analyses of TRIT1 with ACF substrates corresponding to mt-tRNASer

(UGA) and
tRNA[Ser]Sec. (C) Specific activities determined for eight substrates using TRIT1 (Ctl) and p.R323Q. N = 3. * p < 0.05,
Student’s t-test. The ACF oligonucleotide concentration in the endpoint assay corresponded to the KM of the oligonucleotide
with the wild-type enzyme (Table 1).

103



Int. J. Mol. Sci. 2021, 22, 11454

Table 1. Determination of kinetic parameters of recombinant human TRIT1 with anticodon-containing fragment substrates.

tRNA KM [μM] Vmax [pmol/min * mg Protein] Sequence

cytosolic Ser AGA 0.7980 ± 0.1091 989.0 ± 45.27 GA-UGG-ACU-AGA-AAU-CCA-UU
Ser CGA 0.4384 ± 0.0849 465.5 ± 27.17 GU-UGG-ACU-CGA-AAU-CCA-AU
Ser UGA 0.8690 ± 0.1210 1016 ± 54.85 GA-UGG-ACU-UGA-AAU-CCA-UU
Sec UCA 0.3848 ± 0.0934 321.5 ± 25.72 UG-CAG-GCU-UCA-AAC-CUG-UA

mitochondrial Cys GCA 5.293 ± 4.294 73.94 ± 28.37 AU-UGA-AUU-GCA-AAU-UCG-AA
Ser UGA 1.673 ± 0.2683 523.6 ± 32.23 GG-UUG-GCU-UGA-AAC-CAG-CU
Trp UCA 3.710 ± 0.5627 442.2 ± 31.37 AA-GAG-CCU-UCA-AAG-CCC-UC
Tyr GUA 0.7735 ± 0.1127 549.7 ± 26.37 AU-UGG-ACU-GUA-AAU-CUA-AA

2.3. Inactivation of Trit1 in the Mouse

The severity of missense mutations in the selenoprotein biosynthesis pathway may
depend on the cell type [47]. Hence, we created conditional Trit1-knockout mice and crossed
them with an Alb-Cre transgene abrogating Trit1 expression in hepatocytes, an established
model for selenoprotein expression analyses. Western blot against TRIT1 shows a greatly
diminished signal in livers from Alb-Cre; Trit1fl/fl (KO) mice (Figure 4A). Accordingly, the
abundance of i6A in the tRNA fraction isolated from Trit1 KO liver was less than 10% of
the controls (Ctl) compatible with preserved TRIT1 expression in endothelial cells and liver
macrophages (Figure 4B). Northern blot against tRNA[Ser]Sec demonstrated unchanged
levels in the Trit1 KO (Figure 4C). We then specifically isolated tRNA[Ser]Sec from Trit1
KO and Ctl livers by reciprocal circulating chromatography [48], followed by RNase T1
digestion, and subjected the fragments to capillary LC/nanoESI mass spectrometry to
analyze its tRNA modifications [49,50]. In Ctl liver, we detected several species of the
anticodon-containing fragments with different modification status (Figure 4D). The fully
modified fragment with mcm5Um at position 34 and i6A at position 37 is a major fragment
(53.3%), and the same fragment with mcm5U at position 34 and i6A at position 37 is the
second major fragment (40.0%). In Trit1 KO, both fragments decreased significantly, and
instead, the hypomodified fragment with mcm5Um34 and A37 increased drastically (74.2%).
The result demonstrated that TRIT1 is responsible for i6A37 formation in tRNA[Ser]Sec.
In addition, 5-methylcarboxymethylation of U34 does not require prior i6A modification.
Curiously, the hypomodified fragment with mcm5U34 and A37 was not accumulated in
Trit1 KO (Figure 4D), indicating that 2′O-methylation of mcm5Um34 is promoted in the
absence of i6A37. In other words, i6A37 might have an inhibitory effect on FTSJ1-mediated
2′O-methylation. Importantly, although previous studies using A37G mutant tRNA[Ser]Sec

suggested that Um34 formation depended on prior i6A37 formation [20,30], our data clearly
showed that mcm5Um34 formation was promoted in the absence of i6A37 (Figure 4D). Thus,
it appears as if the mutant G37 nucleotide in the transgenic mouse model prevented Um34
formation and not the lack of isopentenylation of A37.
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Figure 4. Knockout of Trit1 in liver abrogates formation of i6A in tRNA and tRNA[Ser]Sec isopentenylation. (A) Western blot
on liver extract using an antibody against TRIT1. (B) Levels of i6A in the tRNA fraction isolated from liver are significantly
reduced in Trit1 KO. N = 3. *** p < 0.001, Student’s t-test. (C) Northern blot against tRNA[Ser]Sec and 5S rRNA as control.
(D) Mass spectrometric analysis of the tRNA[Ser]Sec isolated from Ctl (left panels) and Trit1 KO (right panels) livers. Each
panel from top to bottom shows an extracted-ion chromatogram for the RNase T1-digested anticodon-containing fragments
with different modification status at positions 34 and 37. Modification status, sequence of the fragment, m/z value, and
charge state (z) are shown on the right for each panel. Relative abundance of each fragment is denoted in each panel.
Non-specific peaks are marked with asterisks.
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2.4. Selenoprotein Expression in Trit1-KO Mice

Being confident that TRIT1 is the only available tRNA-isopentenyltransferase in mouse
hepatocytes and having ascertained that Trit1 was quantitatively inactivated in our mouse
model, we returned to the question whether the hierarchy of selenoprotein expression
in hepatocytes depends on tRNA[Ser]Sec A37 isopentenylation. To assess the expression
of selenoproteins by Western blotting, we focused on those selenoproteins that are easily
detected with a panel of antibodies that work well in our hands. There was no general
reduction in selenoprotein expression in Trit1 KO mouse liver, as studied by Western blot
against eight selenoproteins (Figure 5A). In particular, GPX1 and SELENOW, which are
known to respond sensitively to changes in Se availability, were not changed. In contrast,
GPX4 was increased, and SEPHS2 was reduced, as confirmed by densitometric analysis of
Western- blots (Figure 5B). Metabolic labeling of primary hepatocytes from wild-type and
Trit1 KO mice did not show diminished 75Se incorporation into selenoproteins (Figure 5C).
Since selenoprotein expression is organ-dependent, we also tested selenoprotein expression
in the brain by Western blot. In neuron-specific Trit1 KO brains, we detected a reduction
in SELENOW, but not of any other selenoproteins (Figure 5D). This suggested that the
regulation of SELENOW was gene-specific and not a general effect on selenoproteins. In
order to directly assess the neuronal Sec-incorporation machinery, we isolated primary
cortical neurons from newborn mice and metabolically labeled them in vitro with 75Se.
Again, there was no change of 75Se incorporation into proteins (Figure 5E). We thus have
to conclude that there is no general defect in selenoprotein expression, if tRNA[Ser]Sec

lacks i6A.

2.5. Ribosomal Profiling for Selenoproteins in Trit1-KO

We reasoned, that moderate effects on UGA/Sec re-coding may be better revealed by
ribosomal profiling in Trit1 KO mouse liver. Thus, we isolated polysomes from Trit1 KO
and Ctl livers and performed ribosomal profiling. When we plotted all ribosome-protected
fragments (RPF) associated with all selenoprotein transcripts around the UGA/Sec codon,
we noticed in the Trit1 KO liver a small reduction in ribosomes sitting with the A-site on the
UGA/Sec codon (Figure 6A). Based on a footprint size of 28 nucleotides, these ribosomes
mostly represented ribosomes with a tRNA in the A-site. We then calculated the differential
UGA re-coding efficiency (ΔURE) for individual selenoproteins, a measure that represents
how a condition affects UGA/Sec re-coding in a given selenoprotein [47,51]. According to
ΔUGA, effects on selenoprotein translation seemed rather mild; just for Selenop, there was a
significant change (Figure 6B). SELENOP is unique among mammalian selenoproteins for
containing more than one Sec codon per polypeptide. Inspection of the ribosomal coverage
along the mRNA revealed a reduced density 3′ of the first UGA/Sec codon (Figure 6C).
Similarly, a cumulative sum plot supported this finding in the Trit1-KO liver. In contrast to
our expectations, no such effect was seen for Gpx1 whatsoever (Figure 6D). Because the
UGA/Sec codon resides in the penultimate position of the Txnrd1 mRNA, ΔURE cannot
be calculated for this selenoprotein. In the ribosomal coverage and cumulative sum plots,
however, an impairment of UGA/Sec recoding was apparent (Figure 6E). In Figure 5A,B,
SEPHS2 was clearly reduced in Trit1-KO liver. Similarly, UGA/Sec re-coding in Sephs2 was
reduced according to the ribosomal coverage and cumulative sum plots (Figure 6F). In
agreement with higher protein amounts, we observed a slightly higher coverage on Gpx4
after the UGA/Sec in the Trit1 KO compared to Ctl (Figure 6G). Thus, under conditions of
adequate dietary Se supply, only moderate effects were found on selenoprotein expression,
when tRNA[Ser]Sec was lacking the i6A37 modification.
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Figure 5. Selenoprotein expression in Trit1-knockout (KO) mice. (A) Western blot against a panel of 8 selenoproteins in
mouse liver. N = 6–7 individual mice. Liver protein, 50 μg, separated on SDS-PAGE. (B) Densitometric analysis of the
western blot in (A). Ponceau was used for normalization. Results are expressed as mean ± SD of the percentage relative to
the control (Ctl). GPX4 and SEPHS2 showed significant differences according two-tailed t-test. * p < 0.05. p-values of GPX4
and SEPHS2 were 4 × 10−6 and 2.25 × 10−4, respectively. (C) Metabolic labeling with 75Se-selenite of isolated primary
hepatocytes. Coomassie brilliant blue-stained gel for loading control (left) and autoradiogram (right). N = 3 individual
cultures. (D) Selenoprotein western blot from cortices of neuron-specific Trit1 KO mice. (E) 75Se-labeling of Trit1 KO and Ctl
neuron cultures (a representative experiment). Coomassie showed equal loading.

107



Int. J. Mol. Sci. 2021, 22, 11454

Figure 6. Selenoprotein RiboSeq analysis of Trit1 knockout (KO) liver. (A) RPFs with the UGA/Sec in the A-site expressed as
reads per million mapped reads (RPM) over all selenoproteins. (B) UGA recoding efficiency (URE, 3′RPF/5′RPF) calculated
for selenoproteins with UGA/Sec far from the termination codon. ΔURE is calculated as URE(KO)/URE(Ctl). (C–G) RPF
coverage of selected selenoprotein mRNAs in Trit1 KO mouse liver. The mean values of the groups were plotted. Start and
stop positions are marked as green and red circles. Reads are plotted in blue for control (Ctl) and in orange for Trit1 KO
livers. The position of the UGA/Sec codon is indicated by a black “x” mark. In the case of Selenop, following UGA codons
after the first are displayed as black vertical lines. Cumulative sums of RPF are shown below the corresponding profiles.
RPM: reads per million mapped reads.
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2.6. Effect of 2′O-Methylation of U34 in tRNA[Ser]Sec

It has been proposed that 2′O-methylation is a Se-dependent process, and methylated
tRNA[Ser]Sec is superior to less modified tRNA[Ser]Sec in supporting Sec incorporation
into GPX1 and other stress-related selenoproteins. Because selenoprotein expression
is generally more stable in females than in males, we speculated that FTSJ1, which is
associated with X-linked mental disability in humans [52], might represent the elusive
2′-O-methyltransferase. We recently inactivated the Ftsj1 gene in mice and demonstrated
by mass-spectrometry that 2′O-methylation of U34 in tRNA[Ser]Sec is entirely undetectable
in tRNA[Ser]Sec isolated from Ftsj1 mutant mice [53]. This work has included ribosomal
profiling of Ftsj1-deficient brain, but expression of selenoproteins was not specifically
investigated. Here, we subjected the dataset from the earlier study to our analysis pipeline
regarding selenoprotein expression (Figure 7). Plotting the density of RPFs around the
UGA/Sec codon of all selenoproteins showed absolutely no difference between controls
and Ftsj1-KO mice (Figure 7A). Calculation of ΔURE likewise showed no differences, in
particular, for Gpx1, the selenoprotein best known for its response to Um34 modification
in tRNA[Ser]Sec (Figure 7B). The ribosomal coverage and cumulative sum plots of Selenop
did not show any impact of the Ftsj1 inactivation despite 10 UGA/Sec codons in the open
reading frame (Figure 7C). Finally, ribosomal coverage of Gpx1 was not reduced either
(Figure 7D).

Figure 7. Re-analysis of Fstj1 knockout (KO) brain RiboSeq data focussed on selenoproteins. (A) RPFs with the UGA/Sec
in the A-site expressed as reads per million mapped reads (RPM) over all selenoproteins. (B) UGA recoding efficiency
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(URE, 3′RPF/5′RPF) calculated for selenoproteins with UGA/Sec far from the termination codon. ΔURE is calculated as
URE(KO)/URE(Ctl). (C,D) RPF coverage of selected selenoprotein mRNAs in Ftsj1 KO mouse brain. The mean values of
the groups were plotted. Start and stop positions are marked as green and red circles. Reads are plotted in blue for control
(Ctl) and in orange for Ftsj1 KO brains. The position of the UGA/Sec codon is indicated by a black “x” mark. Cumulative
sums of RPF are shown below the corresponding profiles. RPM: reads per million mapped reads.

3. Discussion

Expression of selenoproteins is governed by the availability of Se. Dietary Se restric-
tion, interference with Se transport within the body or pathogenic variations in genes
encoding certain biosynthesis factors have a major impact on selenoprotein biosynthesis [4].
The above effects all converge on the availability of amino-acylated tRNA[Ser]Sec (Sec-
tRNA[Ser]Sec). This notion is supported by a hypomorphic mouse model with a promoter
mutation in the gene encoding tRNA[Ser]Sec [23].

A large body of evidence suggests that hierarchical expression of selenoproteins is
modulated, perhaps governed, by modification of tRNA[Ser]Sec. However, most of the
studies delineating the function of tRNA[Ser]Sec in selenoprotein expression were based on
(over-)expression of mutant tRNA[Ser]Sec in the presence or not of endogenous, functional
tRNA[Ser]Sec. In particular, the mouse model expressing A37G mutant tRNA[Ser]Sec has
been the subject of many studies [30,33]. However, multiple copies of the mutant transgene
have integrated into the mouse genome, and a direct effect of the base exchange on tRNA
structure may also affect tRNA charging, binding to the elongation factor, or decoding
in the ribosome. Hence, we wanted to address the question of tRNA[Ser]Sec modification
from the side of the modifying enzyme and studied cell and animal models deficient in the
tRNA-isopentenyltransferase TRIT1.

Besides tRNA[Ser]Sec, this enzyme modifies several substrates, among them, cytosolic
tRNASer

(UCN) and several mitochondrial tRNAs [21,36,42,54]. In fact, patients carrying
pathogenic TRIT1 variants show a mitochondrial phenotype [43,55]. Yet, although the
p.R323Q variant greatly diminished TRIT1 activity towards tRNA[Ser]Sec in vitro, we found
no evidence that selenoprotein expression was generally reduced in patient fibroblasts.
In fact, a deficiency of selenoproteins is usually reflected by an induction of NRF2-target
genes [56,57]. In these cells, however, many genes known to be induced by NRF2 in
selenoprotein deficiency are not up- but down-regulated.

The most direct way to assess the effect of tRNA isopentenylation in translation of
selenoproteins is gene targeting of the responsible enzyme, TRIT1. We have generated
conditional Trit1-knockout mice and analyzed selenoprotein expression in mouse liver
and cultured hepatocytes. In liver, Western blotting showed only SELENOP and SEPHS2
levels moderately reduced, while GPX4 was even increased. We thus used ribosomal
profiling to assess translation through UGA/Sec in mouse liver. When we summed up all
ribosome protected fragments of selenoproteins with the UGA/Sec codon in the A-site,
we found a small decrease in Trit1-KO liver. Individual analyses of all selenoproteins
expressed in mouse liver supported reduced translation of Sephs2, Selenop, and Txnrd1 after
the UGA/Sec codons. GPX1 protein level and Gpx1 translation were not altered in the Trit1
mutant. The decrease in GPX1 and the preservation of TXNRD1, however, were among
the key observations in the A37G mutant tRNA mouse model. Thus, we conclude that the
effect of the A37G mutation does not result from the lack of isopentenylation of base 37,
but from the base exchange.

It has been proposed that the A37G mutation in tRNA[Ser]Sec leads to hypomodification
of U34. Base 34 carries two modifications: mcm5U and 2′-O methylation (mcm5Um34). Since
the U34A(I) mutated tRNA[Ser]Sec also shows massively reduced selenoprotein expression,
it was concluded that lack of ribose 2′-O methylation was the reason for reduced UGA/Sec
translation in both mouse models [31]. In fact, exposure of endothelial cells to an inhibitor
of S-adenosylhomocysteine (S-Ado-Hcy) hydrolase reduced both GPX1 and TXNRD1
expression [58]. The authors showed that increased levels of S-Ado-Hcy increased the level
of mcm5U tRNA[Ser]Sec at the expense of the mcm5Um isoform, possibly through inhibition

110



Int. J. Mol. Sci. 2021, 22, 11454

of the elusive 2′O-methyltransferase [58]. Gene targeting in mice showed that FTSJ1 is the
2′O-methylase of U34 in tRNA[Ser]Sec [53]. However, our data do not support a role of FTSJ1
in UGA/Sec re-coding during selenoprotein translation in mice fed adequate Se levels in
their diet. It is still possible that analysis of mice fed a Se-deficient diet may reveal an effect
of Um34 in tRNA[Ser]Sec on selenoprotein translation. Apart from this possibility, is there
any other way to reconcile these seemingly conflicting observations?

It is interesting that UGA/Sec re-coding in Gpx1 is not (always) sensitive to full
mcm5U modification [59]. So, we wonder whether one could look at the available data in
another way: formation of mcm5Um34 in tRNAs is not unique for tRNA[Ser]Sec, but may
represent a general mechanism to cope with oxidative stress [60]. Impaired expression
of selenoproteins, in turn, leads to oxidative stress [61]. Thus, mcm5Um methylation
and GPX1 activity may correlate, but not necessarily through tRNA modification. This
idea would explain why co-administration of the antioxidant N-acetylcysteine with the
S-Ado-Hcy hydrolase inhibitor rescued GPX1 expression [58]. An antioxidant should not
be able to replace a specific methylase activity.

The modification of U34 is, in fact, important, as shown by two groups that indepen-
dently targeted the Alkbh8 gene in mice [38,39]. ALKBH8 is the methylase forming the
methyl-ester in mcm5U. Lack of this modification clearly impairs translation of GPX1 in
liver and fibroblasts [38,39], while in lungs, TXNRD1 is more affected [59]. We hypothe-
sized that inactivation of the elongator complex, which initiates the mcm5U modification,
should impair selenoprotein translation. A paper targeting Elp3 in mouse developing
cortex has provided ribosomal profiling data [62]. We analyzed this dataset using the
methodology presented here and found that Gpx1 indeed shows decreased UGA/Sec
read-through (Figure 8). Due to the low sequencing depth of this experiment, it is difficult
to make statements on less abundantly expressed selenoproteins, and a future experiment
should analyze a hepatocyte-specific Elp3 knockout model.

Figure 8. Ribosomal profiling of Gpx1 in Elp3 knockout (KO) developing brain. (A) Ribosomal
coverage plot. The position of the UGA/Sec codon is indicated by a black “x” mark. Note the
decreased ribosomal coverage in Elp3 KO 3′ from the UGA/Sec codon. (B) Cumulative sum plot.
The net translation of Gpx1 in Elp3 KO is apparently adjusted by increased translation/initiation 5′ of
the UGA/Sec. Data from [62] were re-analyzed with the methods presented here.
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It is an intriguing observation that interference with different positions in tRNA[Ser]Sec

and different modifications leads to very specific effects on the expression of only a subset
of selenoproteins: lack of i6A37 affects TXNRD1 and GPX4, but not GPX1. Inactivation of
Alkbh8 affects GPX1 in liver and fibroblasts, but TXNRD1 in lung. Mutation of A37 to G
reduces GPX1 expression but not TXNRD1. Research into this mechanism will profit from
using the same type of cell or organ and the same methodology. Finally, Se availability
may mitigate or potentiate effects of tRNA modification [33]. What remains beyond is the
question of how tRNA modification can differentially affect the UGA/Sec re-coding event in
different selenoproteins. Here, we are lacking data on the mammalian ribosome in complex
with SECISBP2, mRNA, and tRNA[Ser]Sec. It is conceivable that codon context, i.e., bases 5′
and 3′ from the UGA will modulate how the codon and the anticodon accommodate in the
ribosomal decoding center. Transfer RNA[Ser]Sec modifications may enhance decoding or
not, e.g., in the bacterial cryo-EM structure, a hydrogen bond is observed between 2′O-U34
and 5′O-C35 [35]. Hence, a 2′O methylated U34 may be able to modulate codon:anticodon
interactions. In the bacterial situation, the two bases following the UGA codon engage in
stacking interactions with bases from the 16S ribosomal RNA in which the hypermodified
U34 is involved. Thus, a sequence-specific communication between codon context and
tRNA modification is conceivable and awaits experimental verification.

4. Materials and Methods

4.1. Mouse Model

The generation and further characterization of the conditional Trit1 mouse model
will be described elsewhere in the context of the impact of TRIT1 on translational fidelity
(Bohleber, Fradejas, Suzuki, Schweizer et al., in preparation). Animal experiments were
performed according to approval by the LANUV Recklinghausen (AZ 84-02.04.2014.A436
and 81-02.04.2020.A042).

4.2. Human Fibroblast Culture

Cells were cultured following the same procedures described [43].

4.3. Hepatocyte Culture

Procedure was described in [51]. After perfusion of mice, livers were mechani-
cally disaggregated into DMEM high Glucose, 10% FBS, 1% Glutamine and 1% Peni-
cillin/Streptomycin. Cell suspension was passed through a cell strainer before going
through serial centrifugation/resuspension steps. Finally, cells were counted and seeded
in collagen-coating plates. Experiments were performed the following day.

4.4. Neuron Culture

The procedure was followed as indicated in Beaudoin et al. [63]. The cortices of each
pup (P1) were dissected and individually kept in separate Eppendorf tubes with 1 mL
dissection medium. After trypsinization for 20 min at 37 ◦C, trypsin was removed and
cortices were washed with plating medium and triturated with a polished Pasteur pipette
against a Petri dish. Cells were passed through a cell strainer, counted, and plated with
1 million cells per 100 mm plate coated with poly-L-lysine. The following day medium was
replaced with maintenance medium. After two days in culture, Ara-C was added to a final
concentration of 5 μM and kept for one day until half of the medium was replaced by fresh
maintenance medium. Cultures were used for experiments around 10 days post-plating.

4.5. Western Blot

Mouse tissues (liver and cortex) and confluent human fibroblasts were homogenized in
RIPA lysis buffer containing protease inhibitors (Roche, Basel, Switzerland). Protein extracts
were resolved by 12% SDS-PAGE, transferred to nitrocellulose membranes (GE Healthcare,
Chicago, IL, USA) and immunoblotted using the antibodies against listed in Table S1.
Detection was performed with horseradish peroxidase-conjugated anti-mouse or anti-rabbit
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IgG (Jackson ImmunoResearch, West Grove, PA, USA) and an enhanced chemiluminescence
detection system (Supersignal West Dura, Thermo Scientific, Waltham, MA, USA) using
Fusion Solo detector (Vilber Lourmat Deutschland GmbH, Eberhardzell, Germany).

4.6. 75Se Labeling

Confluent human fibroblast, neuron, and hepatocyte cultures grown in 100 mm plates
were labelled overnight with radioactive sodium selenite (Na2[75Se]O3) (10 μCi/plate).
Cells were washed with 1× PBS and lysed in RIPA buffer. Then, 50 μg of lysate were
separated by SDS-PAGE (12% gel). Coomassie blue staining was performed before gel
drying (Gel dryer Bio-Rad, Bio-Rad, Hercules, CA, USA). Autoradiography was obtained
using a BAS-1800 II (Fujifilm, Tokyo, Japan) Phosphoimager.

4.7. Transfer RNA Modification Index by RT-PCR

The qualitative determination of the ms2i6A modification in human mitochondrial
tRNAs was adapted from [45]. Total RNA was extracted with Trizol (Invitrogen, Waltham,
MA, USA) following the manufacturer’s instructions. DNase treatment and cDNA synthe-
sis were performed according to Xie et al. [45], using RQ1 RNase-free DNase (Promega,
Madison, WI, USA) and the Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel,
Switzerland). Primers used for cDNA synthesis and qPCR were previously published
in [64]. qPCR was performed using Absolute qPCR SYBER Green according to the man-
ufacturer’s instructions in a Mastercycler epgradient S realplex (Eppendorf, Hamburg,
Germany). Specific primer annealing temperatures were determined by gradient PCR (see
Table S2). Amplified products were verified by melting curve analysis and gel electrophore-
sis. Modification indexes were calculated as in [45].

4.8. TRIT1 In Vitro Assay

Human TRIT1 gene was cloned, the p.R323Q variant introduced, and recombinant
protein (wild type or variant TRIT1) purified using the same methods as for the mouse
TRIT1 in [42]. Primers used for cloning and site direct mutagenesis are shown in Table S3.
Reactions were performed using the same conditions as in [42], but with slight variations.
Different anticodon stem loop RNA primers were used as substrate (Table S4). Then,
2.5 U of pyrophosphatase (Genecraft, Cologne, Germany) were added to the mixture. The
reaction was stopped after 10 min by adding 100 μL of ice-cold 10% TCA. Precipitation
was done via a modified TCA precipitation protocol [65]. The whole volume of reaction
tube was transferred to a Whatman filter paper and air dried for 15 min. Afterwards, it was
washed in TCA (10%), in EtOH (95%), and in diethyl ether. The filter paper was air dried
for 30 min between the washing steps and for 60 min after the last one. Scintillation liquid
was added to the filter papers and a measurement was measured in a LS 6500 scintillation
counter (Beckman, Pasadena, CA, USA).

4.9. tRNA[Ser]Sec Northern Blot

The procedure and probes used were previously described [51].

4.10. Quantification of i6A by LC-MS

First, 500 ng tRNA were digested into nucleotides using 0.3 U nuclease P1 from
P. citrinum (Sigma-Aldrich, St. Louis, MI, USA), 0.1 U snake venom phosphodiesterase
from C. adamanteus (Worthington, Columbus, OH, USA), 200 ng Pentostatin (Sigma-Aldrich,
St. Louis, MI, USA), and 500 ng Tetrahydrouridine (Merck-Millipore, Burlington, MA, USA)
in 5 mM ammonium acetate (pH 5.3; Sigma-Aldrich, St. Louis, MI, USA) for two hours at
37 ◦C. The remaining phosphates were removed by 1 U FastAP (Thermo Scientific, Waltham,
MA, USA) in 10 mM ammonium acetate (pH 8) for one hour at 37 ◦C. The nucleosides
were then spiked with internal standard (13C stable isotope-labeled nucleosides from E.
coli, SIL-IS) and subjected to analysis. Technical triplicates with 26.6 ng digested RNA and
20 ng internal standard were analyzed via LC–MS (Agilent 1260 series and Agilent 6460
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Triple Quadrupole mass spectrometer equipped with an electrospray ion source (ESI)). The
solvents consisted of 5 mM ammonium acetate buffer (pH 5.3; solvent A) and LC–MS grade
acetonitrile (solvent B; Honeywell, Charlotte, NC, USA). The elution started with 100%
solvent A with a flow rate of 0.35 mL/min, followed by a linear gradient to 10% solvent
B at 20 min, 25% solvent B at 30 min and 80% solvent B after 40 min. Initial conditions
were regenerated with 100% solvent A for 14 min. The column used was a Synergi Fusion
(4 μM particle size, 80 Å pore size, 250 × 2.0 mm; Phenomenex, Torrance CA, USA). The
UV signal at 254 nm was recorded via a diode array detector (DAD) to monitor the main
nucleosides. ESI parameters were as follows: gas temperature 350 ◦C, gas flow 8 L/min,
nebulizer pressure 50 psi, sheath gas temperature 300 ◦C, sheath gas flow 12 L/min, and
capillary voltage 3500 V. The MS was operated in the positive ion mode using Agilent
MassHunter software in the dynamic MRM (multiple reaction monitoring) mode. For
relative quantification, the signals of i6A were normalized to the 13C-labeled signal and
then normalized to the UV signal of guanosine.

4.11. Isolation and LC/MS Analysis of tRNA[Ser]Sec

Mouse liver total RNA was separated by anion exchange chromatography with DEAE
Sepharose Fast Flow (GE Healthcare, Chicago, IL, USA) to obtain crude tRNAs with re-
moval of polysaccharides and rRNA [66]. Cytoplasmic tRNA[Ser]Sec was isolated from the
crude tRNAs by reciprocal circulating chromatography, as described in [48]. The 5′-EC
amino-modified DNA probe (Sigma-Aldrich, St. Louis, MI, USA), TGGGCCCGAAAGGTG-
GAATTGAACCACTCTGTCGCTAGAC was covalently immobilized on NHS-activated
Sepharose 4 Fast Flow (GE Healthcare, Chicago, IL, USA). About 6 μg of tRNA[Ser]Sec

were obtained from 1.4 mg crude tRNAs. Mouse tRNA[Ser]Sec was digested by RNase T1
(Thermo Fisher Scientific, Waltham, MA, USA), and subjected to capillary liquid chro-
matography (LC) coupled to nano electrospray (ESI)/mass spectrometry (MS) on a linear
ion trap-Orbitrap hybrid mass spectrometer (LTQ Orbitrap XL; Thermo Fisher Scientific,
Waltham, MA, USA), as described in [49,50]. The RNA fragments were scanned in a
negative polarity mode over a range of m/z 600–2000.

4.12. 3′-. RNA Sequencing

RNA was extracted from human fibroblasts with TRIzol Reagent (Invitrogen, Waltham,
MA, USA) according to the manufacturer protocol. Approximately, 500 ng of RNA were
used for library preparation with QuantSeq 3′-mRNA Library Prep (Lexogen, Vienna,
Austria). Sequencing was performed by the Illumina HiSeq 2500 instrument on 50-cycle
single-end mode.

4.13. RiboSeq

Treatment of the samples was performed as described previously [47,51], with some
changes for generating the RPF. Cycloheximide was omitted from the lysis buffer. All
steps were carried out on ice. Then, 50 mg of frozen mouse liver was crushed in 1000 μL
ice-cold lysis buffer using a pellet pestle. Lysate was pipetted 3 times up and down with
a 1000 μL pipette before it was passed through a 26-gauge needle for 10 times. After
10 min incubation on ice, the lysate was centrifuged at 20.000× g for 10 min at 4 ◦C. The
supernatant was transferred to a new 1.5 mL reaction tube. Then, 200 μL of the lysate were
incubated for 60 min with 1000 U of RNase I at 25 ◦C and at 1300 rpm in a thermoblock.
Pre-processing and alignments of the reads were performed as described before [47]. For
analysis, 28 nt and 29 nt read sizes and an offset of 12 nt to the P-site were used. Three
individual mouse livers were used per genotype.

Supplementary Materials: All data are available online at https://www.mdpi.com/article/10.339
0/ijms222111454/s1.
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Abstract: The metal cation symporter ZIP8 (SLC39A8) is a transmembrane protein that imports the
essential micronutrients iron, manganese, and zinc, as well as heavy toxic metal cadmium (Cd).
It has been recently suggested that selenium (Se), another essential micronutrient that has long
been known for its role in human health and cancer risk, may also be transported by the ZIP8
protein. Several mutations in the ZIP8 gene are associated with the aberrant ion homeostasis of
cells and can lead to human diseases. However, the intricate relationships between ZIP8 mutations,
cellular Se homeostasis, and human diseases (including cancers and illnesses associated with Cd
exposure) have not been explored. To further verify if ZIP8 is involved in cellular Se transportation,
we first knockout (KO) the endogenous expression of ZIP8 in the HeLa cells using the CRISPR/Cas9
system. The elimination of ZIP8 expression was examined by PCR, DNA sequencing, immunoblot,
and immunofluorescence analyses. Inductively coupled plasma mass spectrometry indicated that
reduced uptake of Se, along with other micronutrients and Cd, was observed in the ZIP8-KO
cells. In contrast, when ZIP8 was overexpressed, increased Se uptake could be detected in the
ZIP8-overexpressing cells. Additionally, we found that ZIP8 with disease-associated single-point
mutations G38R, G204C, and S335T, but not C113S, showed reduced Se transport ability. We then
evaluated the potential of Se on Cd cytotoxicity prevention and therapy of cancers. Results indicated
that Se could suppress Cd-induced cytotoxicity via decreasing the intracellular Cd transported by
ZIP8, and Se exhibited excellent anticancer activity against not all but only selected cancer cell
lines, under restricted experimental conditions. Moreover, clinical-based bioinformatic analyses
revealed that up-regulated ZIP8 gene expression was common across multiple cancer types, and
selenoproteins that were significantly co-expressed with ZIP8 in these cancers had been identified.
Taken together, this study concludes that ZIP8 is an important protein in modulating cellular Se
levels and provides insights into the roles of ZIP8 and Se in disease prevention and therapy.

Keywords: cadmium cytotoxicity; cancer therapy; cisplatin; ICP-MS; nonsynonymous mutation;
selenium homeostasis; selenoproteins; ZIP8

1. Introduction

Selenium (Se) is an essential micronutrient critical for maintaining normal cellular
function in human and animal cells [1]. It is an integral component of selenoproteins which
are involved in a wide range of cellular physiological processes, including but not limited
to antioxidant defense, inflammatory response, immune regulation, and maintenance of
cardiovascular and reproductive system [2–4]. A balanced Se level is vital to human health
as it has been broadly recognized that Se deficiency is one of the causative factors for many
human diseases (e.g., heart failure, male infertility, neurodegenerative disease, Keshan
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disease, and Kashin-Beck disease) [5–7] while excessive Se intake is associated with acute
or chronic Se poisoning, the selenosis [8].

Se also plays an important role in cancer prevention and therapy [9]. Although some
conflicting results have been obtained over the years, epidemiologic studies generally
agree that Se deficiency is significantly associated with greater cancer risk, especially in
gastrointestinal and prostate cancer [10]. Se and Se compounds have displayed promising
anticancer activity against some cancer cell types [11]. However, none of these compounds
have yet been clinically recognized as anticancer agents mostly due to inconsistent out-
comes within and between clinical trials and laboratory studies [12–14]. In addition, Se
compounds may be useful in the field of chemoprevention as it has been reported that Se
could potentiate the efficacy of some chemotherapeutic drugs, for example, the first-line
chemotherapeutic drug cisplatin [15].

Although the effects of Se on human health have received attraction over the past
few decades, how Se is being transported into the human cells remains largely unknown.
Previous studies have revealed that Se in the body is usually delivered from the liver
to other organs or tissues by plasma transporter selenoprotein P (SELENOP/SelP) via
interaction with transmembrane receptors such as lipoproteins (e.g., LRP1, LRP2, and
LRP8) [16]. Recently, McDermott et al. suggested that another transmembrane protein,
metal cation symporter ZIP8, was able to transport Se (in the form of selenite). Furthermore,
it was shown that the transport of Se via ZIP8 required zinc (Zn) ion and bicarbonate as
co-substrates [17].

ZIP8 is a member of the solute carrier gene family (encoded by the gene SLC39A8)
that facilitates the cellular uptake of several essential divalent metals such as iron (Fe),
manganese (Mn), and Zn [18–20], and it is also responsible for the uptake of toxic heavy
metal cadmium (Cd) [19]. Researchers have identified several mutations in the ZIP8 gene
that can cause aberrant ion homeostasis of cells and lead to human diseases. For example,
mutations G38R (c. 112G>C), G204C (c. 610G>T), and S335T (c. 1004G>C) in the ZIP8
gene are known to be associated with type II congenital disorder of glycosylation, which
is characterized by intellectual disability, profound psychomotor retardation, hypotonia,
strabismus, loss of hearing, and short stature [21,22]. Leigh syndrome, a rare inherited
neurodegenerative disease, is caused by C113S (c. 338G>C) mutation in the ZIP8 [23].
However, the intricate relationships between ZIP8 mutations, cellular Se homeostasis, and
human diseases (including cancers and diseases associated with Cd exposure) have not
been previously explored.

In the current study, we successfully established a ZIP8-knockout (KO) human cell
model using the CRISPR/Cas9 system and confirmed that human ZIP8 is involved in
the intracellular transportation of Se. ZIP8-KO cells also showed a decreased ability to
transport Mn, Zn, and Cd. We then examined the effects of four selected disease-associated
ZIP8 single-point mutations (G38R, C113S, G204C, and S335T) on intracellular Se uptake
and assessed the relationship between Se and Cd cytotoxicity in these ZIP8-variant and
ZIP8-KO cells. Furthermore, the potential anticancer and synergistic effect of Se combined
with cisplatin was determined. Lastly, clinical datasets from TCGA database [24] were
analyzed for gene expressions of ZIP8 and 25 genes coding for selenocysteine-containing
proteins in multiple cancer types. Overall, findings from this study suggest that ZIP8 is an
important protein in modulating cellular Se levels that may have implications for disease
prevention and therapy.

2. Results

2.1. Generation and Verification of a ZIP8 Gene Knockout Human Cell Model

To investigate the relationship between ZIP8 and Se transport, we used the CRISPR/Cas9
system to KO the ZIP8 gene in human cervical cancer HeLa cells. Specifically, we designed
two sgRNAs targeting the genomic region of ZIP8 among exon 1 and intron 1, and gene
sequence analysis indicated that 845 bp of genomic DNA was successfully deleted in
that region (Figure 1A). PCR and immunoblot analysis were used to detect the gene and
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protein status of ZIP8 in the ZIP8-KO HeLa cell model. Gel electrophoresis assay showed
that the HeLa parental cells with wildtype (WT) ZIP8 contained a full-length ZIP8 PCR
product (1207 bp) whereas the ZIP8-KO cells generated a ZIP8 PCR product with only
362 bp (Figure 1B, Supplementary Table S1). On the other hand, immunoblot analysis
showed that the ZIP8 protein expression was dramatically decreased in the ZIP8-KO cells
when compared with the HeLa parental cells (Figure 1C). Furthermore, we performed
an immunofluorescence assay to visualize the expression and localization of ZIP8 in the
ZIP8-WT and ZIP8-KO cells. Microscopic results indicated that ZIP8 in the ZIP8-KO cells
had substantially weaker overall expression and did not co-localize with the membrane
protein marker DMT1 (Figure 1D). The above results showed that we have successfully
generated a ZIP8-KO human cell model.

2.2. Involvement of Human ZIP8 in Intracellular Mn, Zn, Cd, and Se Uptakes

ZIP8 is a well-known transporter for certain divalent metal ions, including essential
micronutrients Zn and Mn and toxic heavy metal Cd. Thus, we hypothesized that the
transport capability of these metals should, to some extent, be affected in the ZIP8-KO
cells. To test this hypothesis, we treated the cells with Mn, Zn, or Cd and used inductively
coupled plasma mass spectrometry (ICP-MS) to quantify the intracellular uptake of these
metals (Figure 2A–C). We found that when compared with HeLa parental cells, the levels
of Mn uptake were significantly decreased in the ZIP8-KO cells following the treatment
with 100 μM MnCl2 at two different time points (Figure 2A). Although the levels of Zn
detected in ZIP8-KO cells appeared to be slightly lower than the HeLa parental cells when
treated with or without ZnCl2, the differences were not statistically significant (Figure 2B).
Also, the level of Cd was reduced in the ZIP8-KO cells treated with 1 μM CdCl2 for 24 h
(Figure 2C). We then used naphthol blue-black (NBB) staining assay to check whether
the ZIP8-KO cells, which showed reduced Cd uptake, could survive better against Cd
cytotoxicity. As expected, when ZIP8-KO and HeLa parental cells were treated with various
concentrations of CdCl2 for 12, 24, or 36 h (Figure 2D), greater cell viability was generally
observed in ZIP8-KO cells in comparison to HeLa parental cells. These findings strongly
suggest that our ZIP8-KO cell line is a reliable cell model to study the biological functions of
human ZIP8 further. Also, it is worth noting that a gene sequencing assay was performed
to ensure that the ZIP8 gene in HeLa parental cells used in this study has no mutation (data
not shown).

The relationship between ZIP8 and Se transport in human cells remains largely un-
known. Here, ZIP8-KO cells were used to investigate the effects of ZIP8 on regulating
selenite homeostasis. Briefly, HeLa parental and ZIP8-KO cells were exposed to either
200 μM Na2SeO3 for 10 min or 4 μM Na2SeO3 for 12 h to mimic acute Se exposure or
moderate Se exposure, respectively. The 4 μM Na2SeO3 treatment was selected to represent
“moderate Se exposure” because no cytotoxicity was observed at this concentration, at least
for 12 h (Supplementary Figure S1). Results from the ICP-MS indicated that although Se
level appeared to be reduced in the ZIP8-KO cells after supplement with 200 μM Na2SeO3
for 10 min or 4 μM Na2SeO3 for 12 h, but only the Se treatment from the latter showed
statistical significance (Figure 2E,F). Conversely, the intracellular Se content was enhanced
in the ZIP8-overexpressed ZIP8-KO cells (transient-transfected with pcDNA3.1-ZIP8-WT)
when compared to the ZIP8-KO control cells expressing pcDNA3.1 empty vector upon Se
treatments (Figure 2G). Overall, these results indicated that human ZIP8 is involved in the
intracellular uptake of Se.
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Figure 1. Generation of a ZIP8-KO HeLa cell line using the CRISPR/Cas9 genome editing technology.
(A) Schematic of the CRISPR/Cas9 system to KO ZIP8. Two sgRNAs (green and blue bars) were
designed to pair with the targeted DNA in order to delete a desire region in the human ZIP8 locus
(part of exon1 and intron1). Each of the sgRNAs contains 20 bp single guide sequence followed by an
essential PAM sequence (5′-NGG adjacent motif), and the site of double-stranded breaks induced
by Cas9 is located about 3 nt upstream of the PAM sequence. DNA sequencing chromatogram
shows that 845 bp of the ZIP8 gene has been deleted and the DNA junctions are connected via
non-homologous end-joining (filled triangle). (B) Genomic DNA of HeLa and ZIP8-KO cells were
extracted and amplified by PCR. (C) ZIP8 protein levels in HeLa and ZIP8-KO cells were analyzed by
immunoblot analysis. Total cell lysates were resolved by SDS-PAGE, transferred onto polyvinylidene
difluoride membrane, and incubated with antibody against ZIP8. β-actin was used as the indicated
loading control. (D) The localization of ZIP8 was verified by immunofluorescence analysis in HeLa
parental and HeLa ZIP8-KO cells using ZIP8 and DMT1 antibodies. DMT1 is a marker located in the
membrane. The images were captured by confocal fluorescence microscopy. The merged images of
ZIP8 (green) and DMT1 (red) reflect the colocalization area (yellow), and the blue color represents
the nuclei stained with Hoechst 33258. Scale bar = 20 μm.
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Figure 2. ZIP8-KO cells show decreased ability in intracellular Mn, Zn, Cd, and Se uptakes. (A–C) Intracellular uptake of
Mn (A), Zn (B), or Cd (C) in HeLa parental and ZIP8-KO cells. After treating the cells with 100 μM MnCl2 or ZnCl2 for
2 or 4 h or 1 μM Cd for 24 h, the intracellular content of Mn, Zn, or Cd was assessed by ICP-MS. (D) The HeLa parental
and ZIP8-KO cells were exposed to increasing amounts of CdCl2 (0, 2, 4, 8, or 16 μM) for 12, 24, and 36 h. NBB staining
assay was performed to determine the cell viability. Data are representative of three experiments, and error bars represent
standard deviation of six replicates. (E,F) HeLa parental and ZIP8-KO cells were treated with 200 μM Na2SeO3 for 10 min
(E) or 4 μM Na2SeO3 for 12 h (F), followed by measurement of Se cellular contents using ICP-MS. (G) HeLa ZIP8-KO
cells were transfected with pcDNA3.1 empty vector (as a control) or pcDNA3.1-ZIP8-WT. Cells were exposed to 200 μM
Na2SeO3 for 10 or 20 min, and then the intracellular Se concentration was measured by ICP-MS. Data are representative of
two experiments, and error bars represent standard deviation of three replicates. p-value less than 0.05 was considered to be
statistically significant. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

2.3. The Effects of Disease-Associated ZIP8 Single-Point Mutations on Cellular Se Uptake Ability

Studies have shown that single-point mutations, including SNPs, on a single gene
can cause abnormal functions of the protein and lead to human diseases [25–27]. Several
mutations in the ZIP8 have been implicated in the occurrence of diseases related to the
dysregulation of ion homeostasis [23]. Here, we selected four disease-associated ZIP8
mutations (G38R, C113S, G204C, and S335T; Table 1) and tested their Se uptake abilities. The
selected ZIP8 single-point mutations are illustrated in Figure 3A. ICP-MS was performed to
detect the intracellular level of Se in ZIP8-KO cells transiently transfected with pcDNA3.1
empty vector (as ZIP8-negative control) or pcDNA3.1 vector encoding ZIP8-WT or ZIP8-
mutant upon acute (Figure 3B) or moderate (Figure 3C) Se exposure. It was demonstrated
that with the exception of C113S, the Se transport abilities in all the cells with ZIP8 single-
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point mutations (G38R, G204C, and S335T) were remarkably suppressed when compared
with the ZIP8-WT cells (Figure 3B,C). Particularly, the ZIP8 proteins with G38R, G204C, and
S335T mutations appeared to have lost their ability to transport Se during acute Se exposure
because the Se concentrations in these mutants were similar to the ZIP8-negative control
cells (Figure 3B). However, when these cells were exposed to a moderate concentration
of Se (e.g., 4 μM for 12 h), ZIP8-G38R and ZIP8-G204C mutants showed a significant
increase in Se uptake compared with the ZIP8-negative control cells despite the overall
Se concentration still lower than the ZIP8-WT and ZIP8-C113S (Figure 3C). Nevertheless,
the Se uptake ability of ZIP8 in the S335T mutant remains negligible in the moderate Se
exposure setting (Figure 3C).

Table 1. Information of selected disease-associated ZIP8 single-point mutations examined in this study.

Site(aa) Type Variant Disease References

38 Homozygous variant c.112G>C
(p. Gly38Arg)

Type II congenital
disorder of glycosylation [21,23,28]

113 Homozygous variant c.338G>C
(p. Cys113Ser) Leigh syndrome [23]

204 Heterozygous variant c.610G>T
(p. Gly204Cys)

Type II congenital
disorder of glycosylation [22,23]

335 Heterozygous variant c.1004G>C
(p. Ser335Thr)

Type II congenital
disorder of glycosylation [22,23]

Figure 3. Se transport ability and protein expression level of ZIP8 variants. (A) Structural diagram
of ZIP8 protein based on in silico predictions. It is predicted that the ZIP8 protein has seven
transmembrane domains (TMD, yellow cylinder). The sites of four mutations (G38R, C113S, G204C,
and S335T) in ZIP8 were labeled in red color. The N-terminus of ZIP8 has a signal sequence containing
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22 amino acids (blue frame), and the protein possesses a long intracellular loop between TMD III
and TMD IV containing two copied of NxHxHx domains (green frame) responsible for interacting
with transition metals such as copper, nickel, and zinc [29,30]. (B,C) The HeLa ZIP8-KO cells
were transient-transfected with pcDNA3.1-ZIP8-WT or ZIP8 mutants (G38R, C113S, G204C, and
S335T) for 36 h, and then cells were treated with 200 μM Na2SeO3 for 10 min (B) or 4 μM Na2SeO3

for 12 h (C), followed by detection of intracellular Se concentration using ICP-MS. A significant
difference of p < 0.05 between any two data columns marked with different alphabets. (D) The
HeLa ZIP8-KO cells were transient-transfected with pcDNA3.1 (Ctrl) or pcDNA3.1-ZIP8-WT or
mutants (G38R, C113S, G204C, and S335T) for 24 h, and proteins from these cells were harvested for
immunoblot analysis to detect the protein expression level of ZIP8. β-actin was used as the loading
control. (E) The quantifications of ZIP8-WT and other mutants (G38R, C113S, G204C, and S335T) in
immunoblot result.

To examine whether the abilities of ZIP8 mutants to transport Se are associated with
their ZIP8 protein expression, we performed immunoblot analysis to detect ZIP8 protein
expression in these mutants. Results indicated that when compared with the ZIP8-WT,
most of the mutants (ZIP8-C113S, ZIP8-G204C, and ZIP8-S335T) showed equal or stronger
ZIP8 expressions where only ZIP8-G38R showed substantially weaker expression of ZIP8
(Figure 3D,E). Therefore, it appears that there is no direct connection between the ZIP8
protein expression level and Se transport ability.

2.4. The Role of ZIP8 and Se in Cd Cytotoxicity

It has been previously recognized by researchers that Se can effectively counteract the
cytotoxic effect of Cd [31]. Since we have identified ZIP8 as a transporter of both Se and
Cd, we next sought to investigate whether ZIP8 and/or Se play a role in counteracting
Cd cytotoxicity. As expected, when exposed to CdCl2 (2 μM for 12 h), HeLa ZIP8-KO
cells transfected with pcDNA3.1-ZIP8-WT showed a remarkable increment (875.4-fold)
of intracellular Cd as compared with the cells transfected with pcDNA3.1 empty vector
(only up by 205-fold) (Figure 4A). Addition of 4 μM Na2SeO3 differentially reduced the
Cd concentrations in both ZIP8-WT (by 73.6%) and empty vector control cells (by 44.5%)
(Figure 4A). Consistent with these findings, cell viability results in Figure 4B indicated that
the cell toxicity mediated by Cd was suppressed in the presence of Se, in particular, the
suppressive effect of Cd-induced cell cytotoxicity can be found more obviously in the cells
expressing ZIP8 protein (Supplementary Figure S2). To conclude, these results demonstrate
that ZIP8 has an essential regulatory effect on cellular Cd and Se uptake that is associated
with Cd-induced cell toxicity.

We then used ICP-MS to further investigate the Cd transport ability of the four selected
ZIP8 mutations (G38R, C113S, G204C, and S335T), and at the same time, we also assessed
whether Se could suppress Cd cytotoxicity in the cells with these ZIP8 mutations. Overall,
the results indicated that when treated with 2 μM CdCl2 for 12 h, the Cd concentrations
were increased by 757 to 1053-fold for ZIP8-WT, -G38R, -C113S, and -G204C cells and only
increased by 402-fold for ZIP8-S335T cells (Figure 4C). When treated the cells together with
Cd and Se, a significant reduction of Cd levels was observed in the ZIP8-WT, -G38R, -C113S,
and -G204C cells but not in the ZIP8-S335T cells (Figure 4D). Surprisingly, we discovered
that higher Se levels were detected in all the cells treated with Se and Cd as compared with
treated with Se alone (Figure 4E), and among them, the ZIP8-S335T cells which previously
showed poor to no Se and Cd transport ability has the highest intracellular Se concentration
(Figure 4E,F).
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Figure 4. Se reduces Cd-induced cytotoxicity via decreasing the level of intracellular Cd transported by ZIP8. (A,B) The HeLa
ZIP8-KO cells were transfected with a control plasmid (pcDNA3.1 empty vector) or pcDNA3.1-ZIP8-WT overexpression
plasmid for 36 h, and cells were treated with various concentrations of CdCl2 and/or Na2SeO3 for 12 h. Intracellular Cd
content was measured by the ICP-MS (A), and cell viability was determined by the NBB staining assay (B). (C,E) Intracellular
Cd (C) or Se (E) concentration was determined by ICP-MS after exposed to 2 μM CdCl2 and/or 4 μM Na2SeO3 for 12 h in
HeLa ZIP8-KO cells overexpressing ZIP8-WT or ZIP8-mutant. (D) Percentage reduction of intracellular Cd level between
the Cd and Cd + Se treatment groups from (C). (F) Fold change of intracellular Se level between the Se and Cd + Se treatment
groups from (E). Data in (B) are representative of three experiments, and the error bars represent standard deviation of six
replicates. Two-way ANOVA (A, B) and one-way ANOVA (A) were performed, and a p-value less than 0.05 was considered
to be statistically significant. ** p < 0.01, **** p < 0.0001.
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2.5. Investigating the Potential Anticancer Effects of Se and Synergistic Anticancer Effect of Se and
Cisplatin in Cancer Therapy

The potential of Se in cancer prevention and therapy has been extensively discussed.
Although it remains controversial, some studies have reported that Se is an effective anti-
cancer agent [3,32]. In our study, we found that even though 4 μM of Na2SeO3 showed no
cytotoxic effect on the HeLa cells when treated for 12 h (Figure 4B), the same concentration
of Se would kill about 75.72% of the cells at 48 h (Figure 5A). The dramatic drop of cell
viability at 3 to 4 μM of Se treatment indicated that the anticancer property of Se is not only
highly dependent on treatment duration but the concentration of Se is also very critical.

Figure 5. Anticancer effects of Se and cisplatin on HeLa, H1299, and H1975 cells. (A) Cell viability of HeLa cells treated
with increasing doses of Na2SeO3 for 48 h. (B) Cell viability of HeLa cells incubated with 5 μM cisplatin and/or different
doses of Na2SeO3 (2–4 μM) for 48 h. (C) Se concentration in HeLa cells treated with 5 μM cisplatin and/or 4 μM Na2SeO3.
(D,E) Cell viability of H1299 cells (D) and H1975 cells (E) incubated with 16 μM (D) or 12 μM (E) cisplatin and/or different
doses of Na2SeO3 (2–4 μM) for 48 h. Cell viability was measured by NBB staining assay (A,B,D,E), and Se concentration
was measured by ICP-MS (C). One-way ANOVA (A–C) was performed, and a p-value less than 0.05 was considered to be
statistically significant. * p < 0.05, *** p < 0.001, **** p < 0.0001.
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Research has shown that Se can potentiate the anticancer effects of some chemother-
apeutic agents, including the first-line chemotherapeutic drug cisplatin [15]. Herein, we
further explore the potential of Se on cancer therapy, and evaluate whether Se in com-
bination with cisplatin shows a synergistic effect on HeLa cells. Explicitly, cell viability
results obtained from NBB staining assay demonstrated that 4 μM Na2SeO3 was more
effective in killing HeLa cells than 5 μM cisplatin (concentration was selected based on IC50
determined previously) and no synergistic effect was observed between Se and cisplatin
(Figure 5B and Supplementary Figure S3). On the contrary, the HeLa cells survived better
in the combined treatment of Na2SeO3 (4 μM) and cisplatin (5 μM) than the Na2SeO3
(4 μM) alone treatment (Figure 5B). This unexpected finding implies that cisplatin may
alleviate the Se-induced cell toxicity in the HeLa cells. ICP-MS was then performed to see
if cisplatin affects Se transport ability in the HeLa cells, and it was revealed that cisplatin
treatment resulted in a reduced intracellular Se uptake (Figure 5C).

Another two human lung cancer cell lines (H1299 and H1975) were also tested to
verify whether the anticancer effect of Se and cisplatin are cell type-dependent. Collectively,
H1299 and H1975 cells did not respond to Se and cisplatin the same way as the HeLa cells:
treatment of 4 μM Na2SeO3 for 48 h was toxic for the HeLa cells but not so much for H1299
and H1975 cells (Figure 5D,E). Again, no synergistic effect between Se and cisplatin was
observed in H1299 and H1975 cells (Figure 5D,E).

2.6. Clinical Database Analysis: Gene Expressions of ZIP8 and Selenoproteins in Cancers

We next evaluate how relevant is ZIP8 in cancers by utilizing TCGA database [24]. We
analyzed the mRNA expression of ZIP8 in 40 types of cancers, and found that for those
that showed significant differences in their ZIP8 expressions between tumor and healthy
tissues, almost all were up-regulated and only five cancer types (acute myeloid leukemia,
kidney renal clear cell carcinoma, liver hepatocellular carcinoma, thymoma, and uveal
melanoma) contained a small percentage of tumor samples with down-regulated ZIP8
expression (Figure 6). To further verify that up-regulated ZIP8 expression is a common
feature of cancer cells, we detected the protein expression of ZIP8 in normal lung epithelial
BEAS-2B cells along with several other cancer cell lines (A549, H1299, H1975, H358, H460,
and HeLa), and found the ZIP8 expressions in all these cancer cell lines were indeed higher
than the BEAS-2B cells (Supplementary Figure S4). Given the fact that ZIP8 is involved
in cellular Se homeostasis and that Se exhibits antitumor properties, the above findings
suggest that the expression of ZIP8 in cancer tissues could be an important predictive factor
for Se-based anticancer therapy.

The biological function of Se, as an essential micronutrient, is principally regulated by
the synthesis of selenoproteins [3,33]. So far, 25 genes coding for selenocysteine-containing
proteins have been identified in humans, and some of these proteins are involved in
tumorigenesis [34,35]. To evaluate the potential connections between ZIP8 expression
and the selenocysteine-containing proteins in cancers, we obtained and summarized the
co-expression data of ZIP8 and selenoprotein genes in a range of cancer types from TCGA
database (Figure 7). Overall, it is demonstrated that two selenoproteins, SELENOF (SelF)
and SELENOP (SelP), are only positively correlated with ZIP8 across multiple cancer
types (23/40 and 19/40, respectively). On the other hand, SELENOV (SelV) is identified
as the selenoprotein that only negatively correlated with ZIP8 in 10 out of 40 cancer
types. Interesting results can also be found if we focus on individual cancer types. For
example, the majority of selenoproteins (18/25) in the upper tract urothelial carcinoma
show significant correlations with ZIP8 and these correlations are all positive. Furthermore,
little or no correlation between ZIP8 and selenoprotein is observed in certain cancers such
as kidney renal papillary cell carcinoma and adrenocortical carcinoma. Taken together, the
above data provide new insights into molecular and clinical aspects revolving around ZIP8,
Se, selenoproteins, and cancer. Nevertheless, substantial studies are required in the future
to assess if Se-based therapy could be more effective in certain cancer types with altered
ZIP8 expressions.
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3. Discussion

ZIP8 was recently reported as a Se transport protein. McDermott et al. [17] used
multiple model systems to study the Se transport ability of ZIP8, and they showed that
Se uptake was closely associated with ZIP8 expression in all the models tested, including
cell cultures and transgenic mice. However, unlike McDermott et al. [17] where the
ZIP8 expression of arsenic-transformed human bronchial epithelial BEAS-2B cells was
knockdown by shRNA, in the current study, we used CRISPR/Cas9-based KO system to
eliminate the endogenous expression of ZIP8 in the HeLa cells. This ZIP8-KO cell model
allows us to more explicitly study the functions of ZIP8 and ZIP8 mutations because no
interference will occur between the endogenous ZIP8 and ectopic ZIP8-WT or ZIP-mutation.
Using the established ZIP8-KO and ZIP8-overexpressed human cell models, we confirmed
and verified that ZIP8 is involved in the intracellular transportation of Se.

It is not uncommon that a single-point mutation on a single gene can cause the protein
to function abnormally, leading to human diseases [27]. Over the years, a number of
human disease-related ZIP8 mutations have been identified. These mutations include
V33M (c. 97G>A), G38R (c. 112G>C), C113S (c. 338G>C), G204C (c. 610G>T), S335T
(c. 1004G>C), I340N (c. 1019T>A), and A391T (c. 1171G>A) [21,23,36], and cells with
ZIP8 containing these mutations appear to have dysregulated ion homeostasis (especially
Mn) which can lead to diseases such as type II congenital disorder of glycosylation [37],
Leigh syndrome [37], cardiovascular diseases [38], severe idiopathic scoliosis [39], and
schizophrenia [40]. Here, for the first time, we discovered that single-point mutations
in the ZIP8 gene could differentially affect the uptake of Se: ZIP8 variants G38R, G204C,
and S335T showed reduced Se uptake ability whereas variant C113S had a Se transport
ability comparable to the ZIP8-WT. These results indicate that ZIP8 is participating in Se
homeostasis and that certain mutations in the ZIP8 could disrupt intracellular Se levels,
and consequently, may lead to diseases related to Se deficiency or selenosis (Se overdose).

The molecular and cellular mechanisms underlying how mutations in ZIP8 affect the
transportation of Se and other essential and nonessential metals remain largely unknown.
Studies have shown that some of the nonsynonymous mutations will cause the protein
structure of ZIP8 to change and alter the metal binding affinity. For example, it was
shown that mutation A391T induced a structural change of the ZIP8 protein and resulted
in a less intracellular Cd uptake [38]. Moreover, a report has indicated that disease-
associated human ZIP8 mutants V33M, G38R, C113S, G204C, S335T, and I340N are unable
to localize to the plasma membrane of the cells. Therefore, the mislocalization of ZIP8 with
nonsynonymous mutations may be one of the reasons that some of the ZIP8-mutant cells
in this study showed dysregulated Se homeostasis, but further ZIP8 localization test has to
be carried out to check this possibility.

Results obtained from the ICP-MS (Figure 2A–C and Figure 3B,C) and immunoblot
analysis (Figure 3D,E) indicated the metal transport abilities of the ZIP8-WT and ZIP8-mutant
cells are not entirely correlated with the ZIP8 protein expressions. This is partly because
the ZIP8 protein is not the sole transporter for the metals tested—the nutrient and metal
transportation networks in the cells are extremely complicated and virtually each of the
elements can be transported by more than one transporter [41]. Also, we previously
chose the first 100 amino acids of ZIP8 N-terminal region as the immunogen for antibody
production, and therefore, we cannot exclude the possibility that some mutations (e.g., the
G38R mutant) may affect the affinity of ZIP8 antibody. Nevertheless, the critical role of
human ZIP8 in transporting Se has been clearly demonstrated in the current study.

We next explored the potential of Se in disease prevention (Cd cytotoxicity) and ther-
apy (cancer), from a ZIP8 point of view. Here, we found that Se could suppress Cd-induced
cytotoxicity by reducing the entry of Cd via ZIP8 (Figure 4A–C). These results generally
coincide with recent studies which reported that Se mitigated Cd-induced toxicity by
regulating selenoprotein synthesis through promoting selenoprotein transcription [31,42].
In addition, an interesting discovery has been observed: Cd could promote intracellular
Se uptake (Figure 4F,G). The above findings warrant further epidemiological and clinical
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studies to assess whether Se-deficient people are more prone to Cd-induced diseases and if
Cd exposure is linked to selenosis. Also, since Cd is a widespread environmental pollutant
and carcinogen that poses a serious threat to human health, especially in smokers and
people working or living in Cd-polluted environments [43], research on the mechanistic
association between ZIP8, Se, and Cd is urgently needed.

Se and Se-based compounds are considered promising candidates in chemoprevention
and cancer therapy. Some of the Se compounds exhibit not only excellent anticancer prop-
erties but also remarkable tumor specificity [44]. The anticancer abilities of Se are mainly
achieved by the direct or indirect antioxidant properties of Se [45]. Studies have indicated
that Se may lower the adverse effects and increase treatment efficacy when it is used in
combination with other anticancer agents [3]. Specifically, it has been reported that Se
could potentiate the efficacy of cisplatin, a first-line chemotherapeutic drug for many cancer
types [8,32]. However, despite the benefits of Se in chemoprevention and cancer therapy
mentioned above, the utility and safety of Se and Se compounds for chemoprevention
and cancer treatment remains uncertain due to the two-sided effect on cancer cells: on
the one hand, Se shows cancer cell inhibitory properties, but on the other hand, Se may
also promote cancer cell growth [9,46]. These contradictory results may be due in part
to different chemical forms and bioavailability of Se, cancer cell types, and experimental
conditions. Here, we showed that the anticancer effects of Se could be higher than the
chemotherapeutic drug cisplatin in selected cancer cell lines and that the efficacy of Se is
strictly concentration-dependent (Figure 5). Also, we did not observe a synergistic effect of
Se and cisplatin when both were used together on the HeLa, H1299, and H1975 cell lines.
However, this could be due to the limited range of Se concentrations tested in our study.
Therefore, for Se-based compounds to be clinically used in cancer therapy, systematic and
comprehensive screenings are required to obtain the optimal treatment conditions of Se
against cancer cells with various phenotypic and genotypic backgrounds. Additionally,
since ZIP8 is involved in the uptake of Se, further studies should be also considered for the
potential involvement of ZIP8 in Se-based anticancer therapy.

Our study also provides clinical insights on how ZIP8 may be involved in Se-based
cancer therapy. In Figures 6 and 7, we analyzed the gene expression of ZIP8 and 25 selenocy-
steine-containing proteins in clinical samples across multiple cancer types. We found that
cancer tissues in almost all cancer types are inclined to have up-regulated ZIP8 expressions,
and this may have implications for precision medicine since Se may more precisely target
the tumor cells instead of the healthy cells. Selenium nanoparticles (SeNPs) possess a strong
pro-oxidant property, and hyper-accumulation of SeNPs can generate potent therapeutic
effects for cancer [47]. In addition, we identified selenoproteins that are positively or
negatively co-expressed with ZIP8 in multiple cancer types. The roles of selenoproteins in
cancer have been reported [36,48]. Overall, data summarized in Figure 7 provide guidance
for future research by showing which selenoproteins in a specific cancer type are worthy of
further investigation.

4. Materials and Methods

4.1. Cell Lines and Culture Conditions

Human cervical cancer (HeLa) and lung cancer (H1299 and H1975) cell lines were
purchased from the American Type Culture Collection (ATCC) (Rockville, MD, USA). All
cells were routinely grown in MEM or RPMI medium containing 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin at 37 ◦C in a 5% CO2 incubator as recommended
by ATCC. For experiments containing additional Se, 2.5 mM NaHCO3 and 150 μM ZnCl2
were added into the culture medium.

4.2. Generation of ZIP8-KO HeLa Cell Model Using CRISPR/Cas9 Genome Editing Technology

HeLa cells were transfected using the pSpCas9(BB)-2A-Puro (PX459) plasmid plus the
sgRNA sequence. Primers of sgRNA are listed in Supplementary Table S2. The cells were
digested and selected by puromycin (1 μg/mL, Sigma-Aldrich, Taufkirchen, Germany)
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after transfection for 48 h, and refreshed with MEM medium containing FBS and puromycin
every day. After several passages, clones were picked, seeded into a 12-well plate (one
clone each), and cultured. The efficiency of KO was detected using immunoblot analysis
and PCR. Genomic DNA was extracted with Thermo Genomic DNA Kit (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s instructions, and gene
KO condition was verified by touchdown PCR using Premix Taq Hot Start on a PCR.
The PCR conditions were 94 ◦C for 3 min, a touchdown step of 15 cycles at 94 ◦C for
30 s, 65 ◦C for 30 s, and 72 ◦C for 1 min with a 1 ◦C decrease every cycle in annealing
temperature, followed by 25 cycles at 94 ◦C for 30 s, 50 ◦C for 30 s, and 72 ◦C for 1 min,
and a final extension at 72 ◦C for 10 min. The PCR products were examined by 1% agarose
gel electrophoresis with gel-red staining, and visualized by a UV illuminator; subsequently,
the PCR products were sent for sequencing to further confirm the homozygous KO of the
ZIP8 gene.

4.3. Plasmids and Cell Transfection

pSpCas9(BB)-2A-Puro (PX459) plasmid, obtained from Addgene, was used to KO
ZIP8. Single guide RNAs (sgRNAs), listed in Supplementary Table S2, were designed using
an online web-based tool (http://crispor.tefor.net/). To overexpress the ZIP8, the coding
sequence of human ZIP8 was amplified by PCR using cDNA of normal human bronchial
epithelial BEAS-2B cells as a template, and inserted into pcDNA3.1 vector through BamHI
and EcoRI. Its mutations were constructed following the molecular cloning guidelines
and using the QuickChange site-directed mutagenesis kit (Agilent#210519, Palo Alto,
Santa Clara, CA, USA) according to manufacturer’s instructions. The primers used are
shown in Supplementary Table S3. The verification of all plasmids was subjected to
sequencing. Plasmid transfection was carried out in HeLa ZIP8-KO cells following the
manufacturer’s instructions.

4.4. Cytotoxicity Assay

Cell viability was performed by the NBB staining assay. Briefly, 100 μL cell suspension
containing 1 × 106 cells/mL was added in each well of a 96-well plate, and cells were
cultured in an incubator for 24 h. Cells were then exposed to drugs of interest for a
duration as indicated prior to NBB staining assay. During NBB assay, cells were fixed with
4% formaldehyde solution (10% formalin) for 8 min, followed by staining with 0.05% NBB
solution for 25 min at room temperature. Then, cells were washed with distilled water
thrice, and finally, 50 μL of 50 mM NaOH was added. The absorbance of the cell suspension
was measured at 595 nm using a 96-well multiscanner (Thermo Scientific Multiskan FC,
Thermo Scientific, Waltham, MA, USA).

4.5. Immunoblot Analysis

Cells were lysed with NP-40 lysis buffer containing a protease inhibitor cocktail and
sonicated for 6 s each for three times. The cell lysates were then centrifuged at 16900× g for
10 min at 4 ◦C. Then, 30 μg protein were quantified and used for immunoblot analysis as
described previously [49]. The following antibodies were used: anti-ZIP8 (1:500; produced by
our lab [50]), anti-β-actin (1:10,000; #A5441, Sigma-Aldrich, Taufkirchen, Germany), anti-rabbit
IgG-HRP (1:10,000; #sc-2004, Santa Cruz Biotechnology, Santa Cruz, CA, USA), and anti-mouse
IgG-HRP (1:10,000; #sc-2005, Santa Cruz Biotechnology, Santa Cruz, CA, USA).

4.6. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

The quantifications of intracellular Se, Mn, Zn, and Cd levels were performed using
Agilent 7900 ICP-MS (Agilent Technologies Inc., Santa Clara, CA, USA) using argon as
a plasma gas. Briefly, the cells to be measured were digested by trypsin, washed with
1 × PBS thrice and lysed in Milli-Q H2O, followed by quantification of cell lysate. 700 μg
of cell lysates were taken out and subsequently added into a polytetrafluoroethylene tube
for air drying at 60 ◦C in an oven overnight. In order to decompose the organic matrix,
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samples were processed in 100 μL 65% HNO3 and 100 μL H2O2 at 80 ◦C for nitrification,
then cooled to room temperature. Then, all samples were diluted in 2% HNO3 to a final
volume of 5 mL and eventually quantification of intracellular elements by ICP-MS. To
validate the method, we evaluated the linearity, limit of detection (LOD), and the limit of
quantification (LOQ) [51]. When cell samples were assessed by ICP-MS, a blank and a trace
elements serum L-2 RUO were measured for each time as quality control.

At least seven calibration points were used for external calibration of each of the
elements, all elemental concentrations of samples have been considered. The multi-element
calibration standard solution (10 μg/mL) was diluted by 2% HNO3 solution to prepare
the working standards at multiple concentrations of 1, 5, 10, 50, 100, and 500 μg/L, which
would be re-prepared for each time before measuring the samples. The internal standards
were applied to correct signal drift. The multi-element solution (100 μg/mL) was diluted
with 2% HNO3 solution to prepare the internal standard solutions, germanium, indium,
and scandium were used as the internal isotopes for quantification. In addition, the LOQ
and the LOD of each element were determined by measuring elemental concentrations
until detecting digestion blanks for each time (Supplementary Figure S5). Correlation
coefficients of all elemental calibration curves were above 0.999.

4.7. Immunofluorescence Microscopy

Cells were seeded on coverslips in a 6-well plate, fixed with 4% paraformaldehyde for
15 min at room temperature, and rinsed with phosphate-buffered saline (PBS) containing
Ca2+ and Mg2+ thrice. Then, cells were permeabilized with pre-cooled 0.02% Triton X-100
for 10 min on ice and again rinsed with PBS containing Ca2+ and Mg2+ thrice. Next, cells
were blocked with 5% bovine serum albumin (BSA) in PBS at room temperature for 2 h.
After blockage with 5% BSA, cells were incubated in the dark with ZIP8 (1:200) and DMT1
(1:150, #166884, Santa Cruz Biotechnology, Santa Cruz, CA, USA) primary antibodies for
more than 8 h at 4 ◦C. Subsequently, cells were incubated with secondary antibodies (Alexa
Fluor secondary 488 and 595; Invitrogen) for 2 h at 1:800 dilution in the dark; The nuclei
were stained with Hoechst 33258 (#B1155, Sigma–Aldrich, Taufkirchen, Germany) for
15 min. Immunofluorescence images were taken by a LSM800 confocal laser scanning
microscope (Zeiss, Oberkochen, Germany) at 400× magnification.

4.8. Clinical-Based Bioinformatics Analysis

mRNA expression data of ZIP8 and 25 genes coding for selenocysteine-containing
proteins in patients from 40 cancer types were obtained from TCGA database. The
mRNA expression z-score threshold was set at ±2.0. For co-expression analysis, only
data with p ≤ 0.05 and spearman’s correlation > 0 (positive correlation between ZIP8
and selenoprotein) or <0 (negative correlation between ZIP8 and selenoprotein) were
considered significant.

4.9. Statistical Analysis

Statistical analysis was performed using the GraphPad Prism® 7 software (v6.02,
GraphPad Software Inc., San Diego, CA, USA). All quantitative data were expressed as
means ± standard deviation of at least three independent experiments unless mentioned
otherwise. Statistical significance between groups was analyzed using a two-tailed Stu-
dent’s t-test, one-way ANOVA, or two-way ANOVA. A p ≤ 0.05 was used as the criterion
for statistical significance.
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Abstract: Physiological selenium (Se) levels counteract excessive inflammation, with selenoproteins
shaping the immunoregulatory cytokine and lipid mediator profile. How exactly differentiation
of monocytes into macrophages influences the expression of the selenoproteome in concert with
the Se supply remains obscure. THP-1 monocytes were differentiated with phorbol 12-myristate
13-acetate (PMA) into macrophages and (i) the expression of selenoproteins, (ii) differentiation mark-
ers, (iii) the activity of NF-κB and NRF2, as well as (iv) lipid mediator profiles were analyzed. Se and
differentiation affected the expression of selenoproteins in a heterogeneous manner. GPX4 expression
was substantially decreased during differentiation, whereas GPX1 was not affected. Moreover, Se
increased the expression of selenoproteins H and F, which was further enhanced by differentiation
for selenoprotein F and diminished for selenoprotein H. Notably, LPS-induced expression of NF-κB
target genes was facilitated by Se, as was the release of COX- and LOX-derived lipid mediators
and substrates required for lipid mediator biosynthesis. This included TXB2, TXB3, 15-HETE, and
12-HEPE, as well as arachidonic acid (AA), eicosapentaenoic acid (EPA), and docosahexaenoic acid
(DHA). Our results indicate that Se enables macrophages to accurately adjust redox-dependent
signaling and thereby modulate downstream lipid mediator profiles.

Keywords: selenium; selenoprotein; macrophage; differentiation; inflammation; redox signaling;
NRF2; NF-κB; lipid mediators

1. Introduction

Selenium (Se) is an essential trace element that is important for human health. It is
required for various physiological processes including immune function and mammalian
development, as well as thyroid hormone metabolism, and Se deficiency has been im-
plicated in various pathologies including inflammation, heart disease, and cancer [1,2].
The biological effects of Se are mainly mediated by selenoproteins, which contain the
amino acid selenocysteine, the Se-containing analogue of cysteine, in their polypeptide
chain [2]. Most commonly, selenocysteine is part of the catalytic center and provides the
selenoproteins with unique chemical activities due to the superior reactivity of seleno-
cysteine. Accordingly, many selenoproteins regulate redox-dependent processes [3] and
adequate levels of Se and selenoproteins have been reported to be critical for proliferation,
differentiation, and inflammatory processes [4]. The impact of individual selenoproteins
is thereby dependent on the cell type and differentiation state. Hence, expression levels
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of selenoproteins largely differ between undifferentiated and differentiated cells, which
suggests that distinct selenoproteins inherit specific functions depending on the differentia-
tion state. Knock-down of selenoprotein (SELENO)H, for example, triggers proliferation of
undifferentiated human HT-29 colorectal carcinoma cells and decreases their differentia-
tion, while SELENOH is significantly downregulated in differentiated HT-29 cells [5]. In
contrast, thioredoxin reductases (TXNRDs) are upregulated in differentiated adiopocytes
and inhibit the differentiation process [6,7]. Moreover, various other selenoproteins, such
as glutathione peroxidases (GPXs), SELENOO, and SELENOK, have been shown to be
implicated in proliferation and differentiation of distinct cell types [4,8,9].

Macrophages, which are derived from circulating monocytes, are important cells of the
innate immune system [10]. Depending on the microenvironmental signals, macrophages
give rise to a variety of different tissue-resident-activated macrophage sub-populations,
including pro-inflammatory M1- or anti-inflammatory M2-type macrophages [11,12]. Two
redox-regulated transcription factors, nuclear factor κ-light-chain-enhancer (NF-κB) and
nuclear factor erythroid 2-related factor 2 (NRF2), are key regulators of inflammation and
oxidative stress-induced cellular responses in macrophages. These play pivotal roles in
host defense and inflammatory processes but are also important for tissue homeostasis
and repair [13,14]. While NF-κB mainly triggers gene expression of inflammatory proteins
like cyclooxygenase (COX)2 and tumor necrosis factor (TNF)α, thereby enhancing oxida-
tive stress, NRF2 activates the antioxidant response, which includes the upregulation of
TXNRD1, GPX4, superoxide dismutase (SOD)1, heme oxygenase (HMOX)1, and catalase
(CAT), as well as proteins involved in glutathione (GSH) homeostasis, including solute
carrier family 7 member 11 (SLC7A11), glutamate-cysteine ligase catalytic subunit (GCLC),
and glutamate-cysteine ligase modifier subunit (GCLM). The two pathways are cross-
linked by a complex network, thereby allowing fine-tuned inflammatory responses and
preventing exacerbated oxidative stress and inflammation [15]. Various studies suggest
that adequate Se levels limit excessive inflammation [2], and genetic inhibition studies iden-
tified specific functions of individual selenoproteins in the macrophage maturation process
(GPX1 and SELENOP), as well as in the limitation of the oxidative burst (SELENOK) [16].

In mammals, the hierarchy of selenoproteins ensures that indispensable selenoproteins
are expressed at the expense of less important ones when the Se supply is limited [17]. A
second hierarchical principle ensures the transport of Se to privileged tissues, e.g., the brain.
The expression pattern of selenoproteins is highly dynamic, tightly regulated, and fine-
tuned depending on the developmental stage, physiological conditions, and the availability
of Se [1,18,19].

Given that adequate expression of selenoproteins (i) depends on Se supply, (ii) varies
widely between different tissue types, (iii) can be altered by the differentiation process, and
(iv) is required for an appropriate inflammatory response, this raises the questions of how
the Se status affects monocyte/macrophage function and how selenoprotein expression
levels are regulated in macrophages during the differentiation process. Human THP-1
monocytes have been suggested to be a valuable model for macrophage differentiation be-
cause phorbol 12-myristate 13-acetate (PMA)-differentiated THP-1 macrophages resemble
the native monocyte-derived macrophages with regard to (i) morphology, (ii) expression of
membrane antigens and receptors, (iii) the release of secretory factors, and (iv) transient
induction of proto-oncogenes [20]. We established a THP-1 model to investigate the effect of
Se on (i) cell proliferation and differentiation of monocytes and (ii) the expression of seleno-
proteins in undifferentiated monocytes as compared to differentiated macrophages, as well
as (iii) the inflammatory response upon lipopolysaccharide (LPS) stimulation. Interestingly,
Se treatment neither significantly affected the proliferation of human THP-1 monocytes
nor the differentiation process itself. However, expression of almost all selenoproteins was
modulated by the differentiation state of THP-1 cells. Adequate levels of Se were moreover
important for the LPS-induced inflammatory response, resulting in an upregulation of
NF-κB target gene expression as well as increased biosynthesis of lipid mediators (LMs).
In conclusion, the tight regulation of the selenoproteome by both Se and differentiation
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processes together with the dependency of the inflammatory response on Se levels strongly
suggest that an adequate Se status is indispensable for proper functioning of macrophages.

2. Results

2.1. Se Does Not Affect Differentiation of THP-1 Cells into Macrophages

To investigate the effect of Se on the differentiation process of human THP-1 leukemic
monocytes into macrophages, we initially determined the Se concentration and incuba-
tion time required for adequate expression of Se-sensitive selenoproteins. Concentration-
dependent studies with 0–500 nM sodium selenite for 72 h confirmed a significant upregula-
tion of the protein expression levels of the Se-sensitive selenoproteins GPX1 and SELENOH
(Figure S1a,b), while expression of TXNRD1 was not affected (Figure S1c). Moreover,
protein expression of GPX1, SELENOH, and TXNRD1 was time-dependently upregulated,
reaching a maximum after 72 h (Figure S1d–f). Cell number was not significantly affected
up to 72 h by 50 nM Se treatment (Figure S1g). Pre-treatment with 50 nM Se for 72 h was
therefore used for subsequent experiments.

THP-1 differentiation into macrophages can be induced by PMA and is associated with
increased cell size and adherence [21,22]. Concentration–response studies (0–100 nM PMA)
showed that treatment with low (5 nM) PMA concentrations for 48 h was not sufficient
to induce complete differentiation, as indicated by loosely attached cells with monocytic
morphology (Figure S1h). Incubation with 25 nM for 48 h induced a pronounced adherence
of the cells, with significantly increased cell sizes (Figure S1h). Higher concentrations of
PMA (100 nM) did not further increase adherence or cell size. Recent studies indicate
that high PMA concentrations induce a rather pro-inflammatory type of macrophage
which is less responsive towards stimuli [22,23]. Hence, 25 nM of PMA was used for
differentiation. In addition, the cell cycle inhibitor p21WAF1/Cip1 was induced by PMA
reaching a maximum at 25 nM PMA (Figure 1a). This effect was independent of Se
treatment. Time-dependent studies (2–72 h) with 25 nM PMA confirmed a progressive
increase in relative cell adherence, reaching a maximum after 48 h (Figure 1b). To further
explore the influence of Se on the PMA-induced THP-1 differentiation process, cellular
autofluorescence and granularity, as well as extracellular CD68 levels, were analyzed.
All three differentiation markers increased with PMA treatment, whereas Se did not
significantly affect differentiation (Figure 1c–e). In summary, differentiation of monocytes
into macrophages was not significantly affected by the Se status of the cells.
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Figure 1. Selenium does not affect differentiation. THP-1 monocytes were pre-treated for 72 h with or without 50 nM
sodium selenite (selenite) and differentiated into macrophages by 25 nM PMA or the indicated concentration with or
without 50 nM selenite for the indicated time points (b) or for 48 h (a,c–e). (a) Protein expression of p21 was normalized to
β-actin. -PMA/-selenite samples were set to 1. A representative blot is shown. (b) The relative adherence was calculated as
(number of adherent cells/total number of cells) × 100. (c–e) The autofluorescence (c), intracellular granularity (d), and
extracellular CD68 (e) were determined using flow cytometry. Data are given as means + SD (n = 3–4). Two-way ANOVA
with Bonferroni’s post-test. Significant outliers were determined by Grubbs’ test (α = 0.05). * p < 0.05, ** p < 0.01, *** p < 0.001
vs. cells without PMA (PMA effect); & p < 0.05, && p < 0.01, &&& p < 0.001 vs. 2 h PMA.

2.2. PMA-Induced Differentiation of Monocytes to Macrophages Alters the Selenoprotein
Expression Profile

To investigate whether selenoprotein expression is affected by differentiation in com-
bination with varying Se supply, we analyzed the protein levels of selenoproteins under
Se-deficient, as well as Se-adequate, conditions at increasing PMA concentrations. As
expected, selenoprotein expression was upregulated in Se-treated cells, as shown for GPX4,
SELENOH, SELENOS, and SELENOF (Figure 2a–d). Most pronounced Se-dependent
effects were obtained for SELENOF in undifferentiated THP-1 monocytes with a 12-fold up-
regulation, followed by SELENOS and SELENOH. GPX4 expression was only moderately
affected, being upregulated by 1.8-fold in Se-treated cells. In contrast, PMA substantially
reduced expression levels of the selenoproteins SELENOH, SELENOS, and GPX4 in both
Se-treated as well as untreated cells (Figure 2a–c). However, the protein expression of
SELENOF increased upon PMA-induced differentiation (Figure 2d), while other seleno-
proteins, such as GPX1, SELENOO, TXNRD1, and TXNRD2, were almost unaffected by
PMA-induced differentiation (Figure S2a–d). Accordingly, total activities of the TXNRD
and GPX selenoprotein families were also not modulated by PMA (Figure S2e,f).
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Figure 2. Expression of selenoproteins as well as proteins involved in selenoprotein biosynthesis during differentiation.
THP-1 monocytes were pre-treated for 72 h with or without 50 nM sodium selenite (selenite) and differentiated into
macrophages using 5–400 nM PMA (a–d) or 25 nM PMA (e,f) with or without 50 nM sodium selenite treatment for 48 h.
(a–d) Protein expressions of GPX4 (a), SELENOH (b), SELENOS (c), and SELENOF (d) were normalized to β-actin. -PMA/-
selenite samples were set to 1. Representative blots are shown. (e) Heatmap of mRNA expression of different selenoproteins
and proteins involved in the biosynthesis of selenoproteins analyzed by qRT-PCR. The color scale indicates the mean
difference as fold change (FC) of target genes vs. -PMA/-selenite (FC = 1). (f) Se content of the cells. -PMA/-selenite
samples were set to 1. Data are given as means + SD (n = 3–4). Two-way ANOVA with Bonferroni’s post-test. Significant
outliers were determined by Grubbs´ test (α = 0.05). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. cells without PMA (PMA effect);
# p < 0.05, ## p < 0.01, ### p < 0.001 vs. cells without selenite (Se effect).
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As changes in selenoprotein expression upon PMA treatment can be regulated at either
the transcriptional or translational levels, we investigated mRNA levels of the selenopro-
teins in untreated and PMA-differentiated THP-1 cells. Interestingly, mRNA levels were not
related to protein expression. The only selenoprotein which was downregulated by PMA
on mRNA level was SELENOO (Figure 2e). Significant upregulation of mRNA levels was
observed for all other selenoproteins investigated, with SELENOM showing the strongest
effect with a 20-fold increase in macrophages as compared to monocytes (Figure 2e). More-
over, mRNA levels of Se-binding protein 1 (SELENBP1), a non-selenocysteine-containing
protein that covalently binds Se [24,25], were downregulated by PMA (Figure 2e), which
was also observed upon differentiation of other cell types [26,27].

Based on this discrepancy between mRNA and protein expression of selenoproteins,
the mRNA levels of proteins involved in selenoprotein synthesis were analyzed. While
expression of genes responsible for the biosynthesis of selenocysteine at the t-RNA[Ser]Sec

(e.g., selenophosphate synthetase 2 (SEPHS2), phosphoseryl-tRNA kinase (PSTK), sep
(o-phosphoserine) tRNA:sec (selenocysteine) tRNA synthase (SEPSECS)) were significantly
upregulated, mRNA expression of proteins involved in selenoprotein translation (SECIS
binding protein 2 (SECISBP2) and eukaryotic elongation factor, selenocysteine-tRNA spe-
cific (EEFSEC)) were less affected by PMA treatment (Figure 2e). Interestingly, eukaryotic
translation initiation factor 4A3 (EIF4A3), which inhibits the biosynthesis of Se-sensitive
selenoproteins, was significantly upregulated by PMA (Figure 2e). Moreover, cellular Se
levels were independent from the differentiation state and upregulated by Se treatment by
1.5-fold in undifferentiated and differentiated cells, which excludes the possibility that Se
availability limited protein expression of selenoproteins in PMA-treated cells (Figure 2f). In
conclusion, PMA-induced differentiation downregulated selenoprotein expression of GPX4,
SELENOH, and SELENOS but upregulated SELENOF, indicating differentiation-induced
shifts of the selenoproteome.

2.3. PMA and Se Treatment Modulate the Cellular Redox Status and the Activity of the
Redox-Sensitive Transcription Factors NRF2 and NF-κB

Based on the observed changes in selenoprotein expression induced by PMA differ-
entiation together with the well-known impact of many selenoproteins on the regulation
of the cellular redox homeostasis [18,19], we wondered whether Se treatment affects the
redox status in PMA-differentiated THP-1 macrophages. Surprisingly, total GSH levels
decreased from PMA-induced differentiation independent of the Se status (Figure 3a).
NRF2 and NF-κB are two transcription factors which are well-known to be regulated in a
redox-dependent manner and to activate gene expression of antioxidant and inflammatory
proteins, respectively [28]. The activity of NAD(P)H quinone oxidoreductase 1 (NQO1), a
NRF2 target gene, was significantly upregulated in differentiated compared to undiffer-
entiated cells (Figure 3b), which hints towards a putative activation of the transcription
factor NRF2 in differentiated cells. To induce inflammatory conditions and activate the
NF-κB signaling pathway, we included LPS stimulation for further experiments. NF-κB
activation was studied by nuclear translocation of the subunit p65. In macrophages, NF-κB
was activated by LPS stimulation in Se-treated but not in Se-deficient cells (Figure 3c). The
mRNA expression of the NF-κB target genes COX2 and TNFα was increased by PMA-
induced differentiation and further enhanced in LPS-stimulated THP-1 macrophages, with
more pronounced effects under Se treatment (Figure 3d). Se effects were present in neither
the release of TNFα nor COX2 protein levels (Figures 3e and S3a). Moreover, proteins
that are involved in the biosynthesis of prostaglandins (e.g., prostaglandin E synthase
(PGES) and thromboxane (TX)A synthase 1 (TXAS1)), as well as leukotriens and resolvins
(arachidonate 5-lipoxygenase (ALOX5) and arachidonate 15-lipoxygenase (ALOX15)), were
upregulated by PMA but not affected by Se (Figure 3d). Interestingly, ALOX5 mRNA ex-
pression was significantly upregulated in undifferentiated THP-1 cells and downregulated
in the differentiated cells by LPS. Otherwise, LPS did not significantly affect the protein
expression of the two selenoproteins GPX4 and SELENOF (Figure S3c,d).

144



Int. J. Mol. Sci. 2021, 22, 11060

Figure 3. Redox-dependent regulation of NF-κB and NRF2 target gene transcription in THP-1 monocytes and macrophages.
THP-1 monocytes were pre-treated with or without 50 nM sodium selenite (selenite) for 72 h and differentiated into
macrophages with 25 nM PMA with or without 50 nM selenite treatment for 48 h. Cells were stimulated with 1 μg/mL
lipopolysaccharide (LPS) (c–i) for 1 h (c), 6 h (d,f), or 24 h (e,g–i). (a) Total GSH content. The GSH synthesis inhibitor
buthionine-sulfoximine (0.25 mM, BSO) was used as positive control. (b) NQO1 activity. (c) The protein expression of
nuclear p65 was normalized to Ponceau staining. The -selenite/-LPS sample was set to 1. (d) Heatmap of mRNA expression
of NF-κB target genes and enzymes involved in the LM biosynthesis investigated by qRT-PCR. mRNA expression of genes is
given as fold change (FC) vs. +PMA/-selenite/-LPS (FC = 1). The color scale indicates the mean difference as the FC of target
genes vs. +PMA/-selenite/-LPS (FC = 1). (e) TNFα release was analyzed by ELISA. (f) Heatmap of mRNA expression of
NRF2 target genes investigated by qRT-PCR. mRNA expression of genes is given as fold change (FC) vs. +PMA/-selenite/-
LPS (FC = 1). The color scale indicates the mean difference as the FC of target genes vs. +PMA/-selenite/-LPS (FC = 1).
(g–i) The protein expressions of CAT (g), SOD1 (h), and GCLC (i) were normalized to β-actin. The +PMA/-selenite/-LPS
samples were set to 1. The data of (a–c,e,g–i) are given as means + SD (n = 3–4). Two-way ANOVA (a–c) or three-way
ANOVA (d–i) with Bonferroni´s post-test. Significant outliers were determined by Grubbs´ test (α = 0.05). * p < 0.05,
** p < 0.01, *** p < 0.001 vs. cells without PMA (PMA effect); # p < 0.05, ### p < 0.001 vs. cells without selenite (Se effect);
§ p < 0.05, §§ p < 0.01, §§§ p < 0.001 vs. cells without LPS (LPS effect).
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For mRNA levels, PMA treatment upregulated most NRF2 target genes (GCLC, GCLM,
glutathione synthetase (GSS), HMOX1, NQO1, SOD1, TXNRD1, SRXN1) with the exception
of SLC7A11, CAT, and GPX4 (Figure 3f). The strong PMA-dependent downregulation of
SLC7A11, a subunit of the cystine/glutamate antiporter system Xc

- that is essential for
the intracellular supply with cysteine and subsequent GSH biosynthesis, might explain
the decreased levels of GSH in the PMA-differentiated cells, although mRNA levels of the
proteins of GSH biosynthesis (GCLC, GCLM, GSS) were upregulated. Notably, Se treat-
ment makes THP-1 macrophages more responsive to LPS-induced NRF2 gene expression,
with up to threefold higher mRNA levels of NRF2 target gene expression (e.g., HMOX1)
under Se-treated conditions as compared to Se-deficient conditions. Protein expressions of
NRF2 target proteins CAT, SOD1, and GCLC were not affected by LPS stimulation and Se
treatment (Figure 3g–i). However, CAT expression was significantly downregulated and
GCLC was upregulated by PMA, whereas no pronounced PMA effects were observed on
SOD1 expression (Figure 3g–i).

2.4. Effects of LPS Treatment on LM profiles in THP-1 Monocytes and Macrophages

Given that Se-treated PMA-differentiated macrophages were more responsive to LPS-
induced NF-κB activation, we speculated that an adequate Se status might also affect LM
biosynthesis. A metabolipidomics approach was employed to investigate the impact of
Se on LPS-induced changes on the LM profile. Similar to what we observed for mRNA
expression of COX2 and TNFα (Figure 3d), nuclear translocation of the p65 subunit of
NF-κB (Figure 3d), and the expression of NRF2 target genes (Figure 3f), Se supported
the production of COX- and LOX-derived LMs as well as the release of the fatty acid
substrates required for LM biosynthesis, reaching significance for the COX-derived LM
TXB2 as well as docosahexaenoic acid (DHA) in differentiated macrophages. Interestingly,
in undifferentiated Se-deficient cells, almost all lipid mediators were downregulated by
LPS by trend but upregulated by Se with significant effects on COX-derived TXB2 and
TXB3, and the LOX-derived products 15-hydroxyeicosatetraenoic acid (15-HETE) and 12-
hydroxypentaenoic acid (12-HEPE), as well as arachidonic acid (AA), eicosapentaenoic
acid (EPA), and docosahexaenoic acid (DHA) (Figure 4). Together, our data clearly indicate
that Se facilitates LM biosynthesis by modulating the enzymes for LM biosynthesis.
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Figure 4. Effect of Se, PMA-induced differentiation, and LPS on lipid mediator (LM) profiles. THP-1
cells were pre-treated with or without 50 nM sodium selenite (selenite) for 72 h and differentiated into
macrophages by treatment with 25 nM PMA in co-treatment with or without 50 nM sodium selenite
(selenite) for 48 h and with or without 1 μg/mL lipopolysaccharide (LPS) for an additional 24 h. LM
profiles of the supernatant were analyzed by UPLC-MS/MS. The heatmap organizes LM according
to key biosynthetic enzymes (n = 4). The values in the columns give the concentrations of LMs in
pg/mg protein (COX, 5-LOX, 12/15-LOX, SPMs, others) or ng/mg protein (free PUFAs). The color
scale indicates the mean difference as fold change (FC) of control cells vs. LPS and/or selenite-treated
cells (FC = 1). Two-way ANOVA with Bonferroni´s post-test. Significant outliers were determined by
Grubbs´ test (α = 0.05). # p < 0.05, ### p < 0.001 vs. cells without selenite (selenite effect); §§ p < 0.01,
§§§ p < 0.001 vs. cells without LPS (LPS effect). AA, arachidonic acid; COX, cyclooxygenase; DHA,
docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; HDHA, hydroxy-
docosahexaenoic acid; HEPE, hydroxypentaenoic acid; HETE, hydroxyeicosatetraenoic acid; HODE,
hydroxyoctadecadienoic acid; LOX, lipoxygenase; LT, leukotriene; MaR, maresin; PD, protectin D;
PG, prostaglandin; PUFA, polyunsaturated fatty acid; Rv, resolvin; SPM, specialized pro-resolving
mediator; TX, thromboxane.
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3. Discussion

Since Se was recognized as an essential trace element, the role played by its adequate
supply has been intensively studied. Various studies have shown that adequate levels
of Se are important for the immune function and are able to prevent excessive inflamma-
tion [3]. Hence, Se was found to limit the expression of pro-inflammatory cytokines under
inflammatory conditions in vitro at relatively high concentrations of 2 μM [29–31]. In vivo
effects of Se are more distinct [32,33]. While long-term treatment of mice with 0.6 mg/kg
Se (which was given as sodium selenite and corresponded to approximately four times the
adequate intake) had no effects on dextran sulfate sodium (DSS)-induced colitis, short-term
treatment with 0.6 mg/kg Se actually enhanced inflammation scores, as well as TNFα and
COX2 mRNA expression. Notably, 0.6 mg/kg Se given in the form of selenomethionine
had no effect [32]. Otherwise, rats that received 0.2–20 μg/kg organic selenocompounds
during pregnancy developed less severe Staphylococcus aureus-induced mastitis with lower
NF-κB activation and TNFα mRNA expression [33]. Within the innate immune system,
macrophages inherit key functions in neutralizing pathogens and regulating inflamma-
tory processes and individual selenoproteins have been shown to affect the macrophage
maturation process (GPX1 and SELENOP) and limit oxidative burst (SELENOK) [34–38].
However, little is known about how Se deficiency impacts redox-dependent proliferation,
differentiation and signaling cascades in monocytes and differentiated macrophages, nor
about how selenoprotein expression affects these processes.

Human THP-1 monocytes were used as a model system under Se-deficient as well as
Se-adequate conditions and were differentiated into macrophages by PMA. Interestingly,
the hierarchy of selenoprotein expression seems to be different in monocytes/macrophages
as compared to other cell types, such as epithelial cells. While the Se-sensitive selenoprotein
SELENOH was significantly upregulated in a time- and concentration-dependent manner,
with fourfold higher expression levels at 500 nM Se, the expression of another Se-sensitive
selenoprotein, GPX1, was only slightly affected by Se, being upregulated by 1.5-fold
(Figure S1a,b). Notably, the protein expression of GPX1 and of the protein family member
GPX4, which ranks higher in hierarchy, were comparably upregulated by 1.5–1.8-fold by
Se, which indicates that GPX1 is more indispensable in THP-1 monocytes compared to
other cell types (Figures 2a and S2a). This might be due to the absence of another GPX
isoenzyme in monocytes, GPX2 [35], which has been previously shown to have overlapping
functions with GPX1 in limiting the redox-dependent activation of the NF-κB pathway
and LM biosynthesis in human epithelial-derived cancer cells [29]. It is therefore tempting
to speculate that the absence of the epithelial GPX2 makes GPX1 more indispensable in
THP-1 monocytes, thereby advancing GPX1 in hierarchy.

Interestingly, the PMA-induced differentiation process was also not significantly
affected by Se status, as suggested from cell adherence, granularity, autofluorescence,
and surface marker expression (Figure 1b–e). However, the differentiation process had a
strong impact on the protein expression levels of various selenoproteins (Figures 2 and S2).
Expression of the two GPX isoenzymes GPX1 and GPX4 was differently regulated by PMA.
Whereas GPX1 protein expression was not affected by PMA treatment (Figure S2a), GPX4
protein expression was downregulated under both Se-deficient as well as Se-adequate
conditions by PMA-induced differentiation (Figure 2a). Notably, mRNA expression levels
of selenoproteins did not correlate with protein expression levels and were upregulated by
PMA treatment for all selenoproteins except for SELENOO (Figure 2e). We could exclude
(i) Se levels, (ii) impaired selenocysteine biosynthesis, and (iii) selenoprotein translation
as limiting variables for the PMA-induced reduction of several selenoproteins since the
cellular Se content as well as mRNA expression of proteins responsible for selenocysteine
biosynthesis and selenoprotein translation were not affected or even upregulated by PMA
(Figure 2e,f). We therefore speculate that the upregulation of selenoprotein mRNAs is due
to the special M0 state of macrophages, which has to be considered as a transitional rather
than a terminal stage. Depending on the milieu in the tissue, M0 macrophages polarize
into various subpopulations with either pro- or anti-inflammatory properties. Hence,
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mRNA levels of the selenoproteins might be kept at relatively high levels to rapidly adapt
the protein expression of selenoproteins to the requirement of the respective macrophage
subtype after maturation.

GPX4 has been shown to inhibit NF-κB activation [39], and the downregulation of
GPX4 in differentiated THP-1 macrophages might be essential to enable inflammatory re-
sponses in these cells. Accordingly, NF-κB target genes TNFα and COX2 were upregulated
by PMA (Figure 3d). Moreover, TNFα and COX2 mRNA expression as well as the release
of COX-derived PGE2 and PGF2α were increased by LPS stimulation in macrophages,
with more distinct effects under Se treatment (Figures 3 and 4). However, the Se effect
on TNFα and COX2 expression was not present for protein levels (Figures 3e and S3a).
Possibly, Se effects on protein expression are only visible within another time frame which
was not captured by our study (24 h). Essentially, previous studies indicate that the Se
effects on biosynthesis of pro-inflammatory cytokines differ at different time points [30,40].
Importantly, a rapid and adequate secretion of inflammatory cytokines upon bacterial or
viral infection is essential in pathogen removal and to prevent sustained inflammation.
Optimal Se supply might be important to maintain homeostasis between the formation
of inflammation-dependent production of reactive oxygen species and the antioxidant
NRF2 system, thereby enabling cells’ fast upregulation of inflammatory response upon
stimulation, and to prevent chronic inflammation [41]. Inversely, physiological changes
in Se levels as studied herein only moderately impacted on NF-κB signaling and LM
biosynthesis, which indicates that THP-1 cells are able to compensate for the reduced
expression of selenoproteins. Otherwise, expression of selenoproteins that are important
for the regulation of inflammatory signaling might be less dependent on Se in macrophages,
as demonstrated for GPX1 and TXNRD1 (Figure S2a,c).

Interestingly, the release of other COX-derived products was enhanced neither by
PMA nor by LPS (Figure 4), which indicates that LM biosynthesis is efficiently channeled
into PGE2 and PGF2α production. Notably, previous studies reported that Se treatment
decreased the expression of pro-inflammatory cytokines such as TNFα and the release of
LMs including PGE2 in macrophages [29–31,33,40,42,43]. Differences in the study outcomes
might have been related to different experimental settings. While our study used human
THP-1 macrophages treated with physiological concentrations of Se (50 nM), previous
studies employed murine RAW264.7 and bone marrow-derived macrophages (BMDM)
treated with 2 μM Se (given as sodium selenite). Hence, even striking differences in the
Se-dependent regulation of COX2 expression are observed in RAW264.7 and BMDM cells
under similar experimental conditions (2 μM Se), with strong effects of Se (2 μM) on COX2
expression in RAW264.7 and noticeably less pronounced effects in the BMDM cells [30].
Moreover, another study showed that TNFα mRNA expression in Staphylococcus aureus-
stimulated RAW264.7 macrophages was significantly reduced by 2 μM Se (given as sodium
selenite) and unaffected by 1–1.5 μM [40], which underlines the concentration dependency
of the Se effects. Notably, while an adequate supply with Se is supposed to have antioxidant
properties via the upregulation of selenoproteins, Se given at concentrations that exceed
the dosage required to maximize selenoprotein expression most likely does not exert its
effects via selenoproteins and can even have pro-oxidant effects, which underscores the
necessity of a well-balanced Se status [44–46]. Another critical aspect of an appropriate
immune reaction might be that related to an accurate time-dependent regulation of the
inflammatory response. While an upregulation of COX2 expression after infection is
required to remove pathogens, an excessively prolonged activation might result in chronic
inflammation. Overall, it appears that moderate changes in the Se supply do not overtly
change the expression of NF-κB-responsive proteins and thus the immune response of
THP-1 monocytes and M0 macrophages.

Analog with NF-κB, mRNA expression levels of NRF2 target genes were increased
by LPS stimulation and were dependent on adequate Se levels in macrophages (Figure 3f).
The increase of NRF2 target gene transcription by LPS is in line with a previous report
which also observed an upregulation of NRF2 upon activation of the toll-like receptor 1/2
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with Pam3CSK4 in THP-1 cells [47]. Given that the NF-κB and NRF2 signaling pathways
are interconnected via a complex signaling network, the coordinated increase in NF-κB
and NRF2 target gene expression upon LPS stimulation by Se hints towards an important
function in maintaining a balance of NF-κB-dependent reactive oxygen species/reactive
nitrogen species formation and NRF2-dependent hydrogen peroxide detoxification in
THP-1-derived macrophages. Otherwise, Se downregulated most of the NRF2 target genes
under unstimulated conditions in macrophages, reaching significance for GCLC (Figure 3f).
This is in line with a previous in vivo study which found that mRNA expression of the
NRF2 target genes GCLC, NQO1, SOD1, and SRXN1 was significantly downregulated
in mice that received a Se-adequate diet (0.15 mg/kg) compared to mice with a Se-poor
diet (0.086 mg/kg) [48]. Notably, while most of the NRF2 target genes were upregulated
by PMA-induced differentiation, the two target genes CAT and SLC7A11 were down-
regulated (Figure 3f). NRF2-dependent target gene expression is regulated by complex
mechanisms, which include: (i) different cysteine sensors within the NRF2 regulatory pro-
tein KEAP1 (Cys151, Cys257, Cys273, Cys288, and Cys297) that can be targeted by distinct
endogenous and exogenous ligands, (ii) phosphorylation of NRF2, and (iii) transactivation
via dimerization with different transcription factors (e.g., activating transcription factor
4 (ATF4), ATF3 or CREB binding protein (CBP)) and nuclear receptors (e.g., peroxisome
proliferator-activated receptor gamma (PPARγ), estrogen receptor α, and retinoic X recep-
tor α (RXRα)) [15]. How exactly PMA stimulates NRF2 activation is not known. However,
a similar controversial regulation of NRF2 target gene subsets has also been observed with
other small molecule inducers of NRF2, such as Bay 11-7085 [49] and sulforaphane [50],
which stimulate ferroptosis and induce a strong upregulation of HMOX1 with concomitant
downregulation of other NRF2 target genes like GPX4 and SLC7A11, respectively. De-
pending on the point of attack, small molecule inducers of NRF2 might therefore reveal a
specific profile of NRF2 target gene regulation.

In conclusion, we anticipate that adequate Se levels as well as differentiation impact on
selenoprotein expression, whereas the Se status only moderately affected NF-κB signaling
and biosynthesis of inflammatory LMs. Of particular interest are the discrepancies with
previous findings that indicated an inhibitory effect of Se on NF-κB-dependent inflam-
matory signaling; our results indicate that Se facilitates LPS-induced NF-κB activation.
We speculate that differences arise from (i) different Se concentrations and (ii) timing and
maybe even the species (e.g., human vs. mouse). Notably, PMA, which was used for
differentiation, had significant effects on NF-κB as well as NRF2 that might have impacted
the overall effects of Se in our THP-1 model system. However, the well-known effects of
physiological Se levels for a fine-tuned adaptive immune response upon bacterial and viral
infections [51,52], as well as during inflammation resolution [53–55], might be mediated
by other mechanisms as well. Further concentration- and time-dependent studies on in-
flammatory responses upon inflammatory stimulation are required, as are investigations
in primary cells which more closely reflect in vivo conditions and research on the function
of specific selenoproteins in order to address these issues.

4. Materials and Methods

4.1. Materials

Materials are listed in Table S1.

4.2. Cell Culture

Human THP-1 acute monocytic leukemia cells (monocytes, ATCC® TIB-202™) were
grown in RPMI completed with 10% (v/v) FCS, 1% (v/v) penicillin-streptomycin and 1%
GlutaMAX at 37 ◦C in 5% CO2 and sub-cultured every three to five days. Cell treatment:
THP-1 monocytes were incubated with different concentrations of Se (0–500 nM) for 72 h or
for varying incubation times (0–96 h) with 50 nM Se. THP-1 monocytes were differentiated
with different PMA (0–400 nM) concentrations as indicated or with 25 nM PMA for 48 h
or as indicated. THP-1 monocytes were preincubated for 72 h with or without 50 nM
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Se, seeded at densities of 0.5 × 105 cells/mL THP-1 monocytes (DMSO control) and
2.5 × 105/mL for PMA-induced differentiation with or without Se (50 nM) treatment, and
harvested after 48 h. LPS (1 μg/mL) stimulation was performed with undifferentiated
and differentiated THP-1 cells with or without Se treatment for 1 h (nuclear extracts for
Western blot analysis), 6 h (quantitative real-time PCR analysis) or 24 h (Western blot and
LM analysis). The protein content of the cell lysates was measured using Bradford analysis
(Bio-Rad Laboratories).

4.3. Determination of Adherence, Morphology and Cell Number

Adherence of PMA-treated THP-1 cells was determined at the indicated time points.
Cells were harvested by trypsinization and resuspended in RPMI. The cell number was
determined using 0.4% trypan blue staining with a Vi-Cell XR Cell Viability Analyzer
(Beckman Coulter, Brea, CA, USA). To determine the relative adherence, adherent cells
were collected and percentage adherence was calculated as the number of adherent cells
divided by the starting cell number and multiplied by 100.

Images of cells were collected with an Eclipse Ti-S microscope (Nikon GmbH, Tokyo,
Japan) equipped with a Nikon Digital Sight DS-Fi1c color camera (Nikon GmbH) and a
20× objective (NA = 0.45, S Plan Fluor, Nikon GmbH) or a 10× objective (NA = 0.3, Plan
Fluor, Nikon GmbH).

4.4. Flow Cytometry

For flow cytometry experiments, cells were treated as described above and harvested.
Granularity was measured using forward and side scatter light and autofluorescence
analyzed in unstained cells in the FL-1 channel (blue laser, excitation 488, emission 525/40).
For detection of the cell surface marker CD68, cells were resuspended in ice cold primary
antibody solution (containing phosphate-buffered saline (PBS, 140 mM NaCl, 10 mM
Na2HPO4, and 2.99 mM KH2PO4, pH 7.4) with 10% FCS and 1% NaN3), fixed with PBS
and 0.01% formaldehyde (diluted in PBS) for 15 min, and washed with primary antibody
solution. Cells were resuspended in primary antibody solution with 0.5% (v/v) Tween®

20 and incubated with primary antibody mouse anti-CD68 (1:200) for 30 min. Samples
were centrifuged for 3 min at 500× g and washed twice in primary antibody solution and
once in secondary antibody solution (containing PBS with 3% BSA and 1% NaN3) with
the same centrifugation steps in between. Samples were incubated with the secondary
antibody (anti-mouse IgG Alexa Fluor® 594 Conjugate (1:1000)) for 30 min protected from
light. Analysis was performed on a CytoFLEX flow cytometer (Beckman Coulter, excitation:
488 nm; emission: 525/40 nm) and data were analyzed using CytExpert software version
2.2 and version 2.3 (Beckman Coulter).

4.5. Nuclear Isolation

The nuclear lysates of 3.0 × 105/mL PMA-differentiated macrophages were harvested
after 1 h of LPS stimulation. Lysis buffer I (10 mM HEPES, 1.5 mM MgCl2, 10 mM
KCl, 0.5 mM DTT, 0.5 mM PMSF, and 0.1% NP-40 Alternative, pH 7.9) was used. After
incubation for 7 min at 4 ◦C under shaking, cells were centrifuged for 1 min at 4 ◦C and
6800× g. Thereafter, NaCl (5 M) was added to the lysis buffer II (40 mM HEPES, 400 mM
KCl, 10% glycerol, 1 mM DTT, and 0.1 mM PMSF, pH 7.9) and the cell pellet was lysed by
ultrasonic treatment (80% amplitude, 0.5 s cycle), and centrifuged for 30 min at 4 ◦C and
20,000× g to obtain nuclear lysates. The protein content was measured and the nuclear
lysate was used for Western blot analysis.

4.6. Western Blot

Harvested THP-1 monocytes and macrophages were lysed with RIPA buffer (50 mM
Tris, 150 mM NaCl, 2 mM EDTA, 0.5% sodium deoxycholate, 0.1% SDS, and 1% NP-40
Alternative, pH 7.7 with 0.1% (v/v) protease inhibitor) for 15 min at 4 ◦C and 1200 rpm
using the ThermoMixer® (Eppendorf AG, Hamburg, Germany). The samples were cen-
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trifuged for 15 min at 4 ◦C and 14,000× g, and protein concentration was determined in
the supernatant. Samples were mixed with loading buffer (1×; 41.7 mM Tris pH 6.8, 10%
glycerin, 2% SDS, 0.125% bromophenol blue, and 2.5% β-mercaptoethanol) and heated
for 5 min at 95 ◦C. Proteins were separated on SDS polyacrylamide gels (10–15%) and
immunoblotted on Amersham™ Protran® nitrocellulose membrane. Membranes were
incubated for 2 min in Ponceau S solution (0.2% (w/v) with 3% (w/v) trichloroacetic acid)
and bands were recorded by a ChemiDocTM MP Imaging System (Bio-Rad Laboratories).
Subsequently, membranes were blocked in 5% (w/v) non-fat dry milk in Tris-buffered saline
(5 mM Tris, 15 mM NaCl) with 0.1% (v/v) Tween® 20 (T-TBS) for 1 h at room temperature
and incubated with primary antibodies overnight at 4 ◦C in T-TBS: Mouse anti-γ-GCSc
(H-5) (1:10,000), mouse anti-mPGES1 (1:300); rabbit anti-beta actin (1:10,000); rabbit anti-
oxidative stress defense (catalase, SOD1) (1:500); rabbit anti-COX2 (D5H5) XP® (1:1000);
rabbit anti-GPX1 (1:5000); rabbit anti-GPX4 (1:5000); rabbit anti-NF-κB p65 (D14E12) XP®

(1:4000); rabbit anti-p21WAF1/Cip1 (12D1) (1:1000); rabbit anti-SEP15 (1:3000); rabbit
anti-SELH (1:1000); rabbit anti-SELO (1:2500); rabbit anti-VIMP (D1D1M)) (1:1000); rabbit
anti-TXNRD1 (1:10,000); and rabbit anti-TXNRD2 (1:1000). HRP-coupled goat anti-rabbit
IgG (1:50,000) or HRP-coupled horse anti-mouse IgG (1:3000) were used as secondary anti-
body. Protein bands were detected using SuperSignalTM West Dura and band intensities
were densitometrically quantified using a ChemiDocTM MP Imaging System (Bio-Rad Lab-
oratories) and data analyzed using Image Lab software version 5.0 (Bio-Rad Laboratories).
Protein expression was normalized to ß-actin or Ponceau S staining as indicated.

4.7. Quantitative Real-Time PCR

Total mRNA of THP-1 cells was isolated using the Dynabeads™ mRNA DIRECT™
Purification Kit according to the manufacturer’s protocol. The SensiFAST™ cDNA Synthe-
sis Kit was used for cDNA transcription. For real-time PCR, cDNA were combined with
Master mix (PerfeCTa SYBR Green Supermix, forward and reverse primer (each 250 nM
final concentration)) in a 96-well plate as previously described [56]. Primer sequences are
given in Table 1. PCR was performed on a real-time PCR system (MX3005P, Agilent, Santa
Clara, CA, USA) with heat cycle to 95 ◦C for 3 min, 40 cycles of denaturation at 95 ◦C for
15 sec, annealing at 60 ◦C for 20 s, and elongation at 72 ◦C for 30 sec. Standard curves from
diluted PCR products were used for quantification and all samples and standards were
measured in triplicate. For normalization, sample values were normalized to a composite
factor based on the reference genes RPL13a and RPS9. MIQE guidelines served as reference
for the quantification procedure.

Table 1. Human-specific primers for quantitative real-time PCR.

Gene RefSeq-ID Sequence (5′→3′)

ALOX15 (arachidonate 15-lipoxygenase) NM_001140.3 TGGAGCCTTCCTAACCTACAG
TCCACATACCGATAGATGATTTCC

ALOX5 (arachidonate 5-lipoxygenase) NM_000698.3 GCTGCAACCCTGTGTTGATCC
AAATGTTCCCTTGCTGGACCTC

CAT (catalase) NM_001752.4 CCTATCCTGACACTCACCGCCA
GAGCACCACCCTGATTGTCCTG

COX2 (cyclooxygenase 2;
prostaglandin-endoperoxide synthase 2 (PTGS2)) NM_000963.2 CCCAGCACTTCACGCATCAG

CTGTCTAGCCAGAGTTTCACCGT
EEFSEC (eukaryotic elongation factor,

selenocysteine-tRNA-specific) NM_021937.3 CCCTAGAGAACACCAAGTTCCGAG
TCAATGAGCTCTGGAATGCCCT

EIF4A3 (eukaryotic translation initiation factor 4A3) NM_014740.3 AAAGAAAGGTGGACTGGCTGACGG
ACTCCTTCATGATGGACTCCCGCT

GCLC (glutamate-cysteine ligase catalytic subunit) NM_001498.3 TGCTGTCTCCAGGTGACATTCCA
GGAGATGCAGCACTCAAAGCCA

GCLM (glutamate-cysteine ligase modifier subunit) NM_002061.3 GTTGACATGGCCTGTTCAGTCCT
CCCAGTAAGGCTGTAAATGCTCCA

GPX1 (glutathione peroxidase 1) NM_000581.2 TACTTATCGAGAATGTGGCGTCCC
TTGGCGTTCTCCTGATGCCC
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Table 1. Cont.

Gene RefSeq-ID Sequence (5′→3′)

GPX3 (glutathione peroxidase 3) NM_002084.5 GTCGAAGATGGACTGCCATGGT
AGCTGGCCACGTTGACAAAGAG

GPX4 (glutathione peroxidase 4) NM_002085.3 AGGCAAGACCGAAGTAAACTACAC
TCTCTTCGTTACTCCCTGGCT

GSS (glutathione synthesis) NM_000178.2 CCAAGTGCCCAGACATTGCCA
CCTTCTTCACCCACATCCAGTGAG

HMOX1 (heme oxygenase 1) NM_002133.2 CAACAAAGTGCAAGATTCTGCCC
CTACAGCAACTGTCGCCACC

NOX2 (NADPH oxidase 2) NM_000397.3 TCACCAAGGTGGTCACTCACCC
TGCCACTCCAGCTTGGACAC

NQO1 (NAD(P)H quinone oxidoreductase 1) NM_001025434.1 CATCACAGGTAAACTGAAGGACCC
CTCTGGAATATCACAAGGTCTGCG

PGES (prostaglandin E synthase) NM_004878.3 ACGCTGCTGGTCATCAAGATG
TGGCAAAGGCCTTCTTCCGC

PSTK (phosphoseryl-tRNA kinase) NM_153336 TTTGAGGCCCAGTCTTGCTACC
GCCCAACGAATATTTCCGAGCC

RPL13a (ribosomal protein L13a) NM_012423.4 GAGGTTGGCTGGAAGTACCAGG
TGTTTCCGTAGCCTCATGAGCTG

RPS9 (ribosomal protein S9) NM_001013.4 CCATATCAGGGTCCGCAAGCA
GGCCCTTCTTGGCATTCTTCCT

SECISBP2 (SECIS-binding protein 2) NM_024077.4 TGAAGAGCCACCAGGCACAG
GCATCTGGCTGCAGTAATCCCT

SELENBP1 (selenium-binding protein 1) NM_009150.3 TTCCCTTGGAGATCCGCTTCCT
ACTGACCATGTACCTCCCTCGT

SELENOF (selenoprotein F) NM_203341.1 TGATCTTCTCGGACAGTTCAACCT
CACGGACATACTTGGACTTGAGGG

SELENOH (C11orf31, chromosome 11 open reading
frame 31; selenoprotein H) NM_170746.2 GCTTCCAGTAAAGGTGAACCCGA

TCAGGGAATTTGAGTTTGCGTGG

SELENOI (selenoprotein I) NM_033505.4 ATGCCTCAGCACCAGGTCAC
GTTCTGCGAGCTTGCTTTCCGT

SELENOK (selenoprotein K) NM_021237.3 GATGATGGAAGAGGGCCACCAG
CGCATGTCCGGTTGTCTGCT

SELENOM (selenoprotein M) NM_080430.2 TGAAGGCTTTCGTCACGCAG
AGTGGGATGCGCTCTAGTTCCT

SELENON (selenoprotein N) NM_206926.2 TGTGATGTTCCGGATCCATGCC
TGTGGTTGGGCACGAAGAGC

SELENOO (selenoprotein O) NM_031454.1 TGACGCCGAGTTCCAAAGGCA
TTGTGAAGTCGGCACCGGTCAG

SELENOP (selenoprotein P) NM_005410 GAAACTCCATCGCCTCATTACCAT
CTGCCTATGCTGACCCTTGTG

SELENOS (selenoprotein S, VIMP) NM_203472.1 GCTGCATCCTTCTCTACGTGGTC
CAACAACATCAGGTTCCACAGCA

SELENOT (selenoprotein T) NM_016275.3 CGATCATAGCACCACCTATCAGCA
GAGCCTGCCAAGAAAGCATCTG

SEPHS2 (selenophosphate synthetase 2) NM_012248.4 GACGGTTTGGGCTTCTTCAAGG
TCCACAATGCCAACGATCCAC

SEPSECS (sep (o-phosphoserine) tRNA:sec
(selenocysteine) tRNA synthase) NM_016955.3 CTAGTGCTCCCGCTTATTCGCC

CTGGACACTTGCCCTTCTCCAG

SLC7A11 (solute carrier family 7 member 11) NM_014331.3 TGCTCTTCTCTGGAGACCTCGAC
ACAGTGGCACCTTGAAAGGACG

SOD1 (superoxide dismutase 1) NM_000454.4 TACAGCAGGCTGTACCAGTGCA
TCGGCCACACCATCTTTGTCAG

SRXN1 (sulfiredoxin 1) NM_080725.1 CTCAGTGCTCGTTACTTCATGGTC
GTTTGGCCCTTCCTCTTCCTCC

TNFA (tumor necrosis factor α) NM_000594.2 AGCCCATGTTGTAGCAAACCCT
GGAGTAGATGAGGTACAGGCCC
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Table 1. Cont.

Gene RefSeq-ID Sequence (5′→3′)

TXAS1 (thromboxane A synthase 1) NM_001061.4 CCTGAAAGGTTCACGGCTGAG
CAACTTGACCTCAAGCAGCCCT

TXNRD1 (thioredoxin reductase 1) NM_182742.1 GTGTTGTGGGCTTTCACGTACTG
TGTTGTGAATACCTCTGCACAGAC

TXNRD2 (thioredoxin reductase 2) NM_006440.5 GTTCCCACGACCGTCTTCAC
GTGATAGACCTCAACATGCTCCTG

4.8. ELISA

Incubation medium from seeded cells was collected and the content of TNFα was
determined according to the manufacturer’s protocol using a microplate reader (Synergy
H1, BioTek, Bad Friedrichshall, Germany). A Human TNFα Pre-Coated ELISA Kit was
used. The incubation medium of THP-1 monocytes (DMSO control) was diluted 1:2
and for PMA-induced differentiated macrophages 1:50. A standard curve was used to
generate a four-parameter logistic curve-fit and to calculate the content of TNFα which
was normalized to the protein content of the cells.

4.9. Trace Element Analysis by Total Reflection X-ray Fluorescence (TXRF) Spectroscopy

TXRF was used to determine the intracellular levels of Se. Harvested THP-1 monocytes
and macrophages were collected and lysed as described in Section 4.6. Cellular debris was
removed by centrifugation for 10 min at 4 ◦C and 15,000× g. Trace elements analysis was
performed using the supernatant (S2 Picofox™, Bruker Nano GmbH, Berlin, Germany),
and 1 mg/L yttrium was used as internal standard. Ten microliters of each sample was
placed on a siliconized quartz glass carrier and dried for 30 min at 40 ◦C. Samples were
measured randomized in triplicate for 1000 s respectively. The Se content was normalized
to the protein content of the samples.

4.10. GSH Assay

For the measurement of the total GSH content, cells were harvested, resuspended
in 150 μL ice-cold 10 mM HCl, and lysed by ultrasonic treatment (80% amplitude, 0.5 s).
Cellular debris was removed by centrifugation for 30 s at 8000× g at room temperature.
Then, 30 μL (w/v) 5% SSA was added to the supernatant, incubated for 10 min, and
centrifuged for 15 min at 4 ◦C and 8000× g at 4 ◦C, and supernatant was used for GSH
measurement. After addition of 10 mM DTNB, the formed 2-nitro-5-thiobenzoic acid (TNB)
was measured on a microplate reader (Synergy H1) at 412 nm for 5 min with path-length
correction, as previously described [57]. BSO (0.25 mM) was used as control for GSH
depletion and added 24 h before the cell harvest. A standard curve was used to calculate
the total GSH content, which was normalized to the protein content of the samples.

4.11. Enzyme Activities

Cells were homogenized with a TissueLyser II (Qiagen, Hilden, Germany) in Tris
buffer (100 mM Tris, 300 mM KCl, pH 7.6 with 0.1% (v/v) Triton X-100, and 0.1% (v/v)
protease inhibitor) twice for 60 s at 30 Hz and centrifuged for 10 min at 4 ◦C and 14,000× g.
The enzymatic activity was normalized to the protein content of the samples.

NQO1 activity was measured via menadione-dependent reduction of MTT as pre-
viously described [58]. Briefly, cell lysates were mixed with reaction buffer. Incubation
mixtures contained 25 mM Tris, pH 7.4, 0.665 mg/l BSA, 0.01% Tween® 20, 5 μM FAD,
1 mM D-glucose-6-phosphate, 35 μM NADP, 0.72 mM MTT, 0.3 U/mL glucose-6-phosphate
dehydrogenase, and 50 μM menadione. Absorbance was measured at 590 nm for 5.5 min
using a microplate reader (Synergy H1) with path-length correction. Differences between
the MTT reduction rates with and without dicumarol (final concentration 60 μM in phos-
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phate buffer (1 mM KH2PO4, pH 7.4 and 0.1% DMSO) were used for calculation of NQO1
activity (ε590 nm = 11.961 mM−1 × cm−1). Data are given as mUnit(mU)/mg protein.

GPX activity was measured by a GR-coupled test with NADPH consumption using
H2O2 as substrate. Briefly, cell lysate was mixed with reaction buffer. Incubation mixtures
contained Tris buffer (96 mM Tris, 4.8 mM EDTA, 960 μM NaN3, pH 7.6) with 0.11% Triton
X-100, 224 μM NADPH, 3.37 mM GSH, and 78 mU/mL GR and were incubated for 10 min
at 37 ◦C. Ten microliters H2O2 (0.00375%) was added and the reaction was monitored
for 2 min at 340 nm and 37 ◦C using a microplate reader (Synergy H1) with path-length
correction. Data are given as mU/mg protein (ε340 nm = 6.22 mM−1 × cm−1).

TXNRD activity was assessed using DTNB. Cell lysates were mixed with reaction
buffer. Incubation mixtures contained 185 μL phosphate buffer (92.5 mM KH2PO4, 1.85 mM
EDTA, pH 7.4) and 15 μL DTNB (3.75 mM in DMSO)). Twenty-five microliters NADPH (fi-
nal concentration of 200 μM in phosphate buffer) was used to start the reaction, and
TNB formation was monitored at 412 nm for 5 min using a microplate reader (Syn-
ergy H1) with path-length correction. TXNRD-independent formation of TNB was de-
termined in the absence of NADPH and was subtracted. Data are given as mU/mg
protein (ε412 nm = 13.6 mM−1 × cm−1).

4.12. Solid Phase Extraction of LMs

LMs were extracted from cell culture medium as previously described [29]. Briefly,
medium was mixed with a twofold amount of ice-cold methanol containing deuterium-
labeled internal standards (200 nM d8-5S-HETE, d4-LTB4, d5-LXA4, d5-RvD2, d4-PGE2,
and 10 μM d8-AA). Proteins were precipitated at −20 ◦C overnight and clear supernatant
was collected after centrifugation (10 min, 1200× g, 4 ◦C). LMs were extracted from super-
natant as previously described [59]. Briefly, the supernatant was acidified with water, pH
3.5, and LMs were purified by solid phase extraction (Sep-Pak® Vac 6 cc 500 mg/6 mL C18;
Waters, Milford, CT, USA) using MilliQ water and n-hexane for washing steps. LMs were
eluted with methyl formate, eluates were evaporated to dryness using nitrogen (TurboVap
LV, Biotage, Uppsala, Sweden), and LMs were resolved in 100 μL methanol/water (50/50)
for UPLC-MS/MS analysis [29].

4.13. LM Analysis by UPLC-MS/MS

Separation of LMs was performed at 50 ◦C on an Acquity UPLC® BEH C18 column
(1.7 μm, 2.1 × 100 mm; Waters, Eschborn, Germany) with an Acquity™ UPLC system
(Waters) as described previously [29]. In brief, methanol-water-acidic acid was used as
mobile phase starting at a ratio of 42:58:0.01, which was gradually changed to 86:14:0.01
over 12.5 min and then to 98:2:0.01 over 3 min using a flow rate of 0.3 mL/min. LMs were
analyzed on a QTRAP 5500 ESI tandem mass spectrometer (AB Sciex, Darmstadt, Germany)
which was coupled to the LC system. After electrospray ionization operated in negative
mode, multiple reaction monitoring was performed in the negative ionization mode with
parameters adjusted as previously described [59]. External standards were used to confirm
the retention time, and calibration curves for each analyte were prepared. For quantification
of LMs, analyte levels were normalized by calculating the ratio of internal standard and
directly measured deuterium-labeled standards to account for loss of analytes during
purification and measurement, as reported previously [60], and they were normalized to
the protein content of the cells.

4.14. Statistics

Data are given as means + SD of independent experiments. The statistical analysis
was performed with GraphPad Prism 8.4.3 Software (San Diego, CA, USA) using one-way,
two-way or three-way analysis of variance (ANOVA) with Bonferroni´s post-test. Outliers
were determined by Grubbs’ test, with significance level α = 0.05. p-values < 0.05 (*), (#),
(§), (&), ($), (+); p < 0.01 (**), (##), (§§), (&&), ($$), and for p < 0.001 (***), (###), (§§§), (&&&),
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($$$), (+++) were considered as statistically significant. Figures were created with GraphPad
Prism 8.4.3 Software.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222011060/s1.

Author Contributions: T.W., data curation, original draft preparation, formal analysis, visualization;
L.M.W., data curation, formal analysis, visualization; J.A., data curation, formal analysis, visualiza-
tion; M.S., methodology, formal analysis; P.S., methodology, formal analysis, visualization; A.G.,
methodology, formal analysis; O.W., conceptualization, methodology, writing—review and editing;
A.K., methodology, formal analysis, writing—review and editing; A.P.K., project administration,
data curation, writing—review and editing, supervision, funding acquisition; S.C.K., conceptual-
ization, data curation, investigation, project administration, writing—original draft preparation,
writing—review and editing, supervision, funding acquisition. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the Austrian Science Fund (grant number I4968), the German
Research Council (grant numbers KO4589/7-1, FOR 2558 (KI 1590/3-2)), SFB 1127 ChemBioSys
239748522), the Carl Zeiss Foundation (IMPULS), and the University of Jena (grant number AZ2.113-
A1_2018-02).

Data Availability Statement: The data presented in this study are available in Supplementary Materials.

Acknowledgments: We would like to thank Thomas Schneider and Michael Glei for their support
concerning FACS analysis and Kristina Lossow for her support regarding the ELISA measurement.
The technical assistance of Doreen Ziegenhardt and Alrun Schumann is strongly acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Labunskyy, V.; Hatfield, D.L.; Gladyshev, V.N. Selenoproteins: Molecular Pathways and Physiological Roles. Physiol. Rev. 2014,
94, 739–777. [CrossRef] [PubMed]

2. Huang, Z.; Rose, A.H.; Hoffmann, P.R. The Role of Selenium in Inflammation and Immunity: From Molecular Mechanisms to
Therapeutic Opportunities. Antioxid. Redox Signal. 2012, 16, 705–743. [CrossRef] [PubMed]

3. Avery, J.C.; Hoffmann, P.R. Selenium, Selenoproteins, and Immunity. Nutrients 2018, 10, 1203. [CrossRef] [PubMed]
4. Steinbrenner, H.; Speckmann, B.; Klotz, L.-O. Selenoproteins: Antioxidant selenoenzymes and beyond. Arch. Biochem. Biophys.

2016, 595, 113–119. [CrossRef]
5. Bertz, M.; Kühn, K.; Koeberle, S.C.; Müller, M.F.; Hoelzer, D.; Thies, K.; Deubel, S.; Thierbach, R.; Kipp, A.P. Selenoprotein

H controls cell cycle progression and proliferation of human colorectal cancer cells. Free. Radic. Biol. Med. 2018, 127, 98–107.
[CrossRef]

6. Peng, X.; Giménez-Cassina, A.; Petrus, P.; Conrad, M.; Rydén, M.; Arnér, E.S.J. Thioredoxin reductase 1 suppresses adipocyte
differentiation and insulin responsiveness. Sci. Rep. 2016, 6, 28080. [CrossRef]

7. Rajalin, A.-M.; Micoogullari, M.; Sies, H.; Steinbrenner, H. Upregulation of the thioredoxin-dependent redox system during
differentiation of 3T3-L1 cells to adipocytes. Biol. Chem. 2014, 395, 667–677. [CrossRef]

8. Wang, C.; Li, R.; Huang, Y.; Wang, M.; Yang, F.; Huang, D.; Wu, C.; Li, Y.; Tang, Y.; Zhang, R.; et al. Selenoprotein K modulate
intracellular free Ca2+ by regulating expression of calcium homoeostasis endoplasmic reticulum protein. Biochem. Biophys. Res.
Commun. 2017, 484, 734–739. [CrossRef]

9. Yan, J.; Fei, Y.; Han, Y.; Lu, S. Selenoprotein O deficiencies suppress chondrogenic differentiation of ATDC5 cells. Cell Biol. Int.
2016, 40, 1033–1040. [CrossRef]

10. Geissmann, F.; Manz, M.G.; Jung, S.; Sieweke, M.H.; Merad, M.; Ley, K. Development of Monocytes, Macrophages, and Dendritic
Cells. Science 2010, 327, 656–661. [CrossRef]

11. Dall’Asta, M.; Derlindati, E.; Ardigò, D.; Zavaroni, I.; Brighenti, F.; Del Rio, D. Macrophage polarization: The answer to the
diet/inflammation conundrum? Nutr. Metab. Cardiovasc. Dis. 2012, 22, 387–392. [CrossRef]

12. Gordon, S.; Taylor, P. Monocyte and macrophage heterogeneity. Nat. Rev. Immunol. 2005, 5, 953–964. [CrossRef]
13. Dorrington, M.G.; Fraser, I.D.C.; Dorrington, M.G.; Fraser, I.D.C. NF-κB Signaling in Macrophages: Dynamics, Crosstalk, and

Signal Integration. Front. Immunol. 2019, 10, 705. [CrossRef]
14. Saha, S.; Buttari, B.; Panieri, E.; Profumo, E.; Saso, L. An Overview of Nrf2 Signaling Pathway and Its Role in Inflammation.

Molecules 2020, 25, 5474. [CrossRef]
15. He, F.; Ru, X.; Wen, T. NRF2, a Transcription Factor for Stress Response and Beyond. Int. J. Mol. Sci. 2020, 21, 4777. [CrossRef]
16. Michalke, B. Selenium; Springer: Berlin/Heidelberg, Germany, 2018. [CrossRef]

156



Int. J. Mol. Sci. 2021, 22, 11060

17. Schomburg, L.; Schweizer, U. Hierarchical regulation of selenoprotein expression and sex-specific effects of selenium. Biochim.
Biophys. Acta 2009, 1790, 1453–1462. [CrossRef]

18. Papp, L.V.; Lu, J.; Holmgren, A.; Khanna, K.K. From Selenium to Selenoproteins: Synthesis, Identity, and Their Role in Human
Health. Antioxid. Redox Signal. 2007, 9, 775–806. [CrossRef]

19. Reeves, M.A.; Hoffmann, P.R. The human selenoproteome: Recent insights into functions and regulation. Cell. Mol. Life Sci. 2009,
66, 2457–2478. [CrossRef]

20. Auwerx, J. The human leukemia cell line, THP-1: A multifacetted model for the study of monocyte-macrophage differentiation.
Cell. Mol. Life Sci. 1991, 47, 22–31. [CrossRef]

21. Daigneault, M.; Preston, J.; Marriott, H.; Whyte, M.K.B.; Dockrell, D.H. The Identification of Markers of Macrophage Differentia-
tion in PMA-Stimulated THP-1 Cells and Monocyte-Derived Macrophages. PLoS ONE 2010, 5, e8668. [CrossRef]

22. Lund, M.E.; To, J.; O’Brien, B.A.; Donnelly, S. The choice of phorbol 12-myristate 13-acetate differentiation protocol influences the
response of THP-1 macrophages to a pro-inflammatory stimulus. J. Immunol. Methods 2016, 430, 64–70. [CrossRef]

23. Maeß, M.B.; Wittig, B.; Cignarella, A.; Lorkowski, S. Reduced PMA enhances the responsiveness of transfected THP-1
macrophages to polarizing stimuli. J. Immunol. Methods 2014, 402, 76–81. [CrossRef]

24. Li, T.; Yang, W.; Li, M.; Byun, D.-S.; Tong, C.; Nasser, S.; Zhuang, M.; Arango, D.; Mariadason, J.M.; Augenlicht, L.H. Expression
of selenium-binding protein 1 characterizes intestinal cell maturation and predicts survival for patients with colorectal cancer.
Mol. Nutr. Food Res. 2008, 52, 1289–1299. [CrossRef]

25. Steinbrenner, H.; Micoogullari, M.; Hoang, N.A.; Bergheim, I.; Klotz, L.-O.; Sies, H. Selenium-binding protein 1 (SELENBP1) is a
marker of mature adipocytes. Redox Biol. 2018, 20, 489–495. [CrossRef]

26. Chen, G.; Wang, H.; Miller, C.T.; Thomas, D.G.; Gharib, T.G.; E Misek, D.; Giordano, T.J.; Orringer, M.B.; Hanash, S.M.; Beer, D.G.
Reduced selenium-binding protein 1 expression is associated with poor outcome in lung adenocarcinomas. J. Pathol. 2004, 202,
321–329. [CrossRef]

27. Wang, N.; Chen, Y.; Yang, X.; Jiang, Y. Selenium-binding protein 1 is associated with the degree of colorectal cancer differentiation
and is regulated by histone modification. Oncol. Rep. 2014, 31, 2506–2514. [CrossRef]

28. Sivandzade, F.; Prasad, S.; Bhalerao, A.; Cucullo, L. NRF2 and NF-қB interplay in cerebrovascular and neurodegenerative
disorders: Molecular mechanisms and possible therapeutic approaches. Redox Biol. 2018, 21, 101059. [CrossRef]

29. Koeberle, S.C.; Gollowitzer, A.; Laoukili, J.; Kranenburg, O.; Werz, O.; Koeberle, A.; Kipp, A.P. Distinct and overlapping functions
of glutathione peroxidases 1 and 2 in limiting NF-κB-driven inflammation through redox-active mechanisms. Redox Biol. 2019,
28, 101388. [CrossRef]

30. Vunta, H.; Davis, F.; Palempalli, U.D.; Bhat, D.; Arner, R.J.; Thompson, J.T.; Peterson, D.G.; Reddy, C.C.; Prabhu, K.S. The
Anti-inflammatory Effects of Selenium Are Mediated through 15-Deoxy-Δ12,14-prostaglandin J2 in Macrophages. J. Biol. Chem.
2007, 282, 17964–17973. [CrossRef]

31. Wang, H.; Bi, C.; Wang, Y.; Sun, J.; Meng, X.; Li, J. Selenium ameliorates Staphylococcus aureus-induced inflammation in bovine
mammary epithelial cells by inhibiting activation of TLR2, NF-κB and MAPK signaling pathways. BMC Vet. Res. 2018, 14, 197.
[CrossRef]

32. Hiller, F.; Oldorff, L.; Besselt, K.; Kipp, A.P. Differential Acute Effects of Selenomethionine and Sodium Selenite on the Severity of
Colitis. Nutrients 2015, 7, 2687–2706. [CrossRef] [PubMed]

33. Liu, K.; Ding, T.; Fang, L.; Cui, L.; Li, J.; Meng, X.; Zhu, G.; Qian, C.; Wang, H.; Li, J. Organic Selenium Ameliorates Staphylococcus
aureus-Induced Mastitis in Rats by Inhibiting the Activation of NF-κB and MAPK Signaling Pathways. Front. Vet. Sci. 2020,
7, 443. [CrossRef] [PubMed]

34. Barrett, C.W.; Reddy, V.K.; Short, S.; Motley, A.K.; Lintel, M.K.; Bradley, A.M.; Freeman, T.; Vallance, J.; Ning, W.; Parang, B.; et al.
Selenoprotein P influences colitis-induced tumorigenesis by mediating stemness and oxidative damage. J. Clin. Investig. 2015,
125, 2646–2660. [CrossRef] [PubMed]

35. A Carlson, B.; Yoo, M.-H.; Sano, Y.; Sengupta, A.; Kim, J.Y.; Irons, R.; Gladyshev, V.N.; Hatfield, D.L.; Park, J.M. Selenoproteins
regulate macrophage invasiveness and extracellular matrix-related gene expression. BMC Immunol. 2009, 10, 57. [CrossRef]

36. Nelson, S.M.; Lei, X.; Prabhu, K.S. Selenium Levels Affect the IL-4–Induced Expression of Alternative Activation Markers in
Murine Macrophages. J. Nutr. 2011, 141, 1754–1761. [CrossRef]

37. Norton, R.L.; Fredericks, G.J.; Huang, Z.; Fay, J.D.; Hoffmann, F.W.; Hoffmann, P.R. Selenoprotein K regulation of palmitoylation
and calpain cleavage of ASAP2 is required for efficient FcγR-mediated phagocytosis. J. Leukoc. Biol. 2016, 101, 439–448. [CrossRef]

38. Verma, S.; Hoffmann, F.W.; Kumar, M.; Huang, Z.; Roe, K.; Nguyen-Wu, E.; Hashimoto, A.S.; Hoffmann, P.R. Selenoprotein
K Knockout Mice Exhibit Deficient Calcium Flux in Immune Cells and Impaired Immune Responses. J. Immunol. 2011, 186,
2127–2137. [CrossRef]

39. Brigelius-Flohé, R.; Friedrichs, B.; Maurer, S.; Schultz, M.; Streicher, R. Interleukin-1-induced nuclear factor κB activation is
inhibited by overexpression of phospholipid hydroperoxide glutathione peroxidase in a human endothelial cell line. Biochem. J.
1997, 328, 199–203. [CrossRef]

40. Bi, C.-L.; Wang, H.; Wang, Y.-J.; Sun, J.; Dong, J.-S.; Meng, X.; Li, J.-J. Selenium inhibits Staphylococcus aureus-induced
inflammation by suppressing the activation of the NF-κB and MAPK signalling pathways in RAW264.7 macrophages. Eur. J.
Pharmacol. 2016, 780, 159–165. [CrossRef]

157



Int. J. Mol. Sci. 2021, 22, 11060

41. Mao, H.; Zhao, Y.; Li, H.; Lei, L. Ferroptosis as an emerging target in inflammatory diseases. Prog. Biophys. Mol. Biol. 2020,
155, 20–28. [CrossRef]

42. Mattmiller, S.A.; Carlson, B.A.; Gandy, J.C.; Sordillo, L.M. Reduced macrophage selenoprotein expression alters oxidized lipid
metabolite biosynthesis from arachidonic and linoleic acid. J. Nutr. Biochem. 2014, 25, 647–654. [CrossRef]

43. Zamamiri-Davis, F.; Lu, Y.; Thompson, J.T.; Prabhu, K.; Reddy, P.V.; Sordillo, L.M.; Reddy, C. Nuclear factor-κB mediates
over-expression of cyclooxygenase-2 during activation of RAW 264.7 macrophages in selenium deficiency. Free. Radic. Biol. Med.
2002, 32, 890–897. [CrossRef]

44. Wan, J.M.-F.; Lee, C.-Y.J. Immunoregulatory and Antioxidant Performance of α-Tocopherol and Selenium on Human Lymphocytes.
Biol. Trace Elem. Res. 2002, 86, 123–136. [CrossRef]

45. Spallholz, J.E. Free radical generation by selenium compounds and their prooxidant toxicity. Biomed. Environ. Sci. 1997,
10, 260–270.

46. Stewart, M.S.; E Spallholz, J.; Neldner, K.H.; Pence, B.C. Selenium compounds have disparate abilities to impose oxidative stress
and induce apoptosis. Free. Radic. Biol. Med. 1998, 26, 42–48. [CrossRef]

47. Karwaciak, I.; Gorzkiewicz, M.; Bartosz, G.; Pulaski, L. TLR2 activation induces antioxidant defence in human monocyte-
macrophage cell line models. Oncotarget 2017, 8, 54243–54264. [CrossRef]

48. Müller, M.; Banning, A.; Brigelius-Flohé, R.; Kipp, A. Nrf2 target genes are induced under marginal selenium-deficiency. Genes
Nutr. 2010, 5, 297–307. [CrossRef]

49. Chang, L.-C.; Chiang, S.-K.; Chen, S.-E.; Yu, Y.-L.; Chou, R.-H.; Chang, W.-C. Heme oxygenase-1 mediates BAY 11–7085 induced
ferroptosis. Cancer Lett. 2018, 416, 124–137. [CrossRef]

50. Iida, Y.; Okamoto-Katsuyama, M.; Maruoka, S.; Mizumura, K.; Shimizu, T.; Shikano, S.; Hikichi, M.; Takahashi, M.; Tsuya, K.;
Okamoto, S.; et al. Effective ferroptotic small-cell lung cancer cell death from SLC7A11 inhibition by sulforaphane. Oncol. Lett.
2020, 21, 71. [CrossRef]

51. Steinbrenner, H.; Al-Quraishy, S.; Dkhil, M.; Wunderlich, F.; Sies, H. Dietary Selenium in Adjuvant Therapy of Viral and Bacterial
Infections. Adv. Nutr. 2015, 6, 73–82. [CrossRef]

52. Zhang, J.; Saad, R.; Taylor, E.W.; Rayman, M.P. Selenium and selenoproteins in viral infection with potential relevance to
COVID-19. Redox Biol. 2020, 37, 101715. [CrossRef]

53. Diwakar, B.T.; Korwar, A.M.; Paulson, R.F.; Prabhu, K.S. The Regulation of Pathways of Inflammation and Resolution in Immune
Cells and Cancer Stem Cells by Selenium. Adv. Cancer Res. 2017, 136, 153–172. [CrossRef]

54. Kaur, S.; Harjai, K.; Chhibber, S. In Vivo Assessment of Phage and Linezolid Based Implant Coatings for Treatment of Methicillin
Resistant S. aureus (MRSA) Mediated Orthopaedic Device Related Infections. PLoS ONE 2016, 11, e0157626. [CrossRef]

55. Nettleford, S.K.; Zhao, L.; Qian, F.; Herold, M.; Arner, B.; Desai, D.; Amin, S.; Xiong, N.; Singh, V.; Carlson, B.A.; et al. The
Essential Role of Selenoproteins in the Resolution of Citrobacter rodentium-Induced Intestinal Inflammation. Front. Nutr. 2020,
7, 96. [CrossRef]

56. Schwarz, M.; Lossow, K.; Schirl, K.; Hackler, J.; Renko, K.; Kopp, J.F.; Schwerdtle, T.; Schomburg, L.; Kipp, A.P. Copper interferes
with selenoprotein synthesis and activity. Redox Biol. 2020, 37, 101746. [CrossRef]

57. Winther, J.R.; Thorpe, C. Quantification of thiols and disulfides. Biochim. Biophys. Acta (BBA)—Gen. Subj. 2013, 1840, 838–846.
[CrossRef]

58. Prochaska, H.J.; Santamaria, A.B. Direct measurement of NAD(P)H:quinone reductase from cells cultured in microtiter wells: A
screening assay for anticarcinogenic enzyme inducers. Anal. Biochem. 1988, 169, 328–336. [CrossRef]

59. Werz, O.; Gerstmeier, J.; Libreros, S.; De La Rosa, X.; Werner, M.; Norris, P.; Chiang, N.; Serhan, C.N. Human macrophages
differentially produce specific resolvin or leukotriene signals that depend on bacterial pathogenicity. Nat. Commun. 2018, 9, 59.
[CrossRef]

60. Schädel, P.; Troisi, F.; Czapka, A.; Gebert, N.; Pace, S.; Ori, A.; Werz, O. Aging drives organ-specific alterations of the inflammatory
microenvironment guided by immunomodulatory mediators in mice. FASEB J. 2021, 35, e21558. [CrossRef]

158



 International Journal of 

Molecular Sciences

Article

Female Mice with Selenocysteine tRNA Deletion in Agrp
Neurons Maintain Leptin Sensitivity and Resist Weight Gain
While on a High-Fat Diet

Daniel J. Torres 1,2,*, Matthew W. Pitts 2, Lucia A. Seale 1, Ann C. Hashimoto 2, Katlyn J. An 2, Ashley N. Hanato 2,

Katherine W. Hui 2, Stella Maris A. Remigio 2, Bradley A. Carlson 3, Dolph L. Hatfield 3 and Marla J. Berry 1

Citation: Torres, D.J.; Pitts, M.W.;

Seale, L.A.; Hashimoto, A.C.; An, K.J.;

Hanato, A.N.; Hui, K.W.; Remigio,

S.M.A.; Carlson, B.A.; Hatfield, D.L.;

et al. Female Mice with

Selenocysteine tRNA Deletion in

Agrp Neurons Maintain Leptin

Sensitivity and Resist Weight Gain

While on a High-Fat Diet. Int. J. Mol.

Sci. 2021, 22, 11010. https://doi.org/

10.3390/ijms222011010

Academic Editor: Antonella Roveri

Received: 16 September 2021

Accepted: 7 October 2021

Published: 12 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Pacific Biosciences Research Center, School of Ocean and Earth Science and Technology, University of Hawaii
at Manoa, Honolulu, HI 96822, USA; lseale@hawaii.edu (L.A.S.); mberry@hawaii.edu (M.J.B.)

2 Department of Cell and Molecular Biology, John A. Burns School of Medicine, University of Hawaii at Manoa,
Honolulu, HI 96813, USA; mwpitts@hawaii.edu (M.W.P.); ahashimo@hawaii.edu (A.C.H.);
ankatlyn@hawaii.edu (K.J.A.); ahanato@hawaii.edu (A.N.H.); katherinewkhui@gmail.com (K.W.H.);
stellamaris.remigio@gmail.com (S.M.A.R.)

3 Molecular Biology of Selenium Section, Mouse Cancer Genetics Program, National Cancer Institute, National
Institutes of Health, Bethesda, MD 20892, USA; carlsonb@dc37a.nci.nih.gov (B.A.C.);
hatfielddolph@gmail.com (D.L.H.)

* Correspondence: djtorr@hawaii.edu

Abstract: The role of the essential trace element selenium in hypothalamic physiology has begun to
come to light over recent years. Selenium is used to synthesize a family of proteins participating in
redox reactions called selenoproteins, which contain a selenocysteine residue in place of a cysteine.
Past studies have shown that disrupted selenoprotein expression in the hypothalamus can adversely
impact energy homeostasis. There is also evidence that selenium supports leptin signaling in
the hypothalamus by maintaining proper redox balance. In this study, we generated mice with
conditional knockout of the selenocysteine tRNA[Ser]Sec gene (Trsp) in an orexigenic cell population
called agouti-related peptide (Agrp)-positive neurons. We found that female TrspAgrpKO mice gain
less weight while on a high-fat diet, which occurs due to changes in adipose tissue activity. Female
TrspAgrpKO mice also retained hypothalamic sensitivity to leptin administration. Male mice were
unaffected, however, highlighting the sexually dimorphic influence of selenium on neurobiology and
energy homeostasis. These findings provide novel insight into the role of selenoproteins within a
small yet heavily influential population of hypothalamic neurons.

Keywords: selenium; selenoprotein; Trsp; hypothalamus; Agrp neuron; sex differences; diet-induced
obesity; leptin resistance

1. Introduction

As the global obesity pandemic worsens [1], gaining a better understanding of the
molecular mechanisms involved is necessary for developing effective treatments. The
hypothalamus of the brain, which regulates energy homeostasis throughout the body,
becomes impaired in the obese state and is a potential therapeutic target [2]. In recent
years, the role of the essential trace element selenium in supporting hypothalamic function,
particularly in response to a high-fat diet (HFD), has begun to come to light [3]. Selenium
is used to synthesize selenoproteins, a family of proteins that promote redox balance and
support physiological processes such as thyroid hormone metabolism [4] and the inflam-
matory response [5]. Within the hypothalamus, multiple selenoproteins exhibit high levels
of expression that appear to be influenced by changes in nutritional status [6,7]. Mouse
models with genetic manipulation of selenoprotein expression targeting the hypothalamus
have exhibited significant metabolic repercussions [8–10].
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Previously, Yagishita et al. [8] demonstrated that broad hypothalamic deletion of the
selenocysteine tRNA[Ser]Sec gene (Trsp), which is required for selenoprotein biosynthesis,
increases the susceptibility to diet-induced obesity (DIO) in mice. Knockout of Trsp in
rat-insulin-promoter (RIP)-positive cells induced oxidative stress and resistance to insulin
and leptin, highlighting the critical nature of hypothalamus-resident selenoproteins in
energy homeostasis. Conditional Trsp knockout was noted to affect a wide range of
neuronal cell types, including anorexigenic pro-opiomelanocortin (Pomc) neurons and
astrocytes [8]. Among the cell types not affected were the appetite-stimulating agouti-
related peptide (Agrp)-positive neurons, a group of ‘first order’ neurons contained within
the arcuate nucleus (Arc) of the hypothalamus that is capable of detecting circulating
nutrients and hormones such as leptin. This small neuronal subpopulation releases the
inhibitory neurotransmitter γ-Aminobutyric acid (GABA) as well as the neuropeptides
Agrp and Neuropeptide y (Npy) to suppress the release of thyrotropin-releasing hormone
(TRH) and corticotropin-releasing hormone (CRH), which signal to the pituitary gland to
promote energy expenditure from the paraventricular nucleus of the hypothalamus. Due
to their unique location at the interface between the brain and the bloodstream and their
pronounced influence on energy homeostasis, Agrp neurons have increasingly garnered
attention as a potential therapeutic target in treating metabolic disease. To assess the role
of selenoproteins in Agrp neurons, we created mice with Agrp-Cre-driven knockout of
Trsp. We report that the loss of Trsp from Agrp neurons conferred protection from DIO in a
sex-dependent manner.

2. Results

2.1. In Vivo Metabolic Assessment of Mice with Agrp Neuron-specific Ablation of Trsp

To generate mice with Agrp neurons lacking selenoprotein biosynthesis, we crossed
Trsp-floxed mice with Agrp-Cre mice, resulting in mice with a deletion of the Trsp gene
in Agrp neurons, referred to as TrspAgrpKO mice. Control mice consisted of age-matched
Agrp-Cre mice. Both groups were fed an HFD beginning at 4 weeks of age, after which we
monitored body weight and performed metabolic phenotyping. Female TrspAgrpKO mice
displayed resistance to DIO, gaining roughly 20% less weight than controls by 14 weeks
of age (Figure 1a). Weight gained by male TrspAgrpKO mice, on the other hand, did not
differ from controls (Figure 1b). Female TrspAgrpKO mice also displayed reduced adiposity
(Figure 1c) and improved glucose tolerance (Figure 1d,e). Consistent with overall body
weight trends, male TrspAgrpKO mice exhibited similar levels of adiposity (Figure 1c) and
glucose sensitivity (Figure 1f) in comparison to control mice.
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Figure 1. Metabolic profile of TrspAgrpKO mice of both sexes raised on a high-fat diet. Female TrspAgrpKO mice (a) gained
less weight while on a high-fat diet compared to Agrp-Cre controls; however, there was no effect of TrspAgrpKO in the body
weight of male mice (b) (Sidak’s multiple comparisons test following repeated measures: **** p < 0.0001). Inguinal white
adipose tissue (WAT) deposits weighed less in female TrspAgrpKO mice (c) and were unchanged in male TrspAgrpKO mice
(Tukey’s multiple comparisons test following two-way analysis of variance: *** p = 0.0008). Glucose tolerance was elevated
in female TrspAgrpKO mice (d,e) compared to controls (unpaired t-test comparing area under the curve: * p = 0.03) and
remained unaffected in males (f). Feeding behavior (g,h) was not significantly changed in TrspAgrpKO mice of either sex
during 48 h recordings. Samples sizes are displayed in the graphs. All values shown are mean ± standard error of the mean.

The primary mechanism through which Agrp neurons control energy homeostasis
is the promotion of feeding behavior [11]. Thus, we used specialized metabolic cham-
bers (OxyletPro Physiocage System, Harvard Apparatus) that allow for constant monitor-
ing of single-housed subjects to measure food intake, physical activity, and respiratory
metabolism. Although female TrspAgrpKO mice were underweight, no significant differ-
ence in total food intake was detected compared to controls in either the light or dark
phase (Figure 1g,h). Meal analysis revealed a significantly larger inter-meal interval in
female TrspAgrpKO mice during the light phase (Supplementary Figure S1a), but no changes
were observed in any of the other metrics analyzed, which included meal size, meal
duration, meal count, and eating rate (data not shown). There were also no detectable
changes in physical activity in female TrspAgrpKO mice in terms of either total locomotion
(Supplementary Figure S1b,c) or rearing events (Supplementary Figure S1d).

Since neither feeding behavior nor physical activity seemed to be able to account
for resistance to DIO observed in female TrspAgrpKO mice, we also probed for changes in
respiratory metabolism using the metabolic chamber system. Female TrspAgrpKO mice dis-
played increased rates of oxygen consumption (Figure 2a,b) and carbon dioxide production
(Figure 2c,d) compared to control Agrp-Cre mice. These differences persisted throughout
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the duration of both the light and dark cycles. Energy expenditure was estimated using
indirect calorimetry and was found to be significantly elevated in female TrspAgrpKO mice
(Figure 2e,f). Male TrspAgrpKO mice did not display any significant changes in respiratory
metabolism (Supplementary Figure S1e,f).

Figure 2. Respiratory metabolism of female TrspAgrpKO mice raised on a high-fat diet. Female TrspAgrpKO mice displayed
elevated oxygen consumption (VO2, volume of oxygen) (a,b), carbon dioxide production (VCO2, volume of carbon dioxide)
(c,d), and energy expenditure (e,f) compared to Agrp-Cre control mice. Two-way repeated-measures analysis of variance was
used to compare the area under the curve during both light and dark cycles. Sidak’s multiple comparisons test: * p < 0.05,
** p < 0.01. Samples sizes are displayed in the graphs. All values shown are mean ± standard error of the mean.

2.2. Measurement of Hormones in Serum from TrspAgrpKO Mice

Despite having reduced adiposity, female TrspAgrpKO mice did not present altered
levels of circulating leptin, while insulin levels trended downward (Table 1). Agrp neurons
affect the peripheral energy metabolism processes by indirectly suppressing the activity
of the pituitary gland. There were no significant differences in serum levels of pituitary
hormones between TrspAgrpKO and control females. There was a downward trend in
follicle-stimulating hormone (FSH) that nearly reached statistical significance, however.
Male TrspAgrpKO mice had reduced circulating levels of growth hormone (GH), while all
other measured hormones were not affected (Table 1).

Table 1. Serum expression levels of hormones TrspAgrpKO and Agrp-Cre mice.

Hormone Type and Name Agrp-Cre TrspAgrpKO p Value

Females:

Metabolic hormones
Leptin (ng/mL) 32.78 ± 1.58 (n = 7) 31.54 ± 2.18 (n = 9) 0.67
Insulin (ng/mL) 0.54 ± 0.11 (n = 7) 0.32 ± 0.04 (n = 8) 0.06
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Table 1. Cont.

Hormone Type and Name Agrp-Cre TrspAgrpKO p Value

Pituitary hormones
ACTH (pg/mL) 20.06 ± 4.69 (n = 7) 21.75 ± 4.11 (n = 8) 0.79

FSH (ng/mL) 1.41 ± 0.54 (n = 6) 0.39 ± 0.11 (n = 8) 0.05
GH (ng/mL) 1.09 ± 0.43 (n = 6) 1.97 ± 0.74 (n = 9) 0.39
LH (pg/mL) 125.65 ± 43.95 (n = 7) 248.90 ± 76.29 (n = 8) 0.20

Prolactin (ng/mL) 9.72 ± 2.10 (n = 7) 8.36 ± 1.49 (n = 8) 0.60
TSH (pg/mL) 49.40 ± 5.27 (n = 6) 61.57 ± 25.53 (n = 8) 0.67

Males:

Metabolic hormones
Leptin (ng/mL) 32.58 ± 2.26 (n = 8) 28.38 ± 2.15 (n = 9) 0.20
Insulin (ng/mL) 0.93 ± 0.26 (n = 8) 1.30 ± 0.37 (n = 9) 0.44

Pituitary hormones
ACTH (pg/mL) 17.94 ± 3.46 (n = 8) 22.05 ± 5.53 (n = 9) 0.55

FSH (ng/mL) 3.19 ± 0.67 (n = 8) 2.77 ± 0.41 (n = 9) 0.59
GH (ng/mL) 0.54 ± 0.09 (n = 6) 2.14 ± 0.54 (n = 9) 0.03
LH (pg/mL) 392.17 ± 166.81 (n = 8) 653.28 ± 200.41 (n = 9) 0.34

Prolactin (ng/mL) 1.15 ± 0.33 (n = 8) 2.07 ± 0.85 (n = 9) 0.35
TSH (pg/mL) 173.10 ± 43.22 (n = 8) 258.30 ± 53.23 (n = 9) 0.24

Boldface indicates significance and italicized text indicates a statistically non-significant trend. Comparisons were made between genotypes
of the same sex using unpaired t-tests; n = 6–9 per group. All values shown are mean ± S.E.M. Abbreviations: ACTH, adrenocorticotropic
hormone; FH, follicle-stimulating hormone; GH, growth hormone; LH, luteinizing hormone; TSH, thyroid-stimulating hormone.

2.3. Histological Analysis of TrspAgrpKO Mouse Brown Adipose Tissue

In addition to regulating appetite, Agrp neurons are able to influence other metabolic pro-
cesses, including the thermogenic activity of interscapular brown adipose tissue (BAT) [11]. To
evaluate the potential influence of Agrp neuron-specific Trsp ablation on BAT thermogenesis,
we performed histological analysis of BAT morphology. Lipid droplet size was significantly
decreased in BAT sections from female TrspAgrpKO mouse BAT, while male TrspAgrpKO mice
were unaffected (Figure 3a–c). Lipid deposits also occupied a smaller fraction of BAT section
surface area on average in female TrspAgrpKO mice (Figure 3d). Expression of uncoupling
protein-1 (UCP1), a marker of thermogenesis, was not significantly changed in TrspAgrpKO
mouse BAT sections (Supplementary Figure S2a,b).
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Figure 3. Brown adipose tissue morphology of TrspAgrpKO mice of both sexes raised on a high-fat diet. (a) Sample images of
hematoxylin and eosin-stained brown adipose tissue sections from female and male TrspAgrpKO and Agrp-Cre control mice.
(b) The size of lipid droplets measured sections from female TrspAgrpKO mice was more frequently present in smaller sizes
compared to female Agrp-Cre control mice (two-way repeated-measures analysis of variance followed by Sidak’s multiple
comparisons: **** p < 0.0001). No changes were seen in male mice. (c) Average lipid fraction, which is the percentage of the
section occupied by lipid droplet, was significantly lower in female TrspAgrpKO mice compared to Agrp-Cre control mice (d)
(two-way analysis of variance, followed by Tukey’s multiple comparisons test: ** p = 0.007). Samples sizes are displayed in
the graphs. All values shown are mean ± standard error of the mean.

2.4. Assessment of Leptin Sensitivity in the Hypothalamus of TrspAgrpKO Mice

To investigate the neural mechanism underlying the DIO resistance phenotype of
female TrspAgrpKO mice, we performed post-mortem tissue analysis. In response to HFD,
the rodent hypothalamus typically develops leptin resistance due to inflammation and
oxidative stress [12]. Accumulating evidence suggests that selenoproteins play a major
role in regulating hypothalamic leptin signaling [3,13,14]. Therefore, we challenged the
mice with intraperitoneal leptin injection prior to sacrifice. Western blot analysis of the
whole hypothalamus revealed that female TrspAgrpKO mice maintained leptin sensitivity,
demonstrated by a significant increase in expression of the leptin signaling protein signal
transducer and activator of transcription 3 (STAT3) in response to leptin administration
(Figure 4a,b), while control mice developed leptin resistance. As expected, male control
and TrspAgrpKO mice developed leptin resistance in response to HFD (Figure 4c,d).
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Figure 4. Western blot analysis of broad hypothalamic leptin signaling in TrspAgrpKO mice of
both sexes raised on a high-fat diet. Leptin (OB) injection did not elicit a significant increase in
phosphorylated STAT3 (pSTAT3) protein levels in female Agrp-Cre control mice compared to vehicle
(VEH)-injected Agrp-Cre mice (a,b). Female TrspAgrpKO mice, however, displayed an increase in
pSTAT3 levels in response to leptin injection (two-way analysis of variance, followed by Tukey’s
multiple comparisons test: * p = 0.04). Leptin injection failed to significantly elevate pSTAT3 protein
levels in the hypothalamus of either Agrp-Cre or TrspAgrpKO male mice (c,d). Samples sizes are
displayed in the graphs. All values shown are mean ± standard error of the mean.

Immunohistochemical measurement of STAT3 expression in hypothalamic sections
confirmed that the Arc of the hypothalamus, where Agrp neurons reside, maintains leptin
sensitivity in female TrspAgrpKO mice (Figure 5a,b). The number of STAT3-positive cells
did not increase in response to leptin, however, suggesting a more robust response within
a comparable population of leptin-receptor-expressing neurons within the Arc (Figure 5c).
Hypothalamic sections from male TrspAgrpKO mice showed no significant response to leptin
(Figure 5d,e). Importantly, the number of STAT3-positive cells in TrspAgrpKO males was
comparable to the number present in control mouse sections (Figure 5f).
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Figure 5. Leptin signaling in brain sections of TrspAgrpKO mice of both sexes raised on a high-fat diet. Sample images of
hypothalamic sections stained for phosphorylated STAT3 (pSTAT3) following in vivo challenge with either vehicle (VEH,
saline) or leptin (OB) (a). Images are of the medio-basal hypothalamic area containing the arcuate nucleus and were captured
at 20× magnification. Optical density of pSTAT3 immunoreactivity, visualized via 3,3′-diaminobenzidine staining, in the
arcuate nucleus of female TrspAgrpKO mice was significantly increased by leptin challenge, but not in Agrp-Cre control mice
(b) (two-way analysis of variance, followed by Tukey’s multiple comparisons test: * p = 0.03). No change in the number of
pSTAT3-positive cells in female TrspAgrpKO mice was detected (c), however. (d) Neither genotype nor leptin administration
affected pSTAT3 optical density (e) or cell count (f) in male mice. Samples sizes are displayed in the graphs. All values
shown are mean ± standard error of the mean.

2.5. Analysis of Neuropeptide Expression in the TrspAgrpKO Mouse Hypothalamus

No significant changes in the protein expression of Agrp were observed as a result of
Trsp deletion in Agrp neurons of female mice (Figure 6a–c). Interestingly, Pomc was up-
regulated in the hypothalamus of female TrspAgrpKO mice in response to leptin (Figure 6c).
Male TrspAgrpKO mice did not display any significant changes in the levels of hypothalamic
neuropeptides (Figure 6d–f).
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Figure 6. Western blot analysis of broad hypothalamic neuropeptide expression in TrspAgrpKO mice
of both sexes raised on a high-fat diet. Female TrspAgrpKO mice displayed no significant changes
in expression of agouti-related peptide (Agrp), but pro-opiomelanocortin (Pomc) was significantly
elevated in female TrspAgrpKO mice in response to leptin (OB) compared to vehicle (VEH)-injected
TrspAgrpKO mice (a–c) (Two-way analysis of variance, followed by Tukey’s multiple comparisons test:
* p = 0.04). Male TrspAgrpKO mice showed no significant changes in Agrp or Pomc protein levels as
a result of either genotype or leptin injection (d–f). Samples sizes are displayed in the graphs. All
values shown are mean ± standard error of the mean.

3. Discussion

We report here that the ablation of selenoprotein synthesis via Trsp deletion in the Agrp
neurons of mice results in a phenotype that is protected against DIO and leptin resistance.
This protection was only observed in female mice, however, as male TrspAgrpKO mice
gained as much weight and adiposity as controls while on an HFD and developed leptin
resistance. Female TrspAgrpKO mice gained approximately 20% less weight on average than
control Agrp-Cre mice while on an HFD. Inguinal white adipose tissue (WAT) deposits
were about 40% smaller than that found in controls, indicating a leaner body composition,
which was accompanied by slightly better glucose sensitivity. Despite the fact that Agrp
neurons heavily influence food-seeking behavior, we found that female TrspAgrpKO mice
consumed similar amounts of food as their control counterparts. The amount of time that
elapsed between meals was significantly larger in female TrspAgrpKO mice during the light
phase, but no other metrics of meal consumption, such as meal size or meal count, were
changed. Thus, although there appears to be some modification of feeding behavior, it is
unclear whether an increased inter-meal interval in the light phase could account for the
20% decrease in weight gain observed in female TrspAgrpKO mice.

It is worth noting that female TrspAgrpKO mice were undersized compared to their
Agrp-Cre counterparts at as early as 4 weeks of age, just prior to HFD exposure (Sup-
plementary Figure S2c). Although these data suggest a developmental growth deficit in
female mice due to Trsp deletion in Agrp neurons, it is unlikely that it can explain the
difference in body weight in adulthood following HFD administration, considering the

167



Int. J. Mol. Sci. 2021, 22, 11010

striking differences in adiposity. Moreover, body lengths measured at 24 weeks of age were
not significantly different between groups (Supplementary Figure S2d). A major limitation
of the current study is that it did not include an experiment with mice on a control diet.
Further investigation that includes a control diet will provide additional insight on this
and other aspects of the lean phenotype of female TrspAgrpKO mice.

Energy expenditure was found to be significantly elevated in female TrspAgrpKO mice.
This finding could not be accounted for by a change in physical activity, which remained
unchanged, however, suggesting the upregulation of an energy-consuming process within
female TrspAgrpKO mice. Increased BAT thermogenesis is a potential candidate as lipid
depositions were reduced in female TrspAgrpKO mice BAT and the influence of Agrp neural
activity on thermogenesis is well established [11]. This is consistent with our previous
findings in mice with Agrp neurons lacking the selenium recycling enzyme selenocysteine
lyase (Scly), SclyAgrpKO mice, which displayed smaller BAT lipid droplets and increased
UCP1 expression in the BAT. We did not observe a change in UCP1 expression in the
BAT of TrspAgrpKO mice, however, which may suggest a UCP1-independent thermogenic
process such as BAT Ca2+ cycling thermogenesis or WAT lipolysis [15]. Interestingly, recent
studies have depicted the ability of the hypothalamus to increase energy expenditure via
sympathetic tone to WAT without affecting BAT UCP1 expression [16].

We did not detect any significant changes in pituitary gland hormones in female
TrspAgrpKO mice that can explain their resistance to DIO. Circulating levels of FSH, which
plays a role in limiting thermogenesis and WAT browning in mice [17], trended downwards
in female TrspAgrpKO mice, although the change was not quite statistically significant (p =
0.05). Interestingly, blocking FSH activates BAT and reduces adiposity in female mice [17].
Since the thyroid-stimulating hormone (TSH) was unchanged, Agrp neurons lacking
Trsp may be promoting a lean phenotype through a pathway that involves sympathetic
innervation rather than endocrine means. In addition to synapsing on the neurosecretory
neurons of the paraventricular nucleus, Agrp neurons project to multiple other regions
within the hypothalamus. One of these regions, the dorsomedial hypothalamus (DMH), is
known to regulate thermogenesis and lipolysis directly via the brain stem [18–20]. This
DMH-mediated sympathetic pathway is regulated by Npy release from Agrp neurons into
the DMH and is thus potentially affected by the genetic deletion of Trsp. Therefore, the
sympathetic pathway may be involved in the process through which Agrp neurons lacking
Trsp promote energy expenditure.

Past evidence suggests that selenoproteins play an important role in supporting leptin
signaling in the hypothalamus [3]. For example, the endoplasmic reticulum (ER)-resident
selenoprotein M (SELENOM) was found to promote intracellular leptin receptor signaling
by upregulating the thioredoxin system and protecting against ER stress [13], a known
causative factor in diet-induced leptin resistance [21]. Leptin resistance primarily affects
the Arc. While the pathology of leptin resistance is not completely known, there is evidence
that Agrp neurons develop leptin resistance prior to other cell types, which may serve
as an ‘initiating’ event [22]. We therefore expected that Trsp ablation would make Agrp
neurons more vulnerable to developing leptin resistance. We observed the opposite in
female TrspAgrpKO mice fed an HFD, however, as the hypothalamus maintained leptin
responsivity as a whole and the leptin response in the Arc remained robust. At the surface,
it would appear that the loss of the Trsp gene prevents Agrp neurons from developing
HFD-induced leptin resistance.

The main driver of diet-induced leptin resistance is thought to be hyperleptinemia
secondary to excess weight gain [23]. Therefore, since female TrspAgrpKO mice remained
underweight compared to controls throughout HFD administration, they may not have
experienced hyperleptinemia comparable to controls throughout the duration of the HFD
regimen. Serum leptin levels of female TrspAgrpKO mice were similar to those of female
controls, however, despite their lean body composition and heightened leptin sensitivity.
One possible explanation for this paradoxical finding is that Agrp neurons in female
TrspAgrpKO mice develop some level of leptin resistance initially but are replaced by leptin-
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responsive adult-born neurons [24]. Whereas ablation of Agrp neurons in adult mice causes
severe anorexia and rapid starvation [25], genetically induced progressive degeneration
of Agrp neurons results in mice that are viable and slightly underweight despite losing
~85% of Agrp neurons by adulthood [26]. Interestingly, according to this report by Xu et al.,
progressive Agrp neuron ablation caused a decrease in adiposity in female mice, but not
males, similar to the results of our study on TrspAgrpKO mice. It was eventually uncovered
that progressive degeneration of Agrp neurons induces a compensatory mechanism of
neurogenesis that includes adult-born Agrp neurons that are responsive to leptin [24].
Past research has shown that global Trsp deletion is embryonic lethal [27] and whole-brain
neuron-specific knockout of Trsp leads to neurodegeneration and seizures [28]. Therefore,
it is plausible that the oxidative stress caused by ablating selenoproteins in Agrp neurons
may cause a progressive degeneration that induces compensatory neurogenesis similar to
that observed by Xu and colleagues [26]. It is important to note, however, that these studies
were performed on mice fed a standard diet rather than an HFD, as used in our current
study. Interestingly, Pomc protein levels were significantly increased in female TrspAgrpKO
mice in response to leptin, which may indicate a shift towards greater reliance on Pomc
neurons. Whether that is the case and whether those Pomc neurons are new adult-born
cells produced in response to Agrp neuron degeneration remains to be investigated.

From the current data, it is not possible to deduce whether the ability of Agrp neurons
to avoid leptin resistance drives the lean phenotype of female TrspAgrpKO mice or if the
adiposity of female TrspAgrpKO mice simply does not reach a level necessary to cause
leptin resistance in the first place in the time frame used in our study. In the case of
the latter scenario, the implication would be that some other factor is driving the lean
phenotype of female TrspAgrpKO mice. As mentioned above, this could occur in the form of
upregulated BAT thermogenesis. Either scenario implies that Trsp-lacking Agrp neurons
are generally less active than Agrp neurons in control mice as Agrp neurons exert an
inhibitory influence on both processes. Indeed, the firing rate of Agrp neurons decreases
in response to exogenous reactive oxygen species (ROS) application [29]. Conversely, the
anorexigenic Pomc neurons can be activated by ROS [30], suggesting that an oxidative Arc
environment promotes a shift towards a negative energy balance. The occurrence of an
oxidative suppression of Agrp neuron activity resulting from Trsp deletion would reconcile
our results with previous reports.

At first glance, our findings may appear to conflict with previous studies that have
reported obesogenic phenotypes resulting from models of hypothalamic selenoprotein
disruption. For example, broad hypothalamic silencing of selenoprotein synthesis via
RIP-Cre-mediated Trsp deletion was shown by Yagishita et al. [8] to induce oxidative stress
in the hypothalamus and result in an increased susceptibility to DIO accompanied by
leptin resistance, insulin resistance, and other metabolic disturbances. It is important to
note, however, that the RIP-Cre-driven mouse model used in this study did not appear
to affect Agrp neurons specifically, which was the target cell population of the current
study. Moreover, the finding that Agrp-specific Trsp deletion confers protection against
DIO is not surprising, as we have previously reported that SclyAgrpKO mice are protected
against DIO and leptin resistance [10]. The loss of Sclyimpairs the process of synthesizing
selenocysteine residues for de facto selenoprotein synthesis, and global Scly knockout
reduces selenoprotein expression in multiple tissues, including the hypothalamus [31],
in addition to producing an obesogenic phenotype [32,33]. We found that Agrp neuron-
specific knockout of Scly resulted in a lean phenotype similar to, but milder than, what we
have observed with the TrspAgrpKO mice. While the loss of Scly might result in a reduction
in selenoprotein expression, Trsp deletion prevents the synthesis of selenoproteins and,
presumably, causes even greater vulnerability to oxidative stress. Thus, comparing these
two mouse models reveals a potential correlation between the severity of antioxidant
incapacitation in Agrp neurons and the extent to which the animal is protected from DIO.
It is important to note that there is evidence that alternative amino acids, such as cysteine,
can become incorporated rather than selenocysteine [34–37]. Such a phenomenon might
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result in non-selenium-containing selenoproteins with diminished functional efficacy. The
main difference between the metabolic outcome of these genetic models is that, while both
sexes were equally affected by Scly deletion in Agrp neurons, only female TrspAgrpKO mice
were protected from DIO and leptin resistance, whereas any differences between male
TrspAgrpKO and control mice were barely detectable.

Studies in mice involving selenium and selenoproteins have oftentimes revealed sex
differences [33,38–40]. To our knowledge, our study is the first to report sex differences
in selenoprotein action in the hypothalamus. Although sexual dimorphism within the
hypothalamic–pituitary axis has been reported [41], the only potential changes in pituitary-
secreted hormones in female TrspAgrpKO mice we observed was a decrease in FSH. There are
a few studies on hypothalamic physiology involving neurogenesis that might provide clues
about the sex differences observed in TrspAgrpKO mice. A study by Lee et al. found that an
HFD activates neurogenesis in the median eminence (ME) of the hypothalamus of female
but not male mice [42]. The researchers found that irradiating the ME, thereby inhibiting
neurogenesis, reduced DIO in female mice. This suggests that neurogenic processes
mediate DIO in female but not male mice. Therefore, if adult-born Agrp neurons comprise
an essential component of this mechanism in female mice, then a lack of selenoprotein
action may impair their integration into the local homeostatic circuitry. Interestingly,
separate work by Bless and colleagues demonstrated that HFD-induced neurogenesis of
leptin-responsive neurons is negatively regulated by estradiol [43] and that an HFD leads to
estrogen receptor α (ERα)-positive adult-born neurons [44]. It has also been reported that
while Agrp neurons are devoid of ERα expression [45], Pomc neurons express ERα [46].
Therefore, if ERα-positive Pomc neurons are able to exert more homeostatic influence as a
result of Agrp neuron degeneration, this may serve to limit neurogenesis-mediated DIO in
female mice.

Another possible explanation for the observed sex differences is that the localization of
Agrp neurons may contribute to the sex differences in TrspAgrpKO mice. One unique quality
of Agrp neurons is that a significant portion of them seem to be positioned outside the
blood–brain barrier [22]. Moreover, this sub-population seems particularly susceptible to
insult and may have a high turnover rate fueled by adult neurogenesis [47]. As mentioned
previously, Agrp neurons may develop leptin resistance before other neuronal cell types,
and it has been suggested that those lying outside the blood–brain barrier are the first to
become desensitized to leptin [22]. If such an event is necessary for the development of
leptin resistance, then the ability of female TrspAgrpKO mice fed an HFD to maintain leptin
sensitivity could be due to these particular Agrp neurons dying or failing to be replaced via
neurogenesis before leptin resistance fully develops. It is not clear whether there are any
sex differences in Agrp neurons that reside outside the blood–brain barrier. Thus, further
investigation of this unique sub-population may provide insight into the origins of the
sex differences seen in TrspAgrpKO mice. Finally, it is also possible that sexual dimorphism
beyond the Arc itself within neural circuitry downstream of Agrp neuron activity may play
a role in the sex-specific results obtained from TrspAgrpKO mice. Indeed, male and female
mice have been found to demonstrate divergence in the sympathetic innervation of adipose
tissue [48]. Future studies should unveil the molecular factors and brain circuitry involved.

The results described herein demonstrate the essential nature of selenoproteins in
hypothalamic function and energy homeostasis. Remarkably, conditional ablation of seleno-
protein synthesis through Trsp gene knockout within a small neural population resulted
in substantial changes in the ability of mice to gain excess weight while fed an HFD. The
sexual dimorphism displayed by TrspAgrpKO mice may have implications for the apparent
sex differences in lipid metabolism that have been observed in humans, particularly with
regard to sympathetic activation of adipose tissue and thermogenesis [49,50]. We believe
our findings provide novel insight into the interaction between selenium biology and en-
ergy homeostasis. Further investigation of hypothalamic selenoproteins may help identify
molecular targets that can be leveraged to develop effective therapeutic treatments for
obesity and other metabolic diseases.
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4. Materials and Methods

4.1. Animals

TrspAgrpKO mice were generated by cross-breeding Agrptm1(Cre)Lowl/J mice [51] (pur-
chased from The Jackson Laboratory, Bar Harbor, ME, USA) with C57/BL6J mice con-
taining loxP sites flanking the gene for selenocysteine tRNA[Ser]Sec, designated Trsp [52].
Age-matched Agrptm1(Cre)Lowl/J mice, referred to as Agrp-Cre mice, were used as controls.
Mice were allowed ad libitum food and water access and maintained on a 12 h light/dark
cycle. All experiments and procedures were conducted with approval from the Univer-
sity of Hawaii’s Institutional Animal Care and Use Committee (IACUC), protocol: APN
16-2375, last approved 22 September 2021.

4.2. Experimental Design

Mice were fed a high-fat diet containing 45% kcal fat and 4.7 kcal/g (Research Diets,
New Brunswick, NJ, USA; D12451) beginning at 4 weeks of age. This diet contains ~0.2 ppm
of sodium selenite (Mineral Mix S10026). Past studies using this diet resulted in serum total
selenium content levels around 0.4 μg/gm measured via inductively coupled plasma-mass
spectrometry [32]. Body weight was measured every 2 weeks and measured at 10:00 a.m.
Mice were placed in metabolic cages for feeding behavior and respiratory metabolic as-
sessment at 16 weeks of age. At 18 weeks of age, a glucose tolerance test was performed
on each mouse, and body weight monitoring continued until mice were sacrificed at age
24 weeks following leptin challenge. Mice were anesthetized either by CO2 asphyxiation
for fresh tissue harvest or via transcardial perfusion with 4% paraformaldehyde following
intraperitoneal injection of tribromoethanol for fixed tissue collection.

4.3. Metabolic Chambers

Feeding and drinking behavior, physical activity, and respiratory metabolism were
monitored using the PanLab OxyletProTM System (Harvard Apparatus, Barcelona, Spain)
as previously described [10]. Mice were acclimated to the metabolic chambers for 24 h
prior to 48 h of data collection. Oxygen and carbon dioxide concentrations were measured
for 7 min periods every 35 min and used to calculate oxygen consumption (VO2) and
carbon dioxide production (VCO2). Data were collected and analyzed using the Panlab
METABOLISM software (Vídeňská, Prague, Czech Republic). Energy expenditure (EE)
was calculated via indirect calorimetry using the following equation:

EE = (3.815 + (1.232 × RQ)) × VO2 × 1.44 (1)

where RQ (Respiratory quotient) is VCO2/VO2.

4.4. Glucose Tolerance Test

Mice were fasted overnight for 16 h. At 10:00 a.m. the next day, blood was accessed via
tail vein puncture to measure baseline glycemia. Mice were administered glucose (Sigma;
1 g/kg body weight in sterile phosphate-buffered saline) via intraperitoneal injection.
Glycemia was then measured at timepoints of 30 min, 1 h, 2 h, and 3 h post-injection using
strips inserted into a glucometer (OneTouch Ultra, LifeScan, Milpitas, CA, USA).

4.5. Leptin Challenge and Tissue Collection

On the day of sacrifice, mice were subjected to a leptin challenge. Mice were fasted
overnight for 16 h the night before and injected intraperitoneally with leptin (1 mg/kg body
weight; R & D Systems, Minneapolis, MN, USA; 498-OB) or sterilized phosphate-buffered
saline as a vehicle control. Mice were sacrificed exactly 1 h post-injection. Tissue was either
fixed via transcardial perfusion with 4% paraformaldehyde for immunohistochemical
analysis or fresh-frozen in liquid nitrogen to be used for Western blots. Prior to perfusion,
mice were euthanized with tribromoethanol (1%, 0.1 mL/g body weight), after which blood
was collected via cardiac puncture before perfusion with phosphate buffer, followed by 4%
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paraformaldehyde in phosphate buffer. Brains were collected and stored overnight in 4%
paraformaldehyde for overnight fixation, after which they were dehydrated with daily in-
creased sucrose concentrations. Brains were cut into 40 μm coronal sections using a cryostat
and stored in floating fashion in a cryoprotective solution (50% 0.1 M phosphate buffer, 25%
glycerol, 25% ethylene glycol). BAT was collected and fixed in 4% paraformaldehyde for 1
week, then paraffin-embedded and cut into 5 μm sections. For collection of fresh tissue,
mice were euthanized via CO2 asphyxiation. Blood was collected via cardiac puncture, and
inguinal WAT was removed and weighed on an analytical scale. Brains were placed in 30%
sucrose on ice for 1 min, after which the hypothalamus was dissected and immediately
frozen in liquid nitrogen.

4.6. Gel Electrophoresis and Western Blotting

Frozen tissue was homogenized with a CryoGrinder kit (OPS Diagnostics, Lebanon,
NJ, USA; CG 08-01) as previously described [10]. Protein lysate samples containing 40 μg
of protein were separated via electrophoresis using a 4–20% gradient polyacrylamide TGX
gel (BIO-RAD, Hercules, CA, USA; 5671094) and then transferred onto a 0.45 μm pore
size Immobilon-FL polyvinylidene difluoride membrane (Millipore, Burlington, MA, USA;
IPFL00010). Membranes were incubated in PBS-based blocking buffer (LI-COR Biosciences,
Lincoln, NE, USA; P/N 927) for 1 h, followed by overnight incubation in primary antibody
at 4 ◦C with slow shaking. Blots were washed using PBS containing 0.01% Tween 20 (PBS-T)
and incubated with infrared fluorophore-bound secondary antibodies in the dark, washed
again with PBS-T, and analyzed using the infrared scanner Odyssey CLx Imaging System
(LI-COR Biosciences).

4.7. Immunohistochemistry and Histology

For the visualization of target proteins, a 3,3′-diaminobenzidine (DAB) kit was used
(DAB Substrate Kit; Vector Labs, Burlingame, CA, USA; H-2200) in conjunction with an
avidin-biotin-peroxidase complex (Elite ABC Kit; Vector Labs; PK-6100). Endogenous
peroxidases were first sequestered with 1% H2O2 in methanol, after which sections were
blocked in normal goat serum and incubated overnight at 4 ◦C in primary antibody.
Sections were then probed with the appropriate biotinylated secondary antibodies prior
to visualization via DAB-mediated reaction. Sections were finally rinsed with phosphate-
buffered saline, mounted on glass slides, and dehydrated with an ethanol gradient followed
by xylene and cover-slipped.

To visualize BAT morphology, 5 μm sections were stained with hematoxylin and
eosin. For measurement of UCP1 immunoreactivity levels, sections were baked in a 60 ◦C
oven for 30 min, deparaffinized using xylene and ethanol, and then incubated in a 1%
H2O2/methanol solution for 30 min. Antigen retrieval was performed using 0.01 M citric
acid (pH 6), and sections were blocked with an avidin/biotin blocking kit (Vector Labs;
SP-2001), followed by incubation with primary antibody. Sections were then incubated in a
biotinylated secondary antibody, followed by DAB-mediated staining and mounting as
described above.

4.8. Stereology and Data Quantification

Sections were analyzed at bregma −1.46 mm for analysis of the arcuate nucleus.
Analysis was performed using the Stereo Investigator Software (MBF Bioscience, Williston,
VT, USA) and an upright microscope (Axioskop2; Zeiss, Oberkochen, Germany). For
measurement of phospho-STAT3 optical density, a magnification of 20× was used to
capture brightfield images which were then imported into ImageJ software for analysis.
For quantification, images were first converted into black-and-white, inverted, and then the
mean value per pixel was measured within the arcuate nucleus. The Cell Counter ImageJ
plugin was used to count the number of phospho-STAT3-positive cells.

For analysis of BAT sections, the simple random sampling function was utilized in
Stereo Investigator to capture 20× images. The FIJI (ImageJ v2) plugin Adiposoft was used
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to count and measure lipid droplet size. To measure UCP1 optical density, images were
converted to black-and-white, inverted, and the mean pixel value for the entire image was
measured. Assessment of UCP1 optical density was performed as described above for
phospho-STAT3.

4.9. Measurement of Serum Hormone Levels

Circulating levels of leptin and insulin were assessed by analyzing serum samples us-
ing ELISA kits: Mouse Leptin ELISA Kit (Crystal Chem, Elk Grove Village, IL, USA; 90030)
and STELLUX Chemiluminescent Rodent Insulin ELISA Kit (Alpco, Salem, NH, USA; 80-
INSMR-CH01). Pituitary hormone levels were measured in serum samples using the Mouse
Pituitary Magnetic Bead Panel Milliplex Assay (EMD Millipore, Burlington, MA, USA;
MPTMAG-49K), performed with the Luminex 200 Instrument System.

4.10. Antibodies

The primary antibodies used were: a rabbit anti-phospho-STAT3 (Tyr705) (D3A7)
(1:1000; Cell Signaling, Danvers, MA, USA; 9145), a rabbit anti-STAT3 (D1A5) (1:1000; Cell
Signaling, Danvers, MA, USA; 8768), a mouse anti-Agrp (1:2000; Alpha Diagnostics, San
Antonio, TX, USA; AGRP-11S), a rabbit anti-Pomc (27–52, porcine) (Phoenix Pharmaceuti-
cals, Burlingame, CA, USA; H-029-30), a mouse anti-β-actin (8H10D10) (1:5000; Cell Sig-
naling, Danvers, MA, USA; 3700S), and a rabbit anti-UCP1 (1:500; Abcam, Cambridge,
MA, USA; ab10983).

4.11. Statistical Analysis

Statistical tests used sample numbers are indicated within each figure legend. Two-
way ANOVA, followed by Tukey’s multiple comparisons test, was used to make compar-
isons using sex and genotype as factors. For data collected over time, including body weight
and metabolic cage data, a repeated measures two-way ANOVA was used with Sidak’s
multiple comparisons test. An unpaired t-test was used to compare glucose tolerance test
results. The graphical representations of data reflect the exact statistical comparisons made.
For data affected by leptin challenge, comparisons were made within each sex and used
genotype and leptin treatment as factors. Data were analyzed, and graphs were generated
using GraphPad Prism version 7 software. All data are presented as mean ± standard error
of the mean. Significance was determined by a p-value of <0.05. Sample sizes represent
biological replicates.
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Abbreviations

Agrp agouti-related peptide
Arc arcuate nucleus
BAT brown adipose tissue
CRH corticotropin-releasing hormone
DAB 3,3′-diaminobenzidine
ER endoplasmic reticulum
ERα estrogen receptor α
FSH follicle-stimulating hormone
GABA γ-Aminobutyric acid
GH growth hormone
DIO diet-induced obesity
DMH dorsomedial hypothalamus
HFD high-fat diet
ME median eminence
Npy neuropeptide y
Pomc pro-opiomelanocortin
RIP rat-insulin-promoter
ROS reactive oxygen species
Scly selenocysteine lyase
SELENOM selenoprotein M
STAT3 signal transducer and activator of transcription 3
TRH thyrotropin-releasing hormone
Trsp selenocysteine tRNA[Ser]Sec gene
UCP1 uncoupling protein-1
WAT white adipose tissue
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Abstract: Many organisms reductively assimilate selenite to synthesize selenoprotein. Although the
thioredoxin system, consisting of thioredoxin 1 (TrxA) and thioredoxin reductase with NADPH, can
reduce selenite and is considered to facilitate selenite assimilation, the detailed mechanism remains ob-
scure. Here, we show that selenite was reduced by the thioredoxin system from Pseudomonas stutzeri
only in the presence of the TrxA (PsTrxA), and this system was specific to selenite among the oxyan-
ions examined. Mutational analysis revealed that Cys33 and Cys36 residues in PsTrxA are important
for selenite reduction. Free thiol-labeling assays suggested that Cys33 is more reactive than Cys36.
Mass spectrometry analysis suggested that PsTrxA reduces selenite via PsTrxA-SeO intermediate
formation. Furthermore, an in vivo formate dehydrogenase activity assay in Escherichia coli with a
gene disruption suggested that TrxA is important for selenoprotein biosynthesis. The introduction of
PsTrxA complemented the effects of TrxA disruption in E. coli cells, only when PsTrxA contained
Cys33 and Cys36. Based on these results, we proposed the early steps of the link between selenite
and selenoprotein biosynthesis via the formation of TrxA–selenium complexes.

Keywords: bacteria; selenite; selenium delivery system; selenoprotein; thioredoxin

1. Introduction

Selenium is an essential trace element in many organisms [1–3]. Most of its important
roles in cells are exerted as the 21st amino acid selenocysteine (Sec) [4], which is transla-
tionally incorporated into selenoproteins such as formate dehydrogenase (FDH), glycine
reductase, and hydrogenase in bacteria as well as glutathione peroxidases, selenoprotein
P, and thioredoxin reductase (TXNRD) in mammals [5,6]. Bacterial selenoproteins mostly
function in anaerobic energy metabolism, while those of mammals generally play antioxi-
dant roles [5,6]. Compared with cysteine, that contains a thiol group, Sec with a selenol
group is more nucleophilic and, thus, often serves as a catalytic residue in enzymes with
redox activity [7].

In bacteria, selenide with ATP and water is converted to selenophosphate together
with AMP and phosphate by selenophosphate synthetase (SPS) for Sec synthesis [8]. Seryl-
tRNASec, formed by the aminoacylation of tRNASec with serine by seryl-tRNA synthetase,
is nucleophilically attacked by selenophosphate through the catalysis of selenocysteine
synthase (SelA), resulting in selenocysteyl-tRNASec generation [9]. Sec is incorporated
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into selenoproteins at UGA codons [10–13]. The specific translation elongation factor, SelB,
delivers selenocysteyl-tRNASec to the ribosome by recognizing the Sec insertion sequence
(SECIS) located immediately downstream of the UGA codon on the mRNA. Mammalian
selenoprotein synthetic machinery is slightly different from that of bacteria. First, seryl-
tRNASec is further converted to O-phosphoseryl-tRNASec by O-phosphoseryl-tRNA Sec

kinase, then selenocysteyl-tRNASec is produced by Sep-tRNA:Sec-tRNA synthase using
selenophosphate [14]. Second, mammalian SECIS is present in the 3’-untranslated region,
and the SelB recognizes SECIS via a SECIS binding protein [6].

Although selenium plays essential roles in many organisms, it is toxic when present
in excess [1,2,15]. Therefore, selenium delivery systems have been proposed to sequester
toxic selenium intermediates to utilize the toxic element [16]. Glutathione (GSH) system
and/or thioredoxin system (Trx system) are supposed to be involved in the reduction
of selenite to selenide via NADPH [17–19]. GSH is the most abundant thiol in many
organisms including Escherichia coli [20], and it is considered a major facilitator of selenite
assimilation. However, selenium and GSH metabolites such as glutathione selenotrisulfide,
are unstable [21]. Moreover, GSH is not found in most Gram-positive bacteria [20], and
GSH reductase knockout mutants of E. coli produce a selenoprotein, FDH, suggesting that
selenite assimilation via the GSH system is not a universal mechanism [22]. In contrast
to GSH reductase, gene disruption of thioredoxin reductase (TrxR) decreases the FDH
activity of E. coli cells [22]. TrxR, with thioredoxin 1 (TrxA) and NADPH, comprises the
Trx system, which appears to be ubiquitous in many bacteria and participates in various
redox reactions [23,24]. TrxA reduces oxidized substrate using two vicinal Cys residues in
the active center, and the oxidized form of TrxA is reduced by TrxR using NADPH [23].
TXNRD can directly reduce selenite to selenide without mammalian thioredoxin, whereas
that from E. coli cannot act without TrxA [25].

Although the previous study using 75Se-labeled selenite demonstrated that TrxA was
labeled with 75Se even in the absence of TrxR [26], the mechanism of selenite reduction by
TrxA has not been established. In this study, we focused on the reaction between selenite
and TrxA from Pseudomonas stutzeri F2a [27] (PsTrxA), which is 70% identical to that of
E. coli (EcTrxA). Since P. stutzeri F2a was isolated from seleniferous soil, the strain may
serve as an interesting model for studying bacterial selenium metabolism. We observed
the formation of a PsTrxA–SeO complex, implicating the early steps of selenite reduction
via TrxA as a selenium delivery system in bacteria.

2. Results

2.1. Reduction Activity of the Trx System from P. stutzeri

The insulin disulfide-reductive cleaving activity of PsTrxA with dithiothreitol (DTT)
was evaluated using the method previously described [28]. The turbidity of the reaction
mixture increased due to the fact of precipitation of the free insulin B chain (Figure 1A),
showing that PsTrxA reduced the disulfide bonds in insulin. The Cys33 and Cys36 residues
of PsTrxA are broadly conserved in other TrxAs (Figure S1). To examine the involve-
ment of these Cys residues in the disulfide-reducing activity, we constructed the PsTrxA
mutants, C33A, C36A, and C33A/C36A, in which each Cys was substituted by Ala, and
measured their activities. Unlike the wild-type PsTrxA, the mutants did not reduced insulin
(Figure 1A), suggesting that the Cys residues are important active site residues in PsTrxA.

We next examined the selenite reduction activity of the Trx system using PsTrxA
and TrxR from P. stutzeri F2a (PsTrxR) (Figure 1B). The Trx system with the wild-type
PsTrxA exhibited selenite reduction activity, whereas that with the PsTrxA mutants did not,
indicating that the active site Cys residues of PsTrxA play an essential role in the selenite
reduction activity. These results are consistent with the previous findings that selenite is
not reduced by bacterial TrxR alone, and that TrxA is required for selenite reduction [25].
We also examined whether the Trx system reduced other oxyanions, such as selenate,
sulfite, sulfate, thiosulfate, nitrite, and nitrate. However, none of them served as a substrate
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(Figure S2). These results indicated that the Trx system is specific to selenite among the
oxyanions examined in this study.

 
Figure 1. Reduction activity of the Trx system from P. stutzeri F2a. (A) Insulin disulfide-reducing
activity of PsTrxA with DTT as measured by the increase in A650 due to the fact of insulin precipitation.
(B) Selenite reducing activity of PsTrxA with PsTrxR and NADPH as measured by the decrease in
A340 due to NADPH oxidation. PsTrxA proteins used in the assays were wild type (red), C33A (blue),
C36A (green), and C33A/C36A (purple). Assays without PsTrxA are shown in black. Representative
data obtained for each experiment are shown.

2.2. Number of Free Thiols in PsTrxA Incubated with Selenite

In the Trx system, selenite may be reduced by the reduced form of TrxA, resulting
in the formation of selenide and oxidized TrxA with an intramolecular disulfide bond,
which is re-converted to the reduced form by TrxR. Tamura et al. reported that EcTrxA
was radiolabeled with 75Se derived from [75Se] selenite [26], implying the formation of a
selenium-bound TrxA intermediate. In the GSH system, GSSeSG is formed by binding of
selenium to the thiol groups of GSH [17]. We speculated that a somewhat similar selenium-
bound intermediate could also occur in the Trx system, and that selenium would bind to
TrxA via the thiol groups of the Cys residues. We further examined the involvement of the
thiol groups of PsTrxA in selenite reduction by gel retardation assays using maleimide-
conjugated polyethylene glycol (PEG-PCMal), which labels cysteine-thiol groups. Reduced
PsTrxA was incubated with a five-fold molar excess of selenite, labeled with PEG-PCMal,
and resolved by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE)
(Figure 2).

The molecular mass of the wild-type and mutant PsTrxA proteins without PEG-PCMal
labeling did not significantly differ according to SDS-PAGE (Figure 2). In contrast, various
bands shifted in SDS-PAGE when proteins were labeled with PEG-PCMal. Based on the
fact that the wild-type PsTrxA has three Cys residues, Cys33, Cys36, and Cys57 (Figure S1),
whereas C33A and C36A has two and C33A/C36A has one, the changes in molecular mass
apparently corresponded to the number of thiol groups labeled by PEG-PCMal.
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Figure 2. Band shifts of PsTrxAs on SDS-PAGE. PsTrxAs were labeled with PEG-PCMal depending on
the numbers of free thiol groups. Recombinant PsTrxA proteins (A) were reduced by incubation with
DTT, then DTT was removed by size exclusion chromatography. The resulting reduced proteins were
incubated without (B) or with (C) selenite, labeled with PEG-PCMal, then resolved by SDS-PAGE. W,
wild type; S1, C33A; S2, C36A; D, C33A/C36A.

In contrast, when the wild-type PsTrxA incubated with selenite was labeled with
PEG-PCMal, the band shift diminished, and the molecular mass corresponded to the
PsTrxA protein labeled with only one PEG-PCMal, indicating that the two thiol groups
were not labeled (Figure 2). This result could be explained by the loss of reactivity between
PEG-PCMal and the Cys residues due to the fact of their oxidation or modification with
selenite. A weak band corresponding to the protein labeled with two PEG-PCMal was
observed. This may be a non-specific product, because the identical band was also seen in
the Cys33A/Cys36A, which has only one Cys residue, after incubation with PEG-PCMal
in the absence of selenite.

We also incubated PsTrxA mutants with selenite, then performed a PEG-PCMal
labeling assay (Figure 2). The molecular masses of most C33A and C33A/C36A were
not changed, irrespective of selenite. In contrast, a large portion of C36A incubated with
selenite was labeled with only one PEG-PCMal, whereas the mutant without selenite was
labeled with two PEG-PCMal. Since Cys32 of EcTrxA corresponding to Cys33 of PsTrxA
has a lower pKa and is more reactive [29], the thiol group of Cys33 might attack selenite
nucleophilically to produce a thioselenite moiety (–S-SeO2

−) as previously suggested [26],
then the thiol group would not be labeled with PEG-PCMal. The lower bands were also
observed in C33A and C33A/C36A incubated with selenite followed by PEG-PCMal
labeling. These bands were most likely due to the non-specific binding of reactive selenite
to Cys residues, then the thiol group(s) would not be labeled with PEG-PCMal.

2.3. Formation of PsTrxA Complex with Selenium

We assumed that selenite oxidized or modified PsTrxA to prevent labeling with
PEG-PCMal. To gain insight into the molecular state of PsTrxA reacted with selenite,
the molecular mass of PsTrxA was analyzed using electrospray ionization (ESI)-mass
spectrometry (MS) (Figure 3). A predominant protein species with a molecular mass of
13,839 Da corresponded with the recombinant PsTrxA lacking the N-terminal Met, which
was calculated to be 13,837 Da from its amino acid sequence (Figure 3A). The intact PsTrxA
with the N-terminal Met was also observed as a second major species with 13,970 Da, which
is close to the calculated mass of 13,968 Da. When DTT-reduced PsTrxA was incubated with
a five-fold molar excess of selenite, a protein species with a mass of 13,936 Da appeared as
a new second major peak, while PsTrxA without the N-terminal Met (13,839 Da) remained
predominant (Figure 3B). The shift of 97 Da was larger than the mass of selenium (79 Da),
but close to that of SeO (95 Da). These data suggested that selenium bound to a significant
fraction of PsTrxA in the form of SeO upon reaction with selenite.
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Figure 3. Reconstructed ESI-MS spectra of PsTrxA. PsTrxA protein was incubated without (A) or
with (B) DTT and selenite, followed by ESI-MS analysis.

2.4. Involvement of PsTrxA in Selenoprotein Synthesis

To explore whether TrxA is involved in delivering selenide for selenoprotein biosyn-
thesis in vivo, the activity of the selenoprotein FDH was assayed in whole E. coli cells
anaerobically cultured on solid medium using benzyl viologen as previously described [22].
The benzyl viologen assay directly reflects FDH activity in cells and indirectly reflects
selenoprotein biosynthetic activity. Figure 4 shows that the wild-type E. coli cells stained
purple, indicating FDH activity, whereas the cells with a disrupted SelA gene (ΔselA) were
not stained as they could not express selenoproteins. E. coli with a disrupted EcTrxA
gene (ΔEctrxA) had low levels of activity, suggesting that EcTrxA is a major facilitator
of selenoprotein biosynthesis in this bacterium. Introducing the wild-type PsTrxA gene
into the ΔEctrxA strain recovered FDH activity (Figure 4), suggesting that PsTrxA can
complement the deletion of EcTrxA. In contrast, introducing the PsTrxA mutants, C33A,
C36A, and C33A/C36A, did not complement EcTrxA disruption. These results suggest
that Cys33 and Cys36 residues in PsTrxA are important for selenoprotein biosynthesis.

 

Figure 4. Whole cell FDH assay using E. coli. E. coli cells of the wild type, a SelA gene disruptant
(ΔselA), and EcTrxA disruptants (ΔEctrxA) complemented without (none or empty vector) or with
PsTrxA variants (wild type, C33A, C36A, or C33A/C36A) were anaerobically cultured on Luria–
Bertani medium containing 0.5% glucose, then FDH activity was assayed using benzyl viologen.
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3. Discussion

Selenite can serve as a nutritional source of selenium for bacteria. Selenite is also
provided from another inorganic selenium source, selenate, by selenate reductases such
as E. coli YnfEFGH [30]. Selenite is then reduced to selenide in cells. Selenophosphate,
which is essential for selenoprotein biosynthesis, is produced from selenide, ATP, and
water by SPS [8]. However, since the Km values of SPS for selenide reside in the toxic
range (20–46 μM) for many organisms [31,32], it has been thought that selenium deliv-
ery systems may sequester the toxic element [16]. Some proteins, such as rhodanese,
glyceraldehyde-3-phosphate dehydrogenase, and 3-mercaptopyruvate sulfurtransferase,
are able to bind selenium and, therefore, debated as possible candidates for selenium
delivery proteins [33,34]. However, their physiological relevance to selenium assimilation
remains unclear.

The Trx system, which is distributed in many bacterial phyla, appeared as a promising
candidate for selenium delivery system in bacteria [16]. The Cys33 and Cys36 residues in
PsTrxA are broadly conserved in TrxAs (Figure S1). Disrupting these residues resulted in
the loss of not only insulin, but also selenite reduction activity (Figure 1), suggesting that
the conserved Cys residues are important for selenite reduction. The results of gel-shift
assays suggested that Cys33 and Cys36 were oxidized and/or modified with selenite
(Figure 2). A comparison of the two Cys residues suggested that Cys36 was not reactive
to selenite without Cys33, due to the fact having less reactivity than Cys33. The ESI-
MS analysis suggested that a specific fraction of PsTrxAs proteins formed a PsTrxA–SeO
complex, which might be an intermediate in the initial step of selenite reduction by PsTrxA
(Figure 3). The results of the benzyl viologen assays indicated that disrupted EcTrxA in
E. coli led to a decrease in FDH activity (Figure 4). Considering the previous report that
the disruption of TrxR in E. coli results in a decrease in FDH activity [22], the Trx system
functions as the main selenium delivery system from selenite to selenoprotein synthesis in
E. coli. In addition, since the Cys33 and Cys36 mutants did not complement EcTrxA gene
deletion, these residues are important for selenoprotein biosynthesis from selenite in vivo.
Taken together, these results indicate that the Trx system actually functions in the selenite
assimilation pathway for selenoprotein biosynthesis in bacteria.

A reaction mechanism for alkylthiols with selenite has been proposed [35], in which
alkylthioselenic acid (R-S-SeO2H) is generated first, then attacked by another alkylthiol,
resulting in the formation of dithioselenite (R-S-Se(O)-S-R), which is further converted to
the isomerized form (R-S-Se-O-S-R) [36]. Based on that mechanistic proposal [35,36] and
the present results, we propose the early steps of the selenite delivery system with TrxA
(Figure 5). First, selenite is attacked by the higher reactive thiol group of Cys33 to form
thioselenite (Cys-S-SeO2H) which is suggested by the band shift of C36A caused by the
incubation with selenite (Figure 2). Then, further nucleophilic attack by another thiol group
of Cys36 results in the formation of dithioselenite (Cys-S-Se(O)-S-Cys), which is supported
by our ESI-MS results (Figure 3). This TrxA–SeO complex can also be isomerized (Cys-S-Se-
O-S-Cys), and these complexes could be dedicated to further reduction to selenide in later
steps of the selenite delivery system. How the TrxA–SeO complex is further reduced to
provide a selenide substrate for SPS remains an open question. Other TrxA molecules may
be involved in the reduction of the TrxA–SeO complex, and the resulting oxidized TrxA
would be reduced by TrxR in an NADPH-dependent manner, or alternatively, it may also
be possible that TrxR directly reduces TrxA–SeO to produce selenide. Future studies will
focus on a comprehensive understanding of the selenium delivery mechanisms.
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Figure 5. Proposed mechanism for early steps of selenite reduction via TrxA in the Trx system-dependent selenium delivery
for selenoprotein biosynthesis.

4. Materials and Methods

4.1. Preparation of the Recombinant Proteins

To prepare His-tagged recombinant proteins, we constructed plasmids carrying the
PsTrxA and PsTrxR genes as follows. The coding region of each gene (PszF2a_05700
for PsTrxA and PszF2a_19560 for PsTrxR) [27] was amplified from the genomic DNA of
P. stutzeri F2a by PCR using the primer sets PsTrxA-f/PsTrxA-r and PsTrxR-f/PsTrxR-r
for PsTrxA and PsTrxR, respectively (Table S1). After digestion with NdeI (New Eng-
land Biolabs, Ipswich, MA, USA) and BamHI (New England Biolabs), the fragments
were individually inserted into the same restriction sites of pCold I (Takara Bio Inc.,
Kusatsu, Japan) to generate pCold-PsTrxA and pCold-PsTrxR. For site-directed mutagene-
sis, PCR proceeded using pCold-PsTrxA and the primer sets PsTrx_C33A-f/PsTrx_C33A-r
and PsTrx_C36A-f/PsTrx_C36A-r for the PsTrxA mutants, C33A and C36A, respectively
(Table S1). After digestion of the template plasmid with DpnI (New England Biolabs), the
mutated constructs were introduced into E. coli DH5α, resulting in pCold-PsTrxA_C33A
and pCold-PsTrxA_C36A. The plasmid for gene expression of the PsTrxA C33A/C36A
mutant, pCold-PsTrxA_C33A/C36A, was constructed using pCold-PsTrxA_C36A and the
primer set PsTrx_C33A/C36A-f/PsTrx_C33A/C36A-r using the same procedure described
above (Table S1).

Plasmids for the expression of PsTrxA and its mutants were introduced into E. coli
DH5α, and pCold-TrxR was introduced into E. coli BL21(DE3). The cells were grown at
37 ◦C in Luria–Bertani (LB) medium containing 100 μg mL−1 ampicillin (Nacalai Tesque,
Kyoto, Japan) [37] until their optical density at 660 nm reached 0.4. The cells were cooled
on ice for 30 min, then gene expression was induced by 0.2 mM isopropyl 1-thio-β-D-
galactopyranoside (Protein Ark, Sheffield, UK), and the cells were further incubated at
16 ◦C for 24 h. The cells were harvested by centrifugation (10,000× g, 5 min, 4 ◦C), washed
with phosphate-buffered saline [37], and collected again by centrifugation (10,000× g,
5 min, 4 ◦C). The cells were resuspended in 20 mM potassium phosphate (pH 7.4) con-
taining 500 mM NaCl, 20 mM imidazole, and 5 mM 2-mercaptoethanol, sonicated, then
centrifuged (15,000× g, 20 min, 4 ◦C). The crude extract was applied to a Ni-NTA Super
Flow column (Thermo Fisher Scientific, Waltham, MA, USA), and the recombinant proteins
were eluted by a stepwise increase in the imidazole concentration up to 500 mM. The puri-
fied proteins were buffer-exchanged to 40 mM potassium phosphate (pH 7.0) containing
5 mM 2-mercaptoethanol by ultrafiltration using an Amicon Ultra (Merck, Darmstadt, Ger-
many). Protein concentration was determined using Protein Assay CBB Solution (Nacalai
Tesque) by a Bradford protein assay [38].

4.2. Reduction Activity of the Recombinant Proteins

The disulfide-reducing activity of PsTrxA was evaluated by insulin reduction as-
says [28]. The reaction mixture (400 μL) contained 100 mM potassium phosphate (pH 7.0),
2 mM ethylenediaminetetraacetate, 150 μM insulin (Merck), 0.5 mM DTT, and 1 μM PsTrxA
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or its mutant protein. After preincubation at 37 ◦C for 3 min followed by addition of DTT
and further incubation for 3 min, the reaction was initiated by adding PsTrxA proteins. The
increase in absorbance at 650 nm due to the fact of precipitation of insulin by reductive
cleavage of the disulfide bond by DTT reduced PsTrxA was measured.

The selenite-reducing activity of the Trx system of P. stutzeri F2a was assayed as
follows. The reaction mixture (700 μL) contained 50 mM potassium phosphate (pH 7.0),
100 μM selenite, 300 μM NADPH, 2 μM PsTrxR, and 5 μM PsTrxA or its mutant protein.
After preincubation at 37 ◦C for 5 min, the reaction was initiated by adding selenite, and
the decrease in absorbance at 340 nm due to the decrease in NADPH was measured. The
reducing activity towards other oxyanions was tested with 2 μM PsTrxA and 100 μM
selenate, sulfite, sulfate, thiosulfate, nitrite, or nitrate instead of 100 μM selenite.

4.3. Cysteine–Thiol Group Labeling with PEG-PCMal

The numbers of free thiol groups in PsTrxA and its mutants were determined by
labeling them with PEG-PCMal (Dojindo, Kumamoto, Japan) followed by SDS-PAGE. The
PsTrxA and its mutants were reduced by incubation with 5 mM DTT in 50 mM potassium
phosphate (pH 7.0) at 25 ◦C for 15 min. The mixture was applied to a Micro Bio-Spin 6
size exclusion column (Bio-Rad, Hercules, CA, USA) to remove DTT. The reduced PsTrxAs
were incubated in a mixture containing 50 mM potassium phosphate (pH 7.0), 50 μM
selenite, and 10 μM PsTrxA or its mutants at 25 ◦C for 15 min, followed by incubation with
1 mM PEG-PCMal at 37 ◦C for 20 min. Labeled samples were mixed with 17% (v/v) of
loading buffer containing 10% SDS, 50% glycerol, 0.2 M tris(hydroxymethyl)aminomethane
(Tris)-HCl (pH 6.8), and 0.05% bromophenol blue and separated on an 18% polyacrylamide
gel by SDS-PAGE analysis.

4.4. ESI-MS Analysis

PsTrxA was DTT-reduced and incubated with selenite in the same manner as described
in Section 4.3. The buffer of the PsTrxA mixture was replaced with sterile water to remove
excess selenite using the Micro Bio-Spin 6. The protein samples were then mixed with
the same volume of 98% methanol containing 2% formic acid and analyzed using a triple-
quadrupole Sciex API 3000™ mass spectrometer (Applied Biosystems, Foster City, CA,
USA) equipped with an electrospray ionization source in positive mode.

4.5. FDH Activity in Whole E. coli Cells

The FDH activity of the whole E. coli cells was examined as an indicator of selenopro-
tein biosynthesis using the strains, BW25113, JW5856-KC, and JW3564-KC as the wild type,
ΔEctrxA, and ΔselA strains, respectively, from the Keio collection [39]. For complementa-
tion analysis of the decrease in FDH activity by PsTrxA and its mutants, the ΔEctrxA strain
was transformed using pColdI, pCold-PsTrxA, pCold-PsTrxA_C33A, pCold-PsTrxA_C36A,
or pCold-PsTrxA_C33A/C36A. The activity of FDH was assayed using the benzyl viologen
agar overlay method [40]. E. coli cells were anaerobically cultivated overnight on LB solid
medium containing 0.5% glucose at 37 ◦C. The medium was then overlayed with 0.75%
agar containing 1.0 mg mL−1 benzyl viologen, 3.4 mg mL−1 KH2PO4, and 17 mg mL−1

sodium formate. The agar solidified within a few minutes, and cells with FDH activity
were stained purple.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222010965/s1.
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Abstract: Selenoproteins play important roles in many cellular functions and biochemical pathways
in mammals. Our previous study showed that the deficiency of the 15 kDa selenoprotein (Selenof )
significantly reduced the formation of aberrant crypt foci (ACF) in a mouse model of azoxymethane
(AOM)-induced colon carcinogenesis. The objective of this study was to examine the effects of Selenof
on inflammatory tumorigenesis, and whether dietary selenium modified these effects. For 20 weeks
post-weaning, Selenof-knockout (KO) mice and littermate controls were fed diets that were either
deficient, adequate or high in sodium selenite. Colon tumors were induced with AOM and dextran
sulfate sodium. Surprisingly, KO mice had drastically fewer ACF but developed a similar number of
tumors as their littermate controls. Expression of genes important in inflammatory colorectal cancer
and those relevant to epithelial barrier function was assessed, in addition to structural differences
via tissue histology. Our findings point to Selenof ’s potential role in intestinal barrier integrity and
structural changes in glandular and mucin-producing goblet cells in the mucosa and submucosa,
which may determine the type of tumor developing.
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1. Introduction

Colon cancer remains the second leading cause of cancer-related deaths in the United
States with an estimated 104,270 new cases and 52,980 deaths in 2021 [1]. One of the earliest
indicators of colorectal cancer development is the formation of aberrant crypt foci (ACF),
which are pre-neoplastic lesions in the form of abnormal tube-like glands in the colorectal
lining tissue. The number of ACF is thought to have a strong relationship with the number
of tumors formed in the colon [2], with about 20–30% of ACF predicted to develop into
tumors. Intestinal inflammation is known to promote colorectal cancer through a variety of
different mechanisms [3–5]. These include pro- and anti-inflammatory cytokines, oxidative
stress, and even the composition of the intestinal microbiota [6]. Many of these mechanisms
are thought to be modulated by dietary selenium [7–9].

Selenium is an essential trace mineral found in many foods commonly consumed in
the U.S. diet as organic forms, such as selenocysteine and selenomethionine, and inorganic
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forms, such as sodium selenite [10,11]. Much of selenium’s role in health and disease has
been attributed to its incorporation into selenoproteins, which are encoded by 25 different
genes in humans and 24 genes in mice [12]. Selenoproteins play crucial roles in cellular
processes such as DNA synthesis, apoptosis, and protection from oxidative damage [13–15].
Previous studies have shown an inverse relationship between dietary selenium levels and
the risk of colon cancer, as well as the functional role of selenoproteins in colorectal cancer
(reviewed in [16]).

Among the many selenoproteins, the 15 kDa selenoprotein (Selenof, formerly known
as Sep15 or Sel15) is expressed in high levels in liver, prostate, kidney, testis, and brain. It is
furthermore expressed at very high levels in colon cancer cells [17,18]. SELENOF’s molecu-
lar function appears to be in quality control of oxidative protein folding in the endoplasmic
reticulum and signaling in the cellular misfolded protein response [15,19–22]. Recently, a
function as a molecular gate keeper and redox quality control role for immunoglobulins
has been described [23]. However, the physiological functions of SELENOF and its role
in human health, particularly in inflammation and colorectal cancer, are not well under-
stood. Human and mouse colon cancer cell lines with a targeted downregulation of the
Selenof gene have been generated previously. Our findings suggested a role for Selenof
in cell replication, invasion and metastasis, as well as a potential regulation of interferon
(IFN)-γ-mediated signaling pathways [17,18,24]. To investigate the role of Selenof in health
and disease in vivo, a Selenof-knockout (Selenof-KO) model was created using C57BL/6
mice. Systemic SELENOF expression was inhibited in these mice by the targeted insertion
of a transcriptional terminator in exon 2 of the Selenof gene [20,25]. To create littermate
controls for comparison with these KO mice, heterozygous mice were backcrossed to create
a pseudo-wild type (WT) mouse group, as well as a Selenof-KO mouse group from the
same set of parents. This preserved any genetic background as well as environmental
factors that may influence the development of the animals. These Selenof-KO mice have a
typical C57BL/6 morphology with no visible phenotypic abnormalities. They do, however,
appear to have increased levels of inflammation in the form of elevated serum interferon
(IFN)-γ expression [26], and develop cataracts early in life [20]. Despite the apparent
increase in basal inflammation, we showed in a previous study that these Selenof-KO mice
produce significantly fewer ACF than littermate control mice when exposed to the colon-
specific chemical carcinogen azoxymethane (AOM) [26]. These results agreed with the
findings in cell culture, where a targeted down-regulation of Selenof expression resulted in
a reversal of the colon cancer phenotype: reduced cell proliferation, reduced ability to grow
anchorage-independently, with a concomitant increase in expression of IFN-γ-regulated
guanylate binding protein (GBP)-1 [17,18,26]. In vivo, the effects were modified by dietary
selenium, where Selenof-KO mice showed a modest increase in the number of ACF under
conditions of selenium-deficiency [26].

In this subsequent study, we were interested to assess whether Selenof-KO mice were
also protected against the development of tumors in an inflammatory colon tumorigenesis
model, the possible impact dietary selenium had, and whether the colon cancer-specific
signaling mechanisms impacted by Selenof could be further elucidated. Therefore, Selenof-
KO mice and their wildtype (WT) littermates were injected with AOM and exposed to
the inflammatory agent, dextran sulfate salt (DSS), and were compared to untreated
controls. The addition of DSS allowed us to observe tumors formed, in addition to the ACF
expected from AOM-treatment alone. The number of ACF, tumor incidence and mass, gene
expression of cell signaling pathways, and production of serum cytokines were analyzed
to examine responses in mice from each group. Various factors thought to contribute
to the development of inflammatory colon cancer, including the enzymes responsible
for bioactivation of the carcinogen, inflammatory cytokines, and measures of the barrier
integrity of the intestinal epithelium, were investigated. The results of this study contribute
to understanding the role of Selenof in the development of inflammatory colon cancer. This
knowledge may be useful in further investigation into human health, where functional
single nucleotide polymorphisms for SELENOF have been reported [27–29]. The allele
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frequency of such single nucleotide polymorphisms in the SELENOF gene appear to differ
by ethnicity [27]. Because the identity of nucleotides at the polymorphic sites has been
shown to influence selenocysteine insertion during translation in a selenium-dependent
manner, differentially expressed SELENOF may influence health outcomes or susceptibility
to cancer in specific populations.

2. Results

Post-weaning, male Selenof-KO and WT littermate mice were maintained on a Torula
yeast-based diet (Teklad Harlan Laboratories, Madison, WI, USA) with deficient (measured
amounts were 0.02 μg/g diet), adequate (0.1 μg/g diet) or high (2.0 μg/g diet) levels of
sodium selenite for the duration of the study. Animals were injected subcutaneously with
either AOM (10 mg/kg) or saline at six weeks of age, and subsequently subjected to two
one-week rounds of drinking water with or without 2% DSS, respectively (Figure S1). Mice
were sacrificed after 20 weeks, and tissue samples and serum were collected.

2.1. Growth Metrics

All mice were weighed upon entry into the study, twice weekly thereafter, and sacri-
ficed after 20 weeks. Weight gain (Figure S2a,b) was calculated by subtracting the mass
determined at entry into the study from the final mass determined at sacrifice, and ana-
lyzed with a 2-way ANOVA followed by Tukey’s multiple comparisons (N = 10–12/group).
Under selenium-deficient conditions, control Selenof-KO mice gained significantly more
weight (mean weight gain = 29.17 g) than control WT mice (mean weight gain = 14.76 g;
p < 0.0001), and also compared to control Selenof-KO mice on selenium-adequate (p = 0.0009)
or high selenium (p = 0.0012) diets. AOM/DSS treatment affected all mice, as generally
a lower weight gain was observed (Figure S2b). Surprisingly, only dietary selenium
(ANOVA, p < 0.0001) but not Selenof genotype (ANOVA, p = 0.1094) affected weight gain
under these conditions, with a higher weight gain observed in WT mice on a high selenium
diet compared to WT mice on a selenium-deficient diet (Tukey’s, p < 0.001).

Absolute colon length from anus to caecum was greatest in Selenof-KO control mice,
which correlated with a greater body mass of these animals. Colon length (cm) was nor-
malized against body mass (g), which was determined at sacrifice to compare relative
colon length of the animals. Analyses of these data did not indicate any statistically signifi-
cant differences in weight-normalized colon lengths among control animals (Figure S2c).
However, dietary selenium affected AOM/DSS-treated animals (ANOVA, p = 0.0003),
wherein WT mice on a selenium-deficient diet had a slightly (p = 0.0329) greater relative
colon length in comparison to WT mice on a high selenium diet. No such increase was
observed in Selenof-KO mice. Spleen mass (g) was also determined and expressed relative
to total body mass (g). A trend of higher relative spleen mass was observed in Selenof-KO
animals exposed to AOM/DSS (ANOVA, p = 0.0208 for genotype; Figure S2f), though post
hoc analyses failed to reach statistical significance for individual comparisons. Overall,
Selenof-KO mice and their WT littermate controls were very similar in terms of growth
metrics, whereas dietary selenium levels appeared to exert a modest influence.

2.2. Aberrant Crypt Foci Formation and Tumorigenesis

Although only a small percentage of ACF are thought to become malignant [30],
ACF are much more prevalent in colorectal cancer cases and therefore often regarded
as biomarkers for colon tumors [31]. None of the untreated (control) Selenof-KO mice
spontaneously developed tumors; however, one Selenof-KO mice on the selenium-deficient
diet spontaneously developed one ACF, though no ACF were detected among Selenof-KO
mice on selenium-adequate or high-selenium diets (Table 1). Among the untreated (control)
WT mice, no spontaneous ACF were detected in the eight mice on selenium-deficient
diets (Table 1). However, 25% of mice on selenium-adequate diets developed three and
four ACF, respectively, and 22% of mice on high-selenium diets developed one ACF each.
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Furthermore, one WT mouse on selenium-adequate diet spontaneously developed two
small tumors.

Table 1. Incidence of aberrant crypt foci in untreated (control) and AOM/DSS-treated mice.

Selenium
(μg/g Diet)

WT Control 1 WT AOM/DSS 1 Selenof-KO
Control 1

Selenof-KO
AOM/DSS 1

0.02 0/8 (0%) 13/15 (86.7%) 1/9 (11.1%) 4/14 (28.6%)
0.1 2/8 (25%) 13/18 (72.2%) 0/9 (0%) 3/11 (27.3%)
2.0 2/9 (22%) 10/13 (76.9%) 0/12 (0%) 6/14 (42.9%)

1 number of mice with ACF/total number of mice in group (percentage).

Among the AOM/DSS-treated mice, as expected based on our previous observations
in AOM-treated mice [26], Selenof-KO mice also formed significantly fewer pre-neoplastic
lesions than WT mice when exposed to AOM/DSS, regardless of dietary selenium levels
(Table 1, Figure 1a). ACF were detected in 86.7% of WT mice on selenium-deficient diet,
72.2% on selenium-adequate diet, and 76.9% on high-selenium diet, respectively. In con-
trast, only 28.6%, 27.3%, and 42.9% of Selenof-KO mice developed ACF, respectively. As
anticipated, we found that 70–80% of the WT mice exposed to AOM/DSS developed col-
orectal tumors, with a slightly greater number of mice developing tumors under selenium-
deficient conditions. Surprisingly, a similar number of Selenof-KO mice developed tumors,
regardless of dietary selenium levels (Figure 1b). Similarly, a comparison of the number of
tumors per tumor-bearing animal showed no statistically significant differences between
Selenof-KO and WT mice, regardless of dietary selenium levels (Figure 1c). Furthermore,
no differences were detected in absolute tumor mass among the various groups. However,
it is interesting to note that the average tumor mass in all animals on a selenium-deficient
diet was 50–100% greater than in animals with adequate or high selenium levels (p > 0.05;
Figure 1d), providing support that adequate selenium consumption may be helpful in miti-
gating diseases such as colorectal cancer (reviewed in [16]). Therefore, it appears that while
lack of Selenof still resulted in significantly decreased numbers of pre-neoplastic lesions,
the number or size of actual tumors formed was not influenced by Selenof expression.

Figure 1. Aberrant crypt foci (ACF) and tumor formation modulated by Selenof genotype and dietary
selenium. (a) AOM/DSS-treated Selenof-KO mice formed fewer chemically induced ACF than
WT littermates (two-way ANOVA, genotype p < 0.0001), independent of dietary selenium levels.
(b) Development of macroscopic tumors, and (c) number of tumors per colon in Selenof-KO and WT
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mice did not differ. (d) Tumor mass appeared slightly modified by dietary selenium (two-way
ANOVA, p = 0.117); insert shows stained colon tissue of WT mouse with tumors on selenium-
deficient diet (size bar indicates 1 mm).

2.3. Expression and Catalytic Activity of Carcinogen-Activating Enzymes

The formation of chemically induced ACF is well established. Bioactivation of AOM
occurs primarily in the liver through hydroxylation via hepatic cytochrome P450 (CYP) 2E1.
Subsequently, methylazoxymethanol is formed, which can lead to DNA guanine alkylation
and formation of persistent DNA adducts in the colon. Alcohol dehydrogenase (ADH1)
and UDP-glucuronosyltransferases (UGT) may additionally modify the activation pathway
in liver and colon tissues [32,33]. As a result of AOM metabolism, early neoplastic lesions,
ACF, appear in colons.

The catalytic activity of CYP2E1 in liver microsomes (two-way ANOVA, N = 8/group)
suggested that dietary selenium affected catalytic activity of CYP2E1 in both untreated
(Figure 2a) and AOM/DSS-treated (Figure 2b) animals, with a visible decrease in CYP2E1
activity at adequate and high selenium levels. As part of the bioactivation of AOM via
CYP2E1 and ADH1, the oxidized product, methylazoxyformaldehyde, through further
modifications yields the methyldiazonium ion. In turn, this ion is thought to methy-
late DNA bases in AOM- and methylazoxymethanol-target tissues and elicit oxidative
stress [33,34]. Dietary selenium has also been shown to affect DNA-methylation in var-
ious in vitro [35] and in vivo models [35–37], and the effects of Selenof status on DNA
methylation was unknown. Therefore, we also assessed the global DNA methylation
(Figure 2c,d) in hepatic tissues of Selenof-KO mice and WT littermates. As expected based
on other studies [37,38], global DNA methylation in liver tissues positively correlated
with increasing dietary selenium in our animals albeit differences not being statistically
significant (Figure 2c). This trend was no longer detectable in AOM/DSS-treated animals
(Figure 2d). Additionally, statistically significant differences between Selenof-KO and WT
mice were not detected. We also assessed mRNA expression of hepatic Cyp2e1, Adh1, and
DNA methyltransferase 1 (Dnmt1) and 3a (Dnmt3a) (Figure S3). Although Adh1 expression
appeared to increase with dietary selenium (2-way ANOVA, p = 0.0041, Figure S3), mRNA
expression of AOM-metabolizing enzymes remained largely unaffected by genotype and
dietary selenium in control or AOM/DSS-treated animals. Therefore, it appears that over-
all, the ability to metabolize AOM via the hepatic CYP2E1 pathway only minimally differs
between mice with and without functional SELENOF, with an interesting effect of dietary
selenium observed.

Figure 2. Cont.
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Figure 2. Hepatic AOM-metabolism. Catalytic activity of CYP2E1 in hepatic microsomes was
affected by dietary selenium levels, but not by the Selenof genotype in (a) untreated or (b) AOM/DSS
treated animals. (c) Global 5-mC DNA methylation in liver increased with dietary selenium in
control animals. (d) AOM/DSS-treated animals displayed greater variability, but no statistically
significant differences. Mean (N = 4–8) + SEM, analyzed by 2-way ANOVA, followed by Tukey’s
post hoc analyses.

Because the metabolism of AOM may continue in colon tissues, where CYP2E1, ADH1
and UGT isoforms process metabolites generated in the liver [32], expression of these
genes was assessed in colon scrapes of control animals and in tumors of AOM/DSS-treated
animals (Figure S4). The mRNA expression of Cyp2e1 in colon scrapes of WT and Selenof-
KO mice was over 1000-fold less than observed in liver, and were at the limit of detection for
AOM/DSS-treated mice on selenium-deficient diets, so we were unable to assess catalytic
activity of CYP2E1 in colon tissues. Cyp2e1 mRNA expression was modestly decreased at
high dietary selenium levels in untreated control animals (Figure S4a), and appeared to
positively correlate with increasing dietary selenium in colon tumors of AOM/DSS-treated
animals (Figure S4b). However, no statistically significant differences were detected for
mRNA expression of Cyp2e1, Adh1 (Figure S4c,d) or Ugt1a (Figure S4e) in colons among
mice with and without Selenof expression. Ugt1a mRNA levels were below levels of
detection in tumors of AOM/DSS-treated mice. Therefore, it appears that the general
ability to metabolize AOM does not differ between WT and Selenof-KO mice.

2.4. Serum Inflammatory Markers

Our previous study suggested an increased basal inflammatory state in mice lacking
Selenof expression [26], especially as it relates to interferon (IFN)-γ and interleukin (IL)-6.
Therefore, serum levels of several inflammatory markers were determined using an ELISA-
based immunoassay (Figure S5). Overall, modest increases in circulating IFN-γ, IL-10,
IL-12p70, IL-1β, C-X-C motif ligand 1 (CXCL1), and tumor necrosis factor (TNF)-α were
observed in WT and Selenof-KO mice when treated with AOM/DSS in comparison to
their untreated controls, respectively. This suggests, that AOM/DSS treatment resulted
in a general increase in production of inflammatory cytokines as would be expected.
Systemic Selenof expression also appeared to impact production of some circulating serum
cytokines. Levels of IL-10 (Figure S5c, p < 0.05) and IL-1β (Figure S5g, p > 0.05) decreased in
control Selenof-KO mice, but only under selenium-deficient conditions. Levels of IL-12p70
(Figure S5f, p < 0.05) significantly decreased in AOM/DSS treated mice, but only under
selenium-deficient conditions, making interpretations difficult. Therefore, it appears that,
as expected, both dietary selenium and AOM/DSS treatment impact serum levels of
cytokines relevant to inflammation and cancer. However, mice without Selenof expression
may be showing some sensitivity to selenium-deficiency, where IL-10 was detected in
lower amounts in Selenof-KO control mice compared to their WT littermates. Given that
IL-10 plays a dual role in tumor development, these results remain inconclusive. Thus, we
continued to focus on tissue-specific differences between WT and Selenof-KO mice that
might explain the differences in ACF and tumor burden.
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2.5. Colorectal Cancer Cell Signaling Pathways

The primary signaling pathway of interest in colorectal cancer development is the
canonical Wnt/β-catenin signaling pathway. We quantitatively assessed mRNA expression
of the Wnt/β-catenin complex in colon tumors (Figure 3) to assess whether differences in
regulation of cell proliferation, invasion, and metastatic potential in colon tumors excised
from both WT and Selenof-KO mice could be detected. This included adenomatous
polyposis coli (Apc), axin1/2, glycogen synthase kinase 3β (Gsk3β), casein kinase 1 (CK1),
β-transducin repeat containing gene (bTrCP1), the dishevelled segment polarity protein 1
(Dvl1), and the transcription factor T cell factor 1 (Tcf1). Systemic expression of Selenof had
little to no effect on mRNA expression of genes associated with Wnt-signals or the β-catenin
signaling/destruction complex. Dietary selenium exerted a very modest effect (p > 0.05),
with expression of several genes in the Wnt/β-catenin signaling pathway suggesting a
negative correlation with dietary selenium.

Figure 3. Wnt/β-catenin signaling pathway in colon tumors. mRNA was isolated from colorectal tumors of AOM/DSS-
treated mice, reverse-transcribed to cDNA, and quantitatively assessed with gene-specific primers for (a) adenomatous
poliposis coli (Apc), (b) T cell factor 1 (Tcf1), (c) Axin1, (d) β-transducin repeat containing E3 ubiquitin protein ligase
pseudogene 1 (bTrcp1), (e) Axin 2, (f) wingless-type MMTV integration site 2b (Wnt2b), (g) glycogen synthase kinase 3β
(Gsk3b), (h) Wnt5a, (i) β-catenin, (j) Wnt9a, (k) human homolog of the Drosophila dishevelled gene (Dvl1), and (l) casein
kinase I (Ck1). mRNA levels for bTrcp1 in selenium-deficient mice were below limits of detection. Means are presented
(N = 4 per bar) with SEM, and were analyzed with two-way ANOVA, followed by Tukey’s post hoc comparisons.

Additionally, we quantitated the expression of downstream targets of the Wnt/β-
catenin signaling pathway in tumor tissues. Whereas Selenof genotype did not appear to
significantly impact mRNA expression of these downstream targets (Figure S6), dietary
selenium did in many cases. This was especially evident in the matrix metalloproteinases
(Mmp) 7 and Mmp9, cyclin D1 (Ccnd1), cyclooxygenase 2 (Cox2), and the Jun proto-oncogene
(Jun). Here, insufficient selenium levels resulted in a higher mRNA expression of down-
stream targets in tumors of AOM/DSS-treated animals.
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Several other signaling pathways and molecules are known to directly or indirectly
interact with the Wnt signaling pathway. This includes the Nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidases (Nox) and Notch, as well as lysyl oxidase (Lox), and
Collagen type Iα1 (Col1a1). The NOX are transmembrane proteins with diverse physiologi-
cal functions, including playing roles in cell proliferation [39]. Notch is not only known to
activate the WNT/β-catenin signaling pathway, but also interacts with NF-κB, TGFβ and
Stat3, which themselves have also been shown to interact with WNT/β-catenin signaling.
LOX has been implicated in the inhibition of β-catenin signaling in some cancers [40], and
COL1A1 appears upregulated in colorectal cancer tissues and promotes metastasis via Wnt
signaling [41]. We therefore assessed mRNA expression of these genes in tumor tissues
of AOM/DSS-treated WT and Selenof-KO mice (Figure S7). mRNA expression of Notch1
modestly correlated negatively with dietary selenium levels (p = 0.0655), but no statistically
significant differences were observed between tumors of WT or Selenof-KO mice. Similarly,
differences between WT or Selenof-KO mice were absent for Notch2, Nox1, Stat3, nuclear
factor κ-light-chain-enhancer of activated B cells (NF-κB), and transforming growth factor
β (Tgfβ,). Col1a1 showed a slight increase in Selenof-KO tumors under selenium-deficient
conditions (Figure S7), though it failed to reach statistical significance. Overall, we were
unable to detect strong differences between Selenof-KO mice and WT controls in canonical
signaling pathways relevant to colon carcinogenesis that would possibly have helped
explain the dichotomy between ACF and tumor formation in Selenof-KO mice.

2.6. Intestinal Barrier Integrity

Given the very modest changes in expression of the investigated genes and regulatory
pathways typically associated with colorectal cancer, we were interested in determining
whether Selenof-KO mice exhibited differences in their mucosal morphology and expres-
sion of proteins important to barrier integrity instead. Both cross-sectional and longitudinal
colon tissue sections of control WT and Selenof-KO animals maintained on adequate sele-
nium diets were prepared with hematoxylin and eosin (H&E, Figure 4a–d) and Masson’s
Trichrome stains (Figure 4e,f). Although the muscularis externa appeared thicker in Selenof-
KO mice (Figure 4b,d,f), differences in immune cell infiltration or collagen deposition
or fibrosis were not apparent in these samples. However, especially noticeable was the
dramatic increase in the size of goblet cells in Selenof-KO mice (Figure 4b,d), suggesting a
structural change resulting in ability of increased glycoprotein production for the mucus
layer in the intestinal tract.

Figure 4. Cont.
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Figure 4. H&E and Masson’s Trichrome stains of colon tissues of WT and Selenof-KO animals. Tissue
sections of untreated (control) WT and Selenof-KO animals maintained at adequate selenium levels
were prepared with (a–d) hematoxylin and eosin (H&E) or (e,f) Masson’s Trichrome stains.

We furthermore investigated the expression of tight junction and other genes known
to contribute to intestinal epithelial barrier integrity in colon scrapes of untreated mice,
colon tumors of AOM/DSS-treated mice (Figure 5). We did observe a significantly de-
creased Claudin-1 (Cldn-1) mRNA expression in SelenoF-KO mice under high selenium
conditions in untreated animals (Figure 5a), a trend that was also seen for Claudin-2 ex-
pression (Figure 5d, p > 0.05). However, overall, in our in vivo model, the Selenof genotype
showed little to no effect on mRNA expression of tight junction proteins Claudin-1 (Cldn-1),
2 (Cldn-2) and 15 (Cldn-15). Western blot analyses showed low expression of claudin-2 over-
all, and no visible differences in protein expression for Claudin-1 or Claudin-3 (Figure 5g)
or Claudin-2 (Figure 5h) between WT and KO mice. It should be noted that mRNA expres-
sion of these tight junction genes in AOM/DSS-treated animals, interestingly, showed a
positive correlation with dietary selenium, with significant impact on expression of Cldn-2
(p = 0.0016) and Cldn-15 (p = 0.0008).

In addition to tight junction genes, we also evaluated the mRNA expression of genes
typically associated with adherens junctions and other barrier integrity functions in control
animals’ colon scrapes and in colon tumor tissues (Figure S8). Dietary selenium levels
appeared to affect mRNA expression of the transmembrane glycoprotein epithelial cell ad-
hesion molecule (EpCAM), Nectin cell adhesion molecule (Nectin)-2, membrane-associated
carbonic anhydrase 4 (Car4), and the secreted glycoprotein mucin 2 (Muc2) in either WT
or KO mice, or both. Interestingly, Selenof -genotype did not seem to significantly affect
mRNA expression of the investigated genes in colons of mice, except for Epcam, which was
significantly lower in tumors of Selenof-KO mice compared to WT mice, but only at high
selenium levels. However, though gene expression of tight junction and adherens junction
genes were not significantly altered between Selenof-KO mice and their WT littermates, the
dramatically increased size of goblet cells in KO mice suggest structural changes relevant
to colon tumorigenesis.
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Figure 5. Expression of tight junction Claudin genes. mRNA expression was measured with qPCR
in (a,c,e) colon scrapes of control mice and (b,d,f) colon tumors of AOM/DSS-treated mice. Mean
(N = 4) + SEM, 2-way ANOVA, followed by Tukey’s post hoc analyses to compare KO vs. WT by diet;
letters indicate statistically significant differences. Protein expression of (g) Claudin-1 and Claudin-3,
and (h) Claudin-2 in colon scrapes of control mice on selenium-specific diets was assessed with
Western blotting, using β-actin as loading control. N = 1–3 per group, 40 μg protein per lane.

3. Discussion

Previous studies have suggested that the 15 kDa selenoprotein (Selenof ) is involved in
oxidative protein folding, signaling in the cellular misfolded protein response, and may
function as a redox quality control for immunoglobulins [15,19–23]. Because functional
polymorphisms of SELENOF exist in human populations, and have been linked to cancer
outcomes, the function of this gene/protein is of great interest. Our previous in vitro and
in vivo studies using colon cancer cells with a targeted down-regulation of SelenoF or using
a systemic Selenof-KO mouse model, saw a reversal of the colon cancer phenotype [18,26]
and a decreased number of chemically induced pre-neoplastic lesions [26], respectively.
Herein, we evaluated the ability of Selenof-KO mice to develop tumors in an inflammatory
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colon tumorigenesis model, the impact of dietary selenium, and signaling mechanisms
important to colorectal cancer.

Selenof-KO mice and their WT littermate controls were maintained on a selenium-
deficient, selenium-adequate, or high selenium diet, were injected with the colon-specific
carcinogen AOM, and exposed to the inflammatory tumor promoting agent, DSS. As
expected, based on our previous in vivo study, Selenof-KO mice developed dramatically
fewer ACF than WT mice, regardless of dietary selenium levels provided. Surprisingly,
whereas roughly 60% of the WT mice as expected developed visible tumors in their colons, a
similar percentage of Selenof-KO mice also developed tumors. This prompted our investiga-
tions to elucidate potential differences in carcinogen metabolism, cell signaling mechanisms
relevant to tumorigenesis, and barrier functions specific to intestinal homeostasis.

AOM is well-known to be metabolized by the hepatic CYPE1 machinery. The resulting
AOM bioactivation enables this chemical to subsequently form guanine adducts in the
colon. Therefore, it was reasonable to hypothesize that Selenof-KO mice may have a
lower AOM-bioactivating mechanism, and would be forming fewer ACF, but those fewer
ACF might more readily develop into raised polyps and tumors. However, based on our
assessment of hepatic CYP2E1 catalytic activity of the enzyme, in addition to the mRNA
expression of Cyp2e1 and other metabolizing enzymes involved in the AOM bioactivation,
such a difference that would explain this phenomenon was not detected. Therefore, it
appears that overall, the ability to metabolize AOM via the hepatic CYP2E1 pathway only
minimally differs between mice with and without functional SELENOF, with an interesting
effect of dietary selenium observed. The question remains, why and how Selenof-KO mice
with very few ACF would develop a similar number and mass of tumors as WT mice with
many more ACF under conditions of inflammation. It should be noted that, while ACF
have often been used as biomarkers for intestinal tumorigenesis, some ACF have been
shown to regress over time, and most dysplastic ACF do not progress to adenomas [42]. It
is furthermore possible that Selenof-KO mice and WT mice use two different mechanisms,
develop different types of colorectal tumors, and that ACF are not a good predictor for
tumorigenesis in organisms with low or lacking Selenof expression. Thus, we continued to
investigate potential mechanisms explaining this phenomenon.

Our previous study suggested that Selenof-KO mice had an altered basal inflammation
status. We similarly observed in this current study a significantly higher spleen/body mass
ratio in KO mice, which was exacerbated in mice exposed to AOM/DSS. We therefore
assessed levels of circulating serum cytokines. However, while some serum cytokines, such
as IL-6 in AOM/DSS-treated animals, were indeed significantly different in Selenof-KO
mice compared to WT littermates, the fact that IL-6 can function both in an inflammatory
and anti-inflammatory fashion makes interpretations difficult. We therefore focused on
colon cancer-specific signaling pathways, and other factors known to impact intestinal
homeostasis and therefore colon cancer.

The primary signaling pathway of interest in colorectal cancer development is the
canonical Wnt/β-catenin signaling pathway. Wnt signals can activate gene transcrip-
tion through nuclear localization of cytosolic β-catenin. Cytosolic levels of β-catenin are
controlled by the β-catenin-destruction complex, a multimeric assembly which has been
well described [43–45]. Loss of function mutations in the tumor suppressor adenomatous
polyposis coli protein (APC) pre-disposes to colorectal adenomas and colorectal cancer,
and the vast majority of sporadic colon tumors are found to have mutations in APC [45–50].
Stimulation with the Wnt signal typically leads to the nuclear translocation of β-catenin,
and through β-catenin binding to transcriptional activators subsequently to expression of
genes important in cell proliferation (e.g., cMYC, cyclins) and cell migration (e.g., matrix
metalloproteases, e-cadherin, vascular endothelial growth factor (VEGF)). In addition
to its nuclear role in regulating cell proliferation via its downstream targets, membrane-
associated stable β-catenin is also involved in regulation and coordination of cell–cell
adhesion through its responsibility of the anchoring of cadherins as part of mammalian
cell adhesion complexes [51,52], thus impacting barrier integrity in intestinal tissues. Addi-
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tionally, during colon tumorigenesis, the morphology and synthesis of collagen fibers and
other proteins present or active in the extracellular matrix are known to change. Expression
of matrix metalloproteinases (MMPs) 2 and MMP9, as well as lysyl oxidase (LOX) are
deemed important contributors to tumor invasion and metastasis [53], and are linked
to the Wnt/β-catenin pathway. Selenof expression did not significantly impact mRNA
expression of components of the Wnt/β-catenin pathway or of its downstream targets
in colon tumors of mice. Interestingly, dietary selenium modulated mRNA expression of
various targets, especially in colon tumors. In mice on deficient selenium levels, a higher
mRNA expression of downstream targets was observed in tumors of AOM/DSS-treated
animals, which correlated with greater tumor mass. This may, at least in part, explain
observations in animal models, where selenium deficiency has been shown to affect the
Wnt/β-catenin pathway [54], and epidemiological studies, where selenium status inversely
correlated with both cancer incidence and mortality [8].

Several other pathways are known to interact with the Wnt/β-catenin signaling path-
way. This includes the NADPH oxidases (NOX), which play roles in cell proliferation
via generating ROS [39], and the Notch family of receptors that plays a role in tissue
homeostasis and metabolism [55] and in regulation of stem cell properties and cell differen-
tiation [56,57]. Furthermore, the signal transducer and activator of transcription (Stat)-3 is
a downstream signaling molecule of IL-6, and acts as a transcription factor with various
signaling pathways, including Notch, Nox, and Wnt/β-catenin. Lysyl oxidases (LOX), on
the other hand, have been implicated in the inhibition of β-catenin signaling in some can-
cers [40], whereas the COL1A1 protein appears upregulated in colorectal cancer tissues and
promotes metastasis via Wnt signaling [41]. Again, we found some interesting trends where
dietary selenium seems to negatively correlate with Notch and Nox expression, potentially
explaining, in part, how selenium deficiency may contribute to increased tumorigenesis.
However, much like was observed for the Wnt/β-catenin signaling pathway, neither Lox,
Col1a1, Tgfβ, nor NF-κB mRNA levels were significantly impacted by Selenof -genotype in
tumor tissues of AOM/DSS-treated WT and Selenof-KO mice.

Therefore, with the major signaling pathways linked to colorectal tumorigenesis un-
likely being significantly modulated by Selenof expression, we shifted our focus to the
intestinal barrier homeostasis. The single cell layer that forms the intestinal epithelial
barrier, is held together by various intercellular junctions that control and regulate perme-
ability and homeostasis in the intestinal epithelium via adherens junctions, desmosomes,
and apical tight junctions. Multiple important pathways, including Wnt/β-catenin and
Notch/Nox signaling pathways, intersect with the regulation or expression of proteins im-
portant in regulation of the intestinal epithelial barrier. Among the many barrier proteins,
the members of the families of claudins and occludin localize at and are major constituents
of tight junction complexes [58]. Occludin is a cytokine-regulated integral membrane
protein that induces adhesion [59], and claudins are involved in selectively controlling
paracellular movement of ions [60]. Furthermore, the expression of CLAUDIN-1 and
CLAUDIN-2 appears elevated in inflammatory bowel diseases and is thought to contribute
to tumor progression [61,62]. We hypothesized that mice lacking Selenof expressed barrier
integrity proteins in intestinal tissues differently than their WT littermate controls, which
would result in altered expression of enzymes important to remodeling of colon mucosa
and submucosa. This, in turn, could potentially impact the response to a colon carcinogen
and/or an inflammatory agent, and possibly explain why Selenof-KO mice develop tumors
albeit lacking the development of persistent ACF. In our model, mRNA expression of
tight junction proteins claudin-1 and -2, appeared substantially lower in Selenof-KO mice
under high-selenium conditions. While such a decrease in claudin-2 would suggest a
higher barrier integrity, these observed decreases were not found in tumor tissues from
these animals. Furthermore, no differences were found for protein expression for tight
junction proteins claudin-1 or -2 in mice. Similarly, mRNA expression of genes relating
to adherens junctions, such as the transmembrane glycoprotein epithelial cell adhesion
molecule (Epcam) which contributes to intercellular adhesion [63], or those relating to
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general barrier integrity showed interesting trends based on dietary selenium, but not
based on Selenof -expression of the mice.

However, supporting evidence of altered homeostasis in barrier integrity was ob-
served in tissue sections of untreated (control) WT and Selenof-KO animals, which we
prepared with hematoxylin and eosin (H&E) or Masson trichrome stains. Given the pos-
sible increased basal systemic inflammation as evidenced by frequent splenomegaly in
Selenof-KO mice, we anticipated indications of increased fibrosis, but that was not detected
in any of the tissues examined. Instead, the most striking difference was the enormous
increase in the size of goblet cells in Selenof-KO mice, though it’s unclear whether this was
with a concomitant increase in number of goblet cells. Regardless, this finding suggests
the potential for increased mucin production in Selenof-KO animals. Mucins are high
molecular weight transmembrane glycoproteins that are produced by goblet cells in colonic
epithelia, and have been shown to be over-expressed in various cancers, including colorec-
tal cancer. Among these mucins, Mucin-2 (MUC-2) is the major secreted form, shown to be
expressed by intestinal adenomas and especially by mucinous carcinomas [64,65]. In vivo
studies demonstrated that high mucin variant cells injected into nude mice formed twice
as large tumors as those of parental cells [65]. In parallel, patients with mucin-producing
colorectal cancer appear to have a poor prognosis in terms of outcome. In our study, though
we had expected to be able to detect an increase in Muc-2 transcription in Selenof-KO mice,
given the observed increase in goblet cell size, no increase in Muc-2 mRNA was detected in
scrapes of colons nor in colon polyps. We recognize that because colon scrapes constitute a
mixture of cell types, it is possible that any changes in gene expression of goblet cells were
masked by those of other cell types in the samples. Based on our findings with increased
goblet cell sizes in Selenof-KO mice, we furthermore acknowledge the potential role of
intestinal microbiota that might contribute to or be the result of potential differences in
mucus composition, and therefore impact intestinal barrier integrity. While this is cur-
rently beyond the scope of this manuscript, we are looking forward to investigating this in
future studies.

Our previous studies suggested that CT-26 mouse colon cancer cells lacking SELENOF
displayed limitations in terms of invasion, metastasis, and cell replication [17]. However,
these mouse colon cancer cells, though being adenocarcinoma cells, are not considered
mucinous carcinoma cells. Mucinous carcinoma cells generally possess a higher degree
of invasiveness [66]. Therefore, colorectal cancer cells that are derived from adenocar-
cinoma cells with low Selenof expression may be less aggressive or invasive as we had
observed in vitro [17,18]. Whether mucinous carcinoma cells would respond similarly to
changes in Selenof-expression remains to be elucidated. Because it has been shown that
the predominant mechanisms of tumor progression differ between mucinous carcinoma
cells and colorectal adenocarcinoma cells [66], these differences in cell types from which
tumors and pre-neoplastic lesions can develop, may explain why Selenof-KO mice appear
to be protected initially against ACF formation, but not AOM/DSS-induced tumorigenesis.
Therefore, our study showed that Selenof-KO developed tumors in an AOM/DSS-model of
colon carcinogenesis, albeit forming dramatically fewer aberrant crypt foci than observed
in WT animals. Our main findings showed structural changes in the intestinal tissues of
Selenof-KO mice that suggest an altered intestinal barrier integrity.

4. Materials and Methods

4.1. Materials

NuPage® 4–12% polyacrylamide gels, LDS sample buffer, See-Blue Plus2 protein mark-
ers, and TRIzol® reagent were purchased from Invitrogen (Carlsbad, CA, USA); iScript™
cDNA synthesis Kit and SYBR™ green supermix from Bio-Rad Laboratories (Hercules,
CA, USA), primers for real-time PCR from Integrated DNA Technologies (Coralville, IA,
USA). Antibodies against Claudin-1 (which also recognizes Claudin-3) and -2 were pur-
chased from ThermoFisher Scientific (Waltham, MA, USA). Goat polyclonal actin primary
antibody, and horseradish peroxidase-conjugated secondary antibody were obtained from
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Santa Cruz Biotechnology (Santa Cruz, CA, USA), and SuperSignal West Dura substrate
from Pierce (Rockford, IL, USA). A mouse TH1/TH2 9-Plex assay kit was purchased from
MesoScale Discovery (Gaithersburg, MD, USA). All other reagents used were commercially
available and were of the highest quality available.

4.2. Animal Care Disclosure and Study Organization

All mice used in this experiment were maintained at the National Cancer Institute
(National Institutes of Health (NIH)) and were handled and sacrificed in a humane manner
in strict accordance with the recommendations in the Guide for the Care and Use of Labo-
ratory Animals of the NIH in Bethesda, Maryland. The Animal Ethics Committee at the
NIH previously approved these experiments with proper permit documentation (LCP-011)
obtained from the Institutional Animal Care and Use Committee, and documents are on
file both at the NIH and at Towson University. Selenof-KO mice (KO) lacking exon 2 of the
gene and thus lacking the functional SELENOF protein were generated as described previ-
ously [20], and only male Selenof-KO mice and littermate controls (WT) were used to elimi-
nate sex as a variable. Genotypes of the animals were verified by PCR using the following
primers: WT allele detection (250 bp): 59-CAGAGTTTGCGTCAGAGGCA-TGCAGAG-39
and 59-CTGAAACTCGTAAAGTCAGAGACTACTGG-39; KO allele detection (312 bp):
59-GGTGTGTTTGCAGATAAGCTAATGC-39 and 59-TACCCGGTAGAATTGACCTGCAG-39.

Weanling mice of both genotypes were weighed, and randomly assigned to be fed
a Torula yeast-based customized chow with sodium selenite at 0.02 μg/g diet (selenium-
deficient), 0.1 μg/g diet (selenium-adequate), or 2.0 μg/g diet (high-selenium) for the
duration of the study (Figure S1). Animals were given free access to deionized water and
were monitored closely for any clinical signs of poor health throughout the study. Animals
were subcutaneously injected with either azoxymenthane (AOM, 10 mg/kg solubilized
in ~100 μL saline) or saline only (controls) at six weeks of age, after having been fed their
respective selenium-specific diets for three weeks. At seven weeks of age, AOM-injected
mice were given two one-week treatments with 2% dextran sulfate sodium (DSS) via their
drinking water separated by a one-week recovery period. All mice were weighed twice
weekly for the first 10 weeks in the study, and every other week thereafter. At ten weeks,
all mice were maintained on regular drinking water alongside their respective customized
selenium diet until the end of the study at 20 weeks (Figure S1). Mice were sacrificed using
CO2 asphyxiation. Animals were weighed, tissues (after determining organ weights) and
serum were harvested, flash frozen, and stored at −80 ◦C for subsequent analyses.

4.3. Colorectal Tumor and ACF Analyses

Colons from all animals were excised from anus to caecum and rinsed with sterile
Dulbecco’s phosphate-buffered saline (DPBS). Each colon was measured from anus to
caecum in centimeters with a ruler, accurate to one millimeter, opened longitudinally,
and stored in 70% ethanol or 10% formalin for subsequent analysis, unless the tissue was
used for gene expression analysis. Tumor formation was measured by two independent
examiners, counting the total number of tumors formed in each colon using a dissecting
microscope. A select number of tumors were excised prior to tissue fixation, the mass
of each tumor was determined using a digital scale accurate to 10−4 g, and flash frozen
for gene expression analyses. To quantitate formation of ACF, ethanol-stored colonic
tissues were stained with methylene blue (1 g/L in DPBS) and examined using a dissecting
microscope by an examiner blinded to the animal’s genotype or treatment to avoid any
detection bias. The means were calculated for tumor number, tumor mass, and number of
ACF formed in each genotype and treatment group.

4.4. Tissue Staining

Colon tissues of untreated animals were embedded into paraffin and sectioned with
a microtome and fixed to glass slides. Subsequently, sections were dewaxed with xylene,
washed with ethanol, rinsed with water, and stained with either haemotoxylin and eosin
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(H&E) to identify acidic structures like nuclei blue and basic structures such as cytoplasm
pink, or Masson’s Trichrome (MTC) to stain cytoplasm and muscle fibers red, and collagen
with aniline blue. Slides were scanned using Johns Hopkins Medical Institute’s Oncology
Tissue Services, and images were evaluated by three independent observers.

4.5. Gene Expression Analysis of Mouse Liver and Colon Tissues

For subsequent real-time RT-PCR, total RNA was isolated from liver and colon tissues
using the TRIzol (Thermo Fisher Scientific, Carlsbad, CA, USA) reagent following the
manufacturer’s recommendation, and reverse transcribed using the iScript cDNA synthesis
kit (BioRad, Herkules, CA, USA) with 1 μg of total RNA. Gene expression was assessed
via real-time RT-PCR using iTaq Universal SYBR Green Supermix (BioRad, Herkules, CA,
USA) according to the manufacturer’s instructions in 10 μL reactions. mRNA expression
was normalized to the expression of glyceraldehyde-3-phosphate dehydrogenase (Gapdh).

For Western blotting analyses, colon scrapes were homogenized in lysis buffer with
protease inhibitors. Extracted cell lysates were prepared for denaturing gel electrophoresis
using NuPAGE LDS 4x sample buffer, heated at 70 ◦C for 10 min, and 40 μg protein/lane
were electrophoresed on NuPAGE 4–12% Bis-Tris polyacrylamide gels. Subsequently,
proteins were transferred to polyvinylidene difluoride membranes, and the membranes
were blocked in 1% bovine serum albumin in Tris-buffered saline with 0.1% Tween 20
(TBST) for a minimum of 1 h. Membranes were incubated with primary antibodies against
Claudin-1 or Claudin-2 for a minimum of one h (1:1000), and then washed in TBST for 10
min three times. Horseradish peroxidase-conjugated secondary antibody (1:10,000) was
applied for two h, and the membranes were incubated in Pierce chemiluminescent substrate
(ThermoFisher Scientific, Carlsbad, CA, USA) and exposed to X-ray film for detection.

4.6. Cyp2e1 Catalytic Activity Assay

Liver microsomes were isolated following Schenkman and Cinti’s protocol [67]. Briefly,
liver tissues were homogenized in 0.25 M sucrose in 10 mM Tris-chloride (pH 7.4) and
centrifuged at 12,000× g. CaCl2 (8.0 mM final concentration) was added, and micro-
somes were pelleted via centrifugation at 25,000× g for 15 min and resuspended in
50–75 μL 10 mM KPi/125 mM KCl buffer. CYP2E1 enzyme activity was measured af-
ter the modified protocol of Cederbaum [68], using 0.2–0.5 mg microsomal protein and
para-nitrophenol to detect formation of para-nitrocatechol at 37 ◦C. Reactions were initiated
by addition of NADPH (1 mM final concentration), and terminated after 10 min by adding
trichloroacetic acid (1% final concentration), as described [68]. Proteins were precipitated
via centrifugation, and absorbance at 510 nm of the NaOH-treated supernatant was de-
termined with a VersaMax spectrophotometer (ThermoFisher Scientific, Waltham, MA,
USA). Para-nitrocatechol concentrations were determined from the extinction coefficient
9.53 mM−1 cm−1.

4.7. Serum Cytokine Analysis

Blood was collected from mice by cardiac puncture at sacrifice and centrifuged in
heparinized tubes at 3000× g for five min. Serum was then frozen and stored at −80 ◦C
until further analysis. Using the mouse TH1/TH2 7-Plex assay kit, protein levels of
interferon-γ, interleukin (IL)-12p70, IL-6, tumor necrosis factor (TNF)-α, KC/GRO (CXCL1,
GROα,), IL-1β, and IL-10 were measured in a sandwich immunoassay format using a
SECTOR Imager 2400 per manufacturer’s protocol (MesoScale Discovery, Rockville, MD,
USA). An eight-point standard curve was used to calculate the concentration of cytokines
in each murine serum sample, and all samples and standards were analyzed in duplicate
(technical replicates).

4.8. Epigenetic Analyses

Genomic DNA was isolated from liver tissues using FitAmp DNA extraction kits
(Epigentek, Farmingdale, NY, USA), and global 5-mC DNA methylation was detected using
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a MethylFlash colorimetric methylated DNA quantification kit (EpiGentek, Farmingdale,
NY, USA) following the manufacturer’s protocols, with the percentage of methylated
DNA proportional to the optical intensity measured with the VersaMax plate reader.
Nuclear extracts from mouse livers were isolated using the EpiQuik Nuclear Extraction Kit
(EpiGentek, Farmingdale, NY, USA).

4.9. Statistical Analyses

Unless otherwise indicated, data are presented as means +/− SEM, and group means
were analyzed with one-way or two-way ANOVA, as appropriate, using GraphPad Prism
(v. 9, GraphPad Software, San Diego, CA, USA), followed by Tukey’s post hoc analyses.
Levels of significance were set to α = 0.05.

5. Conclusions

Systemic expression of the 15 kDa selenoprotein, Selenof, has been thought to impact
cancers in a tissue-specific manner. Whereas effects of Selenof -expression in lung cancer
cell lines resulted in minimal effects, the effects of Selenof in colorectal cancer appeared to
be much more substantial [17,18,24]. However, the mechanism behind the reversal of the
cancer phenotype in human and mouse colon cancer cells, as well as the dramatic reduction
in chemically induced pre-neoplastic lesions in an in vivo Selenof-KO model remained
unclear. Our study showed for the first time that the Selenof-KO mouse is capable of
developing large tumors in an AOM/DSS-model of colon carcinogenesis albeit forming
dramatically fewer aberrant crypt foci than WT animals. Given that the Selenof-KO mouse
does not have a strong phenotype other than the early development of cataracts, it may
not be surprising that the molecular mechanism remains elusive. Tight junction and other
barrier integrity genes appear to have only minor differences in terms of expression, though
we recognize the caveat of having to investigate mixtures of cell types present in colon
scrapes that may mask any true differences, which will have to be further elucidated. Our
main findings point to Selenof ’s potential role in intestinal barrier integrity and structural
changes in glandular and mucin-producing cells in the mucosa and submucosa. Such
goblet cells are integral parts of epithelial surfaces in the intestinal barrier but also at the
front of the eyes. It would be tempting to speculate that potential changes in intestinal
goblet cells would indicate systemic changes that would also affect conjunctival goblet
cells, which secrete soluble mucins for the ocular tear film. However, while a protective
function of conjunctival goblet cells for regulating surface immune homeostasis is multi-
faceted [69], dysregulation of conjunctival mucins generally does not seem to result in
cataract development, which is the phenotype observed in Selenof-KO mice [20]. However,
our findings of structural changes in intestinal barrier may be of interest to human health,
should single nucleotide polymorphisms in the human SELENOF gene result in differential
expression or activity of SELENOF in the colon. Whether and how this may be further
modulated by dietary selenium intake continues to be an area of further studies.
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Abstract: Selenoprotein W (SELENOW) is a 9.6 kDa protein containing selenocysteine (Sec, U) in a
conserved Cys-X-X-Sec (CXXU) motif. Previously, we reported that SELENOW regulates various
cellular processes by interacting with 14-3-3β at the U of the CXXU motif. Thioredoxin (Trx) is a small
protein that plays a key role in the cellular redox regulatory system. The CXXC motif of Trx is critical
for redox regulation. Recently, an interaction between Trx1 and 14-3-3 has been predicted. However,
the binding mechanism and its biological effects remain unknown. In this study, we found that Trx1
interacted with 14-3-3β at the Cys32 residue in the CXXC motif, and SELENOW and Trx1 were bound
at Cys191 residue of 14-3-3β. In vitro binding assays showed that SELENOW and Trx1 competed
for interaction with 14-3-3β. Compared to control cells, Trx1-deficient cells and SELENOW-deficient
cells showed increased levels of both the subG1 population and poly (ADP-ribose) polymerase
(PARP) cleavage by etoposide treatment. Moreover, Akt phosphorylation of Ser473 was reduced in
Trx1-deficient cells and was recovered by overexpression of SELENOW. These results indicate that
SELENOW can protect Trx1-deficient cells from etoposide-induced cell death through its interaction
with 14-3-3β.

Keywords: selenoprotein W; thioredoxin; 14-3-3; Akt; cell death

1. Introduction

Thioredoxin (Trx) is a ubiquitous, antioxidant protein containing a highly conserved
Cys-X-X-Cys (CXXC) motif and plays an important role in the redox regulatory system [1].
Trx can reduce the oxidized Cys residues of target proteins, and the oxidized Trx is then
reduced by thioredoxin reductase (TrxR) [2]. Trx interacts with various proteins involved
in the regulation of cellular signaling pathways, including cell survival and proliferation.
For example, Trx binds to phosphatase and tensin homolog (PTEN) and inhibits the lipid
phosphatase activity of PTEN, which results in increased Akt activity in the cells [3].
Apoptosis signal-regulating kinase (ASK), which promotes apoptosis, is also a target
protein of Trx. Ask1 activity is inhibited by Trx1 binding [4,5]. Moreover, Trx1 is known to
be highly expressed in cancer cells [6,7].

Trx1 also plays an important role in cell survival [8–11]. Recently, it was suggested that
Akt phosphorylation at Ser473 is upregulated by Trx1 [12,13]. Therefore, in Trx1-deficient
cells, phosphorylation at Ser473 of Akt was found to be inhibited [14]. It has also been
reported that phosphorylation of Akt at Ser473 can be regulated by the interaction between
the 14-3-3 protein and Rictor, a component of the mechanistic target of rapamycin complex
2 (mTORC2) [15,16], and that the binding of 14-3-3β to Rictor is inhibited by the binding of
14-3-3β to selenoprotein W (SELENOW) [17].
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SELENOW is the smallest selenoprotein that contains a conserved Cys-X-X-Sec (CXXU)
motif, which corresponds to the CXXC redox motif of Trx1 [18]. The intramolecular
selenylsulfide bond in the CXXU motif of SELENOW has been recently reported [19,20].
SELENOW is expressed in various tissues; however, it is highly abundant in the brain and
muscles of mammals [21]. mRNA and protein expression of SELENOW is upregulated
in the early stage of skeletal muscle cell differentiation [22]. Additionally, SELENOW is
involved in the protection of cells from oxidative stress-induced cell death in a glutathione-
dependent manner [23–27]. SELENOW interacts with the 14-3-3 protein and inhibits its
interaction with other target proteins. For example, SELENOW reduced the binding of
Rictor to 14-3-3β and increased the phosphorylation of Akt at Ser473 [17]. Downregulation
of SELENOW induces cell cycle arrest in cancer cell lines, such as A549 and MCF7 cells,
and makes the cells more sensitive to DNA damage by increasing the binding of 14-3-3β to
Rictor or CDC25B [17,28]. Etoposide is a cancer chemotherapy drug which induces DNA
damage in cells by inhibiting DNA religation activity of topoisomerase II [29]. The subG1
population of DNA damaged cells by etoposide was increased in SELENOW-deficient cells
compared to that in control cells [30].

The 14-3-3 protein plays an important role in diverse signaling processes [31]. The func-
tion of many cellular proteins is modulated by interactions with the 14-3-3 protein [32–36].
It exists as both homodimers and heterodimers in cells, and dimers can bind to phosphory-
lated Ser or Thr residues in target proteins [37,38]. However, it has also been reported that
the 14-3-3 protein interacts with various target proteins in a phosphorylation-independent
manner [39–44]. We previously reported that phosphorylation was not required for the
interaction between SELENOW and 14-3-β, and Sec in the CXXU motif of SELENOW was
identified as the binding site [30].

Similar to SELENOW, Trx1 is also predicted to bind to 14-3-3 [45,46]. Therefore, in this
study, we investigated the interaction of Trx1 with 14-3-3β, the relationship between Trx1
and SELENOW, and the effect of these interactions on cell viability after DNA damage.

2. Results

2.1. Cys32 in the CXXC Motif of Trx1 is Required for Interaction with 14-3-3β

The 14-3-3 protein regulates many signals by interacting with various proteins [32–36].
We previously reported that the interaction between 14-3-3β and SELENOW regulates
sensitivity to DNA damage [30]. Sec of the CXXU motif is essential for the interaction.
Similar to SELENOW, Trx1 has a conserved CXXC motif, which was also predicted to be
a 14-3-3 binding partner [45,46]. To determine the interaction of Trx1 with 14-3-3β, we
first performed an immunoprecipitation experiment using HEK293 cells transfected with
HA-14-3-3β. Trx1 interacted with 14-3-3β, and this interaction was enhanced by H2O2
treatment (Figure 1A,B). To further confirm this interaction, a His-pull-down assay was
performed. As Sec13 in the CXXU motif was required for the interaction of SELENOW with
14-3-3β [30], we constructed Trx1-His mutants in which Cys32 or Cys35 in the CXXC motif
was changed to Ser. The mutants were designated Trx1(C32S)-His and Trx1(C35S)-His,
respectively. The Trx1-His protein and Trx1 mutant proteins were expressed and extracted
from Escherichia coli BL21(DE3) cells. The purified proteins were confirmed by Coomassie
blue staining and Western blot assay (Figure 1C). The purified protein was used as bait in
the His-pull-down assay against lysates of HEK293 cells overexpressing HA-14-3-3β. As
shown in Figure 1D, Trx1-His interacted with HA-14-3-3β in vitro. Next, we investigated
the binding sites of Trx1 for 14-3-3β. Using the purified proteins, a GST-pull-down assay
was performed against the purified GST-14-3-3β protein. As shown in Figure 1E, Trx1-His
and Trx1(C35S)-His interacted with purified GST-14-3-3β, but not Trx1(C32S)-His. These
results indicate that similar to SELENOW, Trx1 also interacts with 14-3-3β and the Cys32
of the CXXC redox motif essential for this interaction.
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Figure 1. Trx1 interacts with 14-3-3β. (A) Human embryonic kidney 293 (HEK293) cells were transfected with HA-14-3-3β,
and the cells were harvested 24 h after transfection. The cell extracts were immunoprecipitated with anti-HA antibody
and then immunoblotted with anti-Trx1 antibody. (B) HEK293 cells were transfected with HA-14-3-3β for 24 h and then
treated with H2O2 (200 μM) for 30 min. The cell extracts were immunoprecipitated with anti-HA antibody and then
immunoblotted with anti-Trx1 antibody. (C) Sequences of mutant Trx1. The underlines and numbers indicate the mutation
sites. Trx1-His, Trx1(C32S)-His, and Trx1(C35S)-His proteins were purified and verified by Coomassie staining (left) and
immunoblotting with anti-His (middle) and anti-Trx1 (right) antibodies. (D) Purified Trx1-His protein was incubated with
HEK293 cell lysates overexpressing HA-14-3-3β for 1 h. The mixtures were incubated with Ni-NTA beads for 1 h and
then immunoblotted with anti-HA or anti-His antibodies. (E) Each purified Trx1-His, Trx1(C32S)-His, and Trx1(C35S)-His
protein was incubated with purified GST-14-3-3β. The mixtures were incubated with glutathione beads for 1 h and then
immunoblotted with anti-His or anti-GST antibodies. The data were obtained from three independent experiments.

2.2. The Cys191 Residue of 14-3-3β Is Identified as the Binding Site of SELENOW and Trx1

Sec13 in the CXXU motif of SELENOW is the binding site for 14-3-3β, and the inter-
action is redox-regulated [30]. In this study, we determined the binding site of 14-3-3β to
SELENOW and Trx1. Human 14-3-3β has two Cys residues at positions 96 and 191 [47].
Mutants for 14-3-3β were constructed in which Cys96 or/and Cys191 were replaced by
Ser. The mutants were designated as HA-14-3-3β(C96S), HA-14-3-3β(C191S), and HA-14-
3-3β(C96, 191S). The interaction with SELENOW was then investigated via immunopre-
cipitation using HEK293 cells co-transfected with HA-14-3-3β and His-SELENOW(U13C).
As shown in Figure 2A, both HA-14-3-3β(WT) and HA-14-3-3β(C96S) interacted with
His-SELENOW(U13C). However, endogenous Trx1 did not interact with either HA-14-3-
3β(C191S) or HA-14-3-3β(C96,191S) (Figure 2B). These results indicate that Cys191 of the
14-3-3β is required for interaction with both SELENOW and Trx1.
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Figure 2. The Cys191 residue of 14-3-3β interacts with SELENOW and Trx1. (A) HEK293 cells were co-transfected with
His-SELENOW(U13C) and HA-14-3-3β(WT, C96S, C191S or C96,191S). The cell extracts were immunoprecipitated with
anti-His antibody, and immunoblotting was performed with anti-HA and anti-His antibodies. (B) HEK293 cells were
co-transfected with HA-14-3-3β(WT, C96S, C191S or C96,191S). The cell extracts were immunoprecipitated with anti-HA
antibody and immunoblotted with anti-Trx1 antibody or anti-HA antibody. The data were obtained from three independent
experiments.

2.3. Interaction of 14-3-3β with Trx1 Is Regulated by SELENOW and Vice Versa

Since both SELENOW and Trx1 interacted with the same residue of 14-3-3β, Cys191,
we investigated the relationship between these two proteins and their interaction with
14-3-3β. A pull-down assay was performed with purified Trx1-His against the lysates
of HEK293 cells overexpressing HA-14-3-3β in different concentrations of purified GST-
SELENOW(U13C). As shown in Figure 3A, the binding of Trx1 to 14-3-3β protein decreased
with increasing amounts of SELENOW(U13C). A pull-down assay with purified GST-
SELENOW(U13C) against the lysates of HEK293 cells overexpressing HA-14-3-3β showed
that the interaction between SELENOW and 14-3-3β was also decreased by increasing
concentration of Trx1-His in the reaction mixtures (Figure 3B). These results demonstrated
that Trx1 and SELENOW may compete to interact with the same site as on the 14-3-3β.
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Figure 3. The interaction of Trx1 and SELENOW with 14-3-3β protein is competitive. (A) The mixture of purified Trx1-His
protein (5 μg) and cell lysates overexpressing HA-14-3-3β (5 μg) was incubated with 0, 1, 2, or 5 μg GST-SELENOW(U13C)
for 2 h. The mixtures were then incubated with glutathione or Ni-NTA beads for 1 h. The proteins were separated using
non-reducing SDS-PAGE. The separated proteins were immunoblotted with anti-HA antibody. (B) The mixture of purified
GST-SELENOW(U13C) protein (5 μg) and cell lysates overexpressing HA-14-3-3β (5 μg) was incubated with 0, 1, 2, or 5 μg
Trx1-His for 2 h. The mixtures were incubated with glutathione or Ni-NTA beads for 1 h. The proteins were separated using
non-reducing SDS-PAGE. The separated proteins were immunoblotted with anti-HA antibody.

2.4. Deficiency of Trx1 and SELENOW Increases the Sensitivity of Cells to Etoposide-Induced Cell
Death

A previous report suggested that downregulation of Trx1 increased sensitivity to DNA
damage by reducing cyclin D1 expression and phosphorylation of ERK1/2 in A549 and
MCF7 cells [48]. It has been reported that the subG1 phase is increased in SELENOW-
deficient MCF7 cells. SELENOW-deficient cells were also more sensitive to DNA damage
induced by etoposide in A549, T47D, and MCF7 cells. This was observed due to the disrup-
tion in the binding of 14-3-3β to Rictor by SELENOW, which regulates phosphorylation
of Akt at Ser 473 [17]. Therefore, we next examined the effect of double deficiency of Trx1
and SELENOW on cell survival under etoposide treatment conditions. MCF7 cells were
transfected with siSELENOW and/or siTrx1 and then incubated with etoposide for 24 or
48 h to induce DNA damage. The cell cycle distribution was examined using FACS analysis.
The subG1 phase population increased in SELENOW-deficient cells as shown in a previous
report [17]. In this study, we found that the subG1 population also increased in etoposide
treated-Trx1-deficient cells. The subG1 population of SELENOW-deficient cells was higher
than that of Trx1-deficient cells (Figure 4A). We have previously shown that poly (ADP-
ribose) polymerase (PARP) is rapidly cleaved in SELENOW-deficient cells compared to that
in control cells under the DNA damage conditions induced by etoposide [28,30]. In this
study, we found that PARP cleavage induced by etoposide also increased in Trx1-deficient
cells, and it was further enhanced by double deficiency of SELENOW and Trx1 (Figure 4B).
These results suggest that both Trx1 and SELENOW deficiency increase the cell death
induced by DNA damage.

211



Int. J. Mol. Sci. 2021, 22, 10338

Figure 4. The cell death induced by DNA damage is regulated by the cooperation of SELENOW and Trx1. (A) Breast
carcinoma MCF7 cells were transfected with siSELENOW or/and siTrx1 and incubated with etoposide (25 μM) for 24 or
48 h to induce DNA damage. Cells were harvested and subjected to FACS analysis (upper panel). The subG1 population is
graphically represented (lower panel). The graph indicates the results from three independent experiments. The error bars
in the graph indicate ±standard deviations (s.d.). (B) MCF7 cells were transiently transfected with siSELENOW or/and
siTrx1. After 24 h, the cells were treated with etoposide (25 μM) for 24 or 48 h. The cells lysates were analyzed using Western
blot assay using the indicated antibodies.

2.5. Decreased Akt Phosphorylation by Downregulation of Trx1 is Restored by SELENOW
Overexpression

Akt activation promotes cell survival [49,50]. The binding of SELENOW to 14-3-3β
reduced the interaction between Rictor and 14-3-3β, leading to Akt phosphorylation at
Ser473 [51]. As the binding mechanism of Trx1 to 14-3-3β was similar to that of SELENOW,
we investigated whether Akt phosphorylation affected by Trx1 depletion can be regulated
by SELENOW overexpression. Previous reports showed that SELENOW-deficient cells
or Trx1-deficient cells decreased phosphorylation of Akt, and the levels were recovered
in SELENOW-deficient cells by ectopic expression of SELENOW(U13C) [14,17,30,51]. In
this study, we found that downregulation of Akt phosphorylation by Trx1 depletion was
recovered when SELENOW(U13C) or SELENOW(WT) was overexpressed in the cells
(Figure 5A,B). These results suggest that SELENOW can compensate for the regulation of
Akt phosphorylation by Trx1 via interaction with 14-3-3β in cells.
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Figure 5. Decreased Akt phosphorylation of Trx1-deficent cells is restored by SELENOW. (A) MCF7 cells were transfected
with siTrx1 or His-SELENOW(U13C), or co-transfected with siTrx1 and His-SELENOW(U13C) for 24 h and then treated with
etoposide (25 μM) for 10 h. The cells lysates were analyzed by immunoblotting with the indicated antibodies. (B) MCF7
cells were co-transfected with siTrx1 and GFP-SELENOW(WT) for 24 h and further treated with etoposide for 10 h. The cells
lysates were analyzed by immunoblotting with the indicated antibodies. • Full length GFP-SELENOW, •• pre-terminated
GFP-SELENOW.

3. Discussion

The 14-3-3 protein interacts with various binding partners to play important roles
in diverse signaling processes, including bacterial pathogenesis, cell growth, and devel-
opment [52,53]. In particular, 14-3-3 functions as a regulator of cell survival under DNA
damage [15]. mTORC2 is activated during DNA damage and it phosphorylates Akt at
Ser473 [54]. Phosphorylated Akt provides a survival signal to cells from apoptotic stim-
uli [55]. Akt phosphorylation is inhibited by the interaction between Rictor and 14-3-3 [16].
Therefore, the regulation of the 14-3-3 protein is important for cell survival.

Our previous works showed that the binding of SELENOW to 14-3-3β inhibits the
binding of 14-3-3β to its target proteins and regulates various cellular processes, such as
cell growth, muscle differentiation, cellular oxidative stress, and cell progression [17,28,56].

SELENOW is a protein containing a Trx-like fold and a CXXU motif, which corre-
sponds to the CXXC motif of Trx [18]. Trx is a small redox protein involved in various
processes, such as cell redox homeostasis, cell growth, DNA repair, and cell survival [57–60].
Trx1 binds to proteins such as CDC25, PTEN, and RNR, which are involved in various
cellular processes [3,61,62]. Recently, it has been suggested that 14-3-3β might be a target
for Trx-like proteins [45,46].

In this study, we found a direct interaction between Trx1 and 14-3-3β by immunopre-
cipitation and pull-down assays, and the binding was increased during oxidative stress
(Figure 1). Trx1 contains two Cys residues, Cys32 and Cys35, in the CXXC motif which
are used to reduce the target proteins [63]. Sec13 in the CXXU motif of SELENOW was
identified as the binding site for 14-3-3β [30]. Therefore, we constructed Trx1 mutants in
which Cys32 or Cys35 was replaced with Ser and Cys32 was identified as the binding site
for the 14-3-3β (Figure 1C,E).
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Previously, we identified the binding site of SELENOW in the interaction between
SELENOW and 14-3-3β, but not the binding site of 14-3-3β. In this study, we determined
the binding site of 14-3-3β to SELENOW and investigated whether this binding site is also
involved in the interaction with Trx1. Since the interaction of SELENOW with 14-3-3β
was redox-regulated, we mutated two Cys residues, Cys96 and Cys191, in 14-3-3β to Ser
residues. As shown in Figure 2A,B, the Cys191 of 14-3-3β was required for the interaction
with Trx1 or SELENOW, indicating that 14-3-3β Cys191 is a common binding site for Trx1
and SELENOW. Previously, the Cys191 of 14-3-3β was also predicted to bind to SELENOW
by computational calculations based on NMR data [47].

Since the binding of SELENOW and Trx1 to 14-3-3β occurs at the same site, Cys191,
the relationship between SELENOW and Trx1 in the binding to 14-3-3β was investigated.
The binding of Trx1 to 14-3-3β protein decreased with increasing amounts of SELENOW,
and the binding of SELENOW to 14-3-3β also decreased with increasing amounts of Trx1
(Figure 3). These results suggest that the 14-3-3β signaling pathway can be cooperatively
regulated by Trx1 and SELENOW. There is no interaction between Trx1 and SELENOW [27].

In this study, we found that Trx1 interacted with 14-3-3β. Since sensitivity to DNA
damage was increased in SELENOW-deficient cells by etoposide treatment [30], we also
determined the effect of Trx1-deficiency on cell viability. Compared to control cells, the
subG1 population was increased in SELENOW-deficient cells or Trx1-deficient cells treated
with etoposide. Furthermore, PARP was rapidly cleaved in SELENOW-deficient and Trx1-
deficient cells compared with that in control cells after treatment with etoposide (Figure 4).
This suggests that cell death induced by DNA damage is regulated by both SELENOW and
Trx1.

SELENOW has been reported to control cell survival by interacting with 14-3-3β [30].
SELENOW activates the mTORC2/Akt pathway for Akt phosphorylation at Ser473 by
interrupting the binding of Rictor to 14-3-3β. In SELENOW-deficient cells, the binding of 14-
3-3β to Rictor is enhanced, resulting in the inactivation of Akt by inhibiting phosphorylation
at Ser473 [16,17]. Akt inactivation decreases the viability of cells upon treatment with
etoposide.

Therefore, we next investigated whether Akt phosphorylation was also regulated
by the interaction of Trx1 with 14-3-3β. Phosphorylation of Akt at Ser473 was decreased
by depletion of Trx1 in etoposide-treated MCF7 cells and was restored by the expression
of SELENOW(U13C) (Figure 5A). Using the wild-type SELENOW containing Sec in the
CXXU motif, we confirmed the compensation of SELENOW for Trx1 deficiency (Figure 5B).

Taken together, these results suggest that Trx1 regulates cell survival through interac-
tion with 14-3-3β and that SELENOW compensates Trx1-deficient cells against cell death
induced by etoposide treatment.

4. Materials and Methods

4.1. Cell Culture, Transfection, and Reagents

Breast carcinoma MCF7 cells were grown in RPMI 1640 medium containing 10% fetal
bovine serum at 37 ◦C in 5% CO2. Human embryonic kidney 293 (HEK 293) cells were
grown in DMEM containing 10 % FBS at 37 ◦C in 5% CO2. The cells were seeded at a
density of 5 × 105 cells in 60 mm dishes for transient transfection. Twelve hours after
seeding, the cells were transfected using ScreenFect A plus (ScreenFect GmbH, Eggenstein-
Leopoldshafen, Germany) and Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), ac-
cording to the manufacturer’s instructions. To measure the sensitivity to etoposide, MCF7
cells were treated with 25 μM etoposide (Sigma, St. Louis, MO, USA) after transfection and
harvested.

4.2. RNA Interference and Plasmids

The siSELENOW used in this study was designed by Invitrogen. The sequence for
human siSELENOW was as follows: siSELENOW 5′-CCA CCG GGU UCU UUG AAG
UGA UGG U-3′. Human siTrx1 was purchased from Qiagen (Valencia, CA, USA). GFP-
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SELENOW(WT) was generated using the pEGFP-C2 plasmid from wild-type mouse SE-
LENOW (Origene, Rockville, MD, USA). His-SELENOW(U13C) and HA-14-3-3β plasmids
have been described previously [28,30].

4.3. Western Blot Assay

Cells were harvested and lysed as previously described [30]. Whole cell lysates were
separated using SDS-PAGE and transferred to a PVDF membrane. Membrane was blocked
with 5% skim milk for 1h and incubated with specific antibodies at 4 ◦C overnight with
rotation. The antibodies were obtained from the following sources: anti-poly (ADP-ribose)
polymerase (PARP) and anti-Akt, anti-phospho-Akt (Ser 473) were from Cell Signaling
(Danvers, MA, USA); anti-GST and anti-GFP antibodies were from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA); anti-His and anti-HA were from ABM (Richmond, BC,
Canada); anti-α-tubulin and anti-Trx1 were from AB Frontier (Seoul, Republic of Korea);
anti-SELENOW was from Origene (Rockville, MD, USA). After incubating with HRP con-
jugated secondary antibody for 1 h, immunoreactive bands were visualized using a West
Pico Enhanced ECL Detection kit (Pierce, Rockford, IL, USA).

4.4. Immunoprecipitation

Cells were lysed with immunoprecipitation buffer as previously described [30]. The
lysates were mixed with antibodies overnight at 4 ◦C with rotation. Immune complexes
were incubated with Protein A or G beads for 1.5 h at 4 ◦C with rotation. The lysates
were washed two times and boiled with SDS sample buffer for 3 min. The samples were
separated and detected as described above.

4.5. Protein Purification

The mouse GST-SELENOW protein, GST-14-3-3β and human Trx1-His mutants were
expressed and purified in E. coli. Briefly, BL21 (DE3) competent cells were transformed
with mouse GST-SELENOW and human Trx1-His mutants in pGEX 4T-1 (Amersham
Biosciences, Chalfont, UK) and pET26B (Novagen, Madison, WI, USA) plasmids. The
proteins were induced by 1 mM IPTG for 16 h at 18 ◦C and purified using glutathione and
Ni-NTA beads as described previously [27,30].

4.6. Pull-Down Assay

Purified proteins were incubated with cell lysate or recombinant proteins in pull-down
buffer containing 20 mM HEPES (pH 7.5), 1 mM EDTA and 1 mM for 2 h at 4 ◦C with
rotation, followed by glutathione and NI-NTA beads for 1 h. The beads were washed three
times with the wash buffer and then eluted [27,30].

4.7. Flow Cytometry

MCF7 cells were fixed overnight in ice-cold 70% ethanol. Cells were collected by
centrifugation and resuspended in PBS. The resuspended cells were treated with RNase
A (100 μg/mL) for 30 min at RT, and the cells were then stained with propidium iodide
(10 μg/mL). Subsequently, cell cycle distribution was analyzed using a FACS Accuri flow
cytometer (BD Bioscience, San Jose, CA, USA).
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Abstract: Selenoproteins, in which the selenium atom is present in the rare amino acid selenocysteine,
are vital components of cell homeostasis, antioxidant defense, and cell signaling in mammals. The
expression of the selenoproteome, composed of 25 selenoprotein genes, is strongly controlled by the
selenium status of the body, which is a corollary of selenium availability in the food diet. Here, we
present an alternative strategy for the use of the radioactive 75Se isotope in order to characterize the
selenoproteome regulation based on (i) the selective labeling of the cellular selenocompounds with
non-radioactive selenium isotopes (76Se, 77Se) and (ii) the detection of the isotopic enrichment of the
selenoproteins using size-exclusion chromatography followed by inductively coupled plasma mass
spectrometry detection. The reliability of our strategy is further confirmed by western blots with
distinct selenoprotein-specific antibodies. Using our strategy, we characterized the hierarchy of the
selenoproteome regulation in dose–response and kinetic experiments.

Keywords: selenoproteome; selenoprotein hierarchy; nonradioactive isotopes; SEC-ICP MS; glu-
tathione peroxidase; thioredoxin reductase; SECIS; translation regulation

1. Introduction

The vital role of the essential trace element selenium (Se) in human health has been
widely reported. Selenium deficiency is often evoked in the context of cancer, cardiac func-
tion, muscular disorders, infections, neurodegenerative disease, and aging [1–8]. Despite
the essential nature of selenium, the range of its optimal intake is quite narrow and its
toxicity can be quite easily achieved depending on its chemical speciation. Selenium is
co-translationally incorporated into a group of proteins, referred to as selenoproteins [9], in
the form of a rare amino-acid, selenocysteine (Sec), using a UGA codon, normally used
as a stop signal for protein synthesis [10,11]. Twenty-five selenoprotein genes have been
identified in the human genome and give rise to selenoproteome expression in tissue and
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cell-line specific patterns [12]. The selenoproteome is primarily regulated by the bioavail-
ability of selenium from food or from a cell culture medium. This selenium-dependent
regulation follows a specific hierarchy that stipulates that “house-keeping” members are
kept constant at the expense of “stress-regulated” members, which respond to changes
in the selenium level [6,8,13]. Other stimuli, including H2O2-induced oxidative stress
and replicative senescence, are also able to modulate selenoprotein expression but follow
distinct hierarchies [4,14–18].

Selenoprotein biosynthesis follows a non-conventional mechanism which involves
the recoding of UGA, normally used as a termination signal, in a Sec insertion codon.
To do so, the translation machinery has evolved a sophisticated strategy to cope with
using UGA as Sec for selenoprotein mRNAs, while maintaining its use as a stop codon
for all other cellular mRNAs. This non-canonical pathway essentially relies on two RNA
molecules, namely: (i) the Sec insertion sequence (SECIS) located in the 3′ untranslated
region (UTR) of selenoprotein mRNAs; (ii) the Sec-tRNA[Ser]Sec; and (iii) their interacting
partners (as reviewed in [10,11,13,19–21]). Only one Sec residue is present in each selenopro-
tein (except for SELENOP) [12]. Well-characterized members are glutathione peroxidases
(GPX), thioredoxin reductases (TXNRD), iodothyronine deiodinases (DIO), methionine
sulfoxide reductase (MSR), and endoplasmic reticulum (ER) selenoproteins (SELENOF,
SELENOS, SELENOK, SELENON, SELENOM, and SELENOT). Additionally, selenophos-
phate synthetase 2 (SEPHS2) is implicated in the synthesis of the selenocysteine precursor,
selenophosphate (SePO3

3−), and therefore participates in the selenoprotein biosynthesis
pathway. The function of about one-third of all selenoproteins remains largely uncharacter-
ized. Human embryonic kidney 293 (HEK293) cells express a wide range of selenoproteins
that are highly responsive to selenium levels [15,22]. This cell line offers a validated model
for the prioritized selenium-dependent regulation of selenoproteins. Growth media with
selenium limiting conditions (3 nM) were engineered and validated [15,16,23]. In partic-
ular, the response to selenium levels was reported for the members of the GPX family.
It is referred to as the selenoprotein hierarchy and has yet to be characterized for the
entire selenoproteome [10].

Selenoprotein detection has long been limited to western immunoblots and radioactiv-
ity. Recently, the use of inductively coupled plasma-mass spectrometry (ICP MS) coupled
to protein separation methods has proved efficient for the simultaneous detection of abun-
dant selenoproteins [24–28]. First, western immunoblots are limited to the availability of
antibodies. Although highly specific and semi-quantitative, this method does not provide
information about the relative abundance between selenoproteins. Alternatively, radioac-
tive 75Se (in the form of selenite) has been widely used to label selenoproteins in vivo and
in vitro [29], and provides relative abundance data for abundant selenoproteins. Radiola-
beled proteins are separated by different biochemical methods, including chromatography
or SDS-PAGE, and are revealed by gamma-counting or autoradiography. 75Se is a gamma-
emitter with a rather long half-life (120 days) and its use is restricted to a few laboratories.
In addition, only abundant selenoproteins are visible by the autoradiography of SDS-PAGE.
The presence of selenium in a molecule can be otherwise detected by elemental ion mass
spectrometry, such as ICP MS, which is able to differentiate and quantify all natural iso-
topes of selenium. Indeed, selenium has six stable isotopes with a rather constant natural
relative abundance: 74Se (0.89%), 76Se (9.37%), 77Se (7.63%), 78Se (23.77%), 80Se (49.61%),
and 82Se (8.73%). Interestingly, each of these selenium isotopes can be enriched to >99%
and isotopically labeled selenium compounds such as selenite, selenomethionine, or se-
lenocysteine can readily be synthesized. When selenium is added as pure isotope, its
incorporation into selenoproteins can be followed by ICP MS. The efficiency of selenium
exchange in proteins is analyzed by size exclusion chromatography (SEC) coupled with
ICP MS (SEC-ICP MS).

Here, we developed an innovative strategy to selectively label and trace selenopro-
teins with non-radioactive selenium-enriched isotopes (76Se, 77Se) in the HEK293 cell line.
Cellular extracts were simultaneously analyzed by SEC-ICP MS and by western blots
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with distinct selenoprotein-specific antibodies. We performed dose–response and kinetic
experiments to study the hierarchy of selenoproteome regulation in this particular cell
line. Our work further illustrates the potential for non-radioactive selenium-labeling of
selenoproteins in the wide field of proteomics.

2. Results

2.1. Fractionation of Intracellular Selenocompounds from HEK293 by Size-Exclusion Chromatography
Followed by Inductively Coupled Plasma Mass Spectrometry Detection (SEC-ICP MS)

The fractionation of HEK293 cellular extracts (500 μg of proteins) was reproducibly
achieved in native conditions by size exclusion chromatography (SEC). The Superdex 200
used here allowed the separation of protein complexes in a range of molecular weights
(MW) comprised between 10 kDa and 600 kDa, with heavier proteins or complexes eluting
first (see Figure 1 and Table 1). In our experiment, SEC was linked to an UV280nm monitor
followed by an ICP MS tuned for a multi-isotopic selenium detection. Seven fractions were
defined according to the selenium signal from SEC-ICP MS chromatograms (Figure 1 and
Table 1). F1 to F5 were expected to contain selenoproteins while F6 and F7 should corre-
spond to small MW selenocompounds such as selenite, mono- and di-methyl selenium,
selenocyanate and potentially others. When cells were grown in a medium containing
100 nM of selenium, we found that selenoproteins were the major forms of selenocom-
pounds found in cellular extracts. Indeed, the sum of the selenium contained in fractions
F1 to F5 reached 75% of the total signal in the chromatogram (Figure 1a and Table 1).

Table 1. Chromatographic data for each fraction collected according to the SEC-ICP MS chromatogram. n.d., not detected.

Fraction N◦
Retention Time, s MW Range,

kDa

Selenium Signal Repartition, %
Selenoproteins Detected
by Westernblot (Figure 1)

Dpl Dpl + 100 nM Se

Start End Ave SD Ave SD

F1 600 760 >480 12.0 ± 0.6 17.5 ± 0.9 SelenoS
F2 1000 1120 140–75 4.7 ± 0.2 10.2 ± 0.5 SelenoF, Gpx1, TR1

F3 1120 1300 75–30 25.4 ± 1.3 37.3 ± 1.9 Gpx1, Txnrd1, SelenoP,
Sephs2, Txnrd2, SelenoO

F4 1410 1540 8–16 3.5 ± 0.2 5.8 ± 0,3 SelenoM, Gpx4
F5 1540 1650 4–8 2.7 ± 0.1 4.4 ± 0.2 SelenoM, Gpx4, Txnrd2
F6 1660 1870 1.5–4 24.7 ± 1.2 16.5 ± 0.8 Gpx4, Txnrd2
F7 1990 2130 0.38–0.80 27.1 ± 1.4 8.4 ± 0.4 n.d.

The presence of 10 important proteins in the selenoproteome expressed in HEK293
cells was assayed in each fraction by western immunoblotting (Figure 1b). In elution
fraction F1, corresponding to the exclusion volume (V0) of the column, we detected the
presence of SELENOS, a rather small protein (21 kDa) that was previously found in a
large complex from the endoplasmic reticulum (ER) [30]. Obviously, other selenoproteins
other than those tested here may participate in the selenium signal detected in F1. In
F2, SELENOF (also known as Sel15 or Sep15) which is also an ER-protein was detected.
SELENOF (15 kDa) associates with the UDP-glucose:glycoprotein glucosyltransferase
(UGTR) to form a 150–kDa complex [30]. GPX1 and TXNRDs (TXNRD1 and TXNRD2) that
form tetramers (~80 kDa) and dimers (~110 kDa), respectively, were observed in F2 and F3.
Other selenoproteins studied here (SELENOP, SEPHS2, SELENOO, SELENOM, and GPX4)
are believed [6,8] to be predominantly in the monomeric form, and therefore eluted in the
expected respective fractions (see Figure 1 and Table 1).
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Figure 1. Fractionation of selenoproteins and selenocompounds of HEK293 cells by SEC-ICP MS. (a) Cellular extracts of
HEK293 cells grown in Unsup + 100 nM of selenium (sodium selenite with natural isotopic pattern) were analyzed by
SEC-ICP MS. The chromatographic profiles for 78Se and OD280nm are represented in black and gray lines, respectively.
The elution time of the selected calibration standards is shown in the bottom panel (a, thyroglobulin; b, transferrin; c,
Mn-SOD; d, myoglobin; e, selenomethionine). The selenium eluted in seven fractions (referred to as F1 to F7) as noted
from the 78Se chromatographic profile. Elution time and molecular weight range of these fractions are reported in Table 1.
(b) The collected fractions F1 to F7 were then analyzed for the presence of 10 selenoproteins (SELENOS, SELENOF,
GPX1, TXNRD1, SELENOP, SEPHS2, TXNRD2, SELENOO, SELENOM, and GPX4) using specific antibodies by western
immunoblotting in comparison with the raw cellular extract. (c) Representation of selenium isotopic pattern in fraction F3
from fractionation SEC-ICP MS performed in panel (a). Cellular extracts of HEK293 grown in Unsup +100 nM of selenium
(76Se or 77Se enriched selenite) were also analyzed by SEC-ICP MS. The isotopic enrichment of fraction F3 is illustrated in
the two right panels.
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Interestingly, F3 contained at least six selenoproteins (GPX1, TXNRD1, SELENOP,
SEPHS2, TXNRD2, and SELENOO) which accounted for almost 40% of the total selenium
content of the extract (Table 1). We knew from previous work that the amount of selenium
contained in GPX1 (present here in F3) represented approximately half of the total selenium
in HEK293 selenoproteins when grown in a selenium-rich medium [26]. Consequently, F3
appeared as one of the most representative fractions for selenoproteome analyses. When
the selenium isotopic pattern of F3 was analyzed, it fitted the theoretical selenium profile
(Figure 1c). Then, when natural selenium selenite was replaced by either 100 nM of 76Se-
and 77Se-enriched selenite in the culture media, the selenium isotopic profile of F3 was
dramatically altered after three days of incubation as illustrated in Figure 1c. Notably, with
both 76Se- and 77Se-enriched selenite, almost 90% of the selenoproteins in F3 contained the
corresponding isotope, indicating an efficient and rapid exchange of the natural isotope
by the enriched one. Our data confirm that isotopically enriched selenium can be used to
efficiently label and trace selenoprotein expression in human cultured cell lines.

2.2. Selenium Assimilation in HEK293 Cells as a Function of Selenium Levels

The selenium level in the growth media is known to modulate selenoprotein ex-
pression following a prioritized response, also called a hierarchy, but various selenium
sources and concentrations have been used in the literature [31]. When 100 nM was added
to the culture medium, the selenite induced a selective upregulation of the selenoproteins
that was associated with an improved antioxidant defense [15]. Here, we aimed to define
the optimal selenium levels (in the form of selenite) for each selenoprotein expression.
To do so, increasing concentrations of 76Se-enriched selenite (from 5 to 300 nM) were
added to the culture media after a preliminary selenium deprivation of the cells for three
days, as illustrated in Figure 2a. In HEK293 cells, the toxic activity of selenite appears
at concentrations higher than 1 μM [32]. At these higher levels, an adaptive response
to selenium stress may occur. Cell extracts were harvested after three more days of
incubation and analyzed by SEC-ICP MS, as mentioned above. The chromatograms
(Figure 2b) showed that the ICP MS signal of 76Se increased in all fractions as selenium
was added to the cell growth media. Interestingly, the highest selenium concentration
used here (i.e., 300 nM) was not sufficient to reach a similar 76Se-isotope enrichment for
all the selenocompounds (Figure 2c). Indeed, when a concentration of 300 nM of 76Se
selenite was used, a 76Se-enrichment of 80–90% was observed for the protein fractions
F1 to F5, while it reached 71% and 45% only in F6 and F7, respectively. This finding
indicated a prioritized assimilation of selenium into the selenoprotein pool, with F3
being the most concentrated in terms of the newly synthesized selenoproteins. Then,
the isotopic ratio in each fraction was calculated and plotted as a function of the added
selenium. Only the most naturally abundant (80Se) and the supplemented isotope (76Se)
are represented in Figure 2b. The curve-fit of the 76Se signal with a saturation equation
gave us a half-saturation constant (k1/2) for each fraction (see Figure 2b). This value
expressed the concentration of the added selenium which was necessary to exchange
half of the natural selenium with the isotopically enriched element. The comparison of
these different values provided the hierarchy of selenium assimilation into the different
fractions. It appeared that selenium was primarily incorporated in the selenoprotein pool
rather than in the metabolite fractions, with the following hierarchy: F2 and F3 > F1 > F4
and F5 > F6 and F7. Taken together, our data demonstrated that one cell passage of three
days in selenium-supplemented conditions was sufficient to efficiently incorporate the
isotopically enriched selenite in the newly synthesized selenoproteins.
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Figure 2. Analysis of HEK193 cells labeled with increasing concentrations of 76Se by SEC ICP MS. (a) Cells were grown
for three days in a Dpl medium prior to being plated in fresh medium with increasing concentrations of 76Se enriched
selenium (from 0 to 300 nM range). (b) The different cellular extracts were fractionated by SEC and all selenium isotopes
(74Se, 76Se, 77Se, 78Se, 80Se and 82Se) followed by ICP MS detection. The SEC elution profile for 76Se is shown in the bottom
panel for the various cellular extracts. The isotopic pattern was analyzed in the seven identified fractions, as indicated by
dashed boxes (F1 to F7). The dose–response curves for 76Se abundance in each fraction as a function of selenium levels in
the culture media were fitted as described in experimental procedures. The results for k1/2 for 76Se labeling are indicated on
top of each graph. For clarity, only 76Se and 80Se are represented in blue and black squares, respectively, at a smaller scale of
selenium levels (0 to 100 nM). (c) The selenium isotopic ratio is represented for the two most abundant isotopes (76Se and
80Se), for each fraction (F1 to F7), in the condition where 300 nM 76Se was used.
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2.3. The Selenoproteome Was Differentially Modulated According to the Selenium Level

It has been established that selenoprotein expression is mostly controlled at the trans-
lational level in cultured cells in response to the changes in the selenium concentration.
In HEK293 cells, selenoprotein mRNAs remained virtually insensitive to the selenium
level [14,23]. To grasp this translational regulation, we have previously engineered and vali-
dated a set of luciferase-based reporter constructs [15,22,33]. HEK293 cells stably expressing
Luc UGA/SECIS GPX1 or Luc UGA/SECIS GPX4 allowed the direct and rapid evaluation
of Sec insertion efficiencies in response to various stimuli. Cells were grown with different
selenium concentrations as indicated in Figure 3a. Then, cellular extracts were assayed for
the luciferase activities, normalized to protein concentrations, and expressed relative to the
activity measured in zero-selenium added conditions (unsupplemented, Unsup). Therefore,
Figure 3a illustrates the fold stimulation of UGA recoding efficiency in response to the
concentration of added selenite. Interestingly, we noticed an important dose–response
increase in the Sec insertion with both constructs, with a maximum of a 100- and 50-fold
stimulation, respectively, for Luc UGA/SECIS GPX1 and Luc UGA/SECIS GPX4. The Sec
insertion efficiency reached a plateau at 50 nM selenium for the Luc UGA/SECIS GPX4
construct, while higher selenium levels seemed to be necessary for the Luc UGA/SECIS
GPX1 constructs. These data further confirm the importance of translational control in the
selenium-dependent modulation of selenoproteins.

Figure 3. Cont.
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Figure 3. Analysis of selenoprotein expression as a function of selenium levels. (a) The response of selenocysteine insertion
efficiency to selenium levels depends on the nature of the SECIS element. Two HEK293 cell lines stably expressing
luciferase-based reporter constructs varying from the nature of the SECIS element, GPX1 and GPX4, respectively, were
grown with increasing concentrations of selenium in the culture media. The structure of the Luc UGA/SECIS constructs was
schematized. The Sec insertion efficiency was revealed by the luciferase activity normalized over the amount of proteins in
cellular extracts. In both cell lines, the Sec efficiency is expressed relative to the one measured in the Dpl condition, set as
1. The HEK293 cell extracts with increasing amounts of 76Se selenite (similar to Figure 2) were also analyzed by western
immunobotting for the presence of selenoproteins GPX1, GPX4, SELENOP, and SELENOO (b), SELENOM, SELENOS,
and SELENOF (c), and SEPHS2, TXNRD1, and TXNRD2 (d). Relative quantification of individual selenoprotein over
actin is indicated at the bottom of the corresponding immunoblot, with maximum intensity set at 100. The quantification
results are also represented as a function of selenium levels in the culture media and sorted into three classes. The optimal
selenoprotein expression is either obtained with a low-dose (top-right panel), high-dose (middle-right panel) or in a narrow
range (bottom-right panel) of selenium concentration.

To complement this analysis individually at the selenoprotein level, we performed
western immunoblots with the cellular extracts from cells grown in the presence of various
selenium levels (76Se). Ten selenoproteins that are well expressed and readily detectable
with validated antibodies in HEK293 cells were assayed [14,23], and the protein contents in
every condition were normalized respective to actin levels. These normalized selenoprotein
levels were plotted as a function of the added selenium in the media. It appeared that
three main categories of selenium responses emerged from our experiments, as shown in
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Figure 3b–d. The first category included GPX1, GPX4, SELENOP, and SELENOO, the levels
of which were sensitive to selenium variation and reached an optimal expression level at
a 100 nM selenium concentration or lower (Figure 3b). The second category comprised
SELENOM, SELENOS, and SELENOF, which reached a maximum expression only at a
200 nM selenium concentration or higher (Figure 3c). The first and second categories
were similar and fall into the “stress-related” family of selenoproteins. The last category
included “house-keeping” selenoproteins, namely SEPHS2, TXNRD1, and TXNRD2, and
had a very distinct response to selenium supplementation. They were either sensitive to
the selenium variation with an inverse U-shaped curve (SEPHS2 and TXNRD2) or barely
sensitive (TXNRD1), as shown in Figure 3d. Taken together, our data confirmed that the
selenoproteome was highly modulated by selenium level variation in HEK293, with a
specific hierarchy, mostly controlled at the translation stage.

2.4. Kinetics of Selenium Assimilation by HEK293 Cells as Selenoproteins and as
Low-Molecular Selenocompounds

Then, we used the isotopically enriched selenite to analyze the kinetics of the selenium
incorporation in selenoproteins. In this experiment, cells were grown in conditions with a
limited amount of selenium (Unsup condition) for 3 days and then passaged in a growth
medium supplemented with 100 nM of 77Se-selenite, as illustrated in Figure 4a. The
HEK293 cells were harvested at different time points (0, 3, 6, 10, 24, 48, and 72 h), and
analyzed for the selenium isotopic composition by SEC-ICP MS (see Figure 4b). For each
of the seven fractions producing a selenium signal, the isotopic ratio was calculated, and
then plotted as a function of time (see the seven histograms above the chromatograms in
Figure 4b). As mentioned before, only 80Se and 77Se were represented in these histograms.
The 77Se signal was analyzed with an exponential curve-fit to determine the time in the
individual fraction when the half replacement of the original isotope was reached, and
this time was referred to as t1/2 (see in Figure 4a). The t1/2 value illustrated the kinetic
hierarchy of selenium assimilation by the cell between each fraction, regardless of whether
they contained selenoproteins or other selenocompounds. Our experiments indicated
that among all the fractions, F6 was the one which assimilated the newly introduced 77Se
isotope the fastest. The half replacement of the natural isotopes occurred after a 1.5 h
selenium-supplementation. Then, selenoprotein fractions (F1 to F5) came second in the
kinetic hierarchy with t1/2 between 3.0 and 7.1 h (see Figure 4b). Finally, the selenium
metabolite fraction F7 was the one which was the least efficient and the least rapid to
incorporate 77Se, with a t1/2 longer than one day. Obviously, the selenium exchange in
fraction F7 was rather inefficient, even after one passage. Our data suggest that selenium
was rapidly assimilated in the selenoprotein fraction, and that one passage was sufficient
to reach the plateau. Even if SEC-ICP MS did not allow the differentiation between
individual selenoproteins, it provided important information about the hierarchy between
selenoproteins and other selenocompounds.

2.5. Selenocysteine Insertion in Selenoprotein Was Timely Controlled in Response to
Selenium Supplementation

We took advantage of our luciferase-stable expressing cell lines to further analyze how
fast the translational UGA/Sec recoding machinery responded to selenium supplemen-
tation (cf. Figure 5a). Clearly, with both constructs, a rapid and massive increase in Sec
insertion was observed at the first time point (3 h) to reach a plateau at approximately 6 h
after a 100 nM selenium supplementation of the culture media. These data indicate that
the translational machinery switched very quickly from an inefficient to an efficient state in
response to selenium concentration variation.
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Figure 4. Time-course analysis of HEK193 cells labeled with 100 nM of 77Se by SEC ICP MS. (a) Cells were grown for three
days in a Dpl medium prior to being plated in fresh medium with 100 nM of 76Se enriched selenium. Then, the cellular
extracts were harvested at defined times post treatment (0, 3, 6, 10, 24, 48, and 72 h) and analyzed by SEC-ICP MS as
described in Figure 2. (b) The chromatographic profile for 77Se is shown in the bottom panel for the various cellular extracts.
The isotopic pattern was analyzed in the seven identified fractions, as indicated by dashed boxes (F1 to F7). Only 77Se and
80Se are represented in red and black squares, respectively. The kinetics for 77Se abundance in each fraction as a function
of time were fitted as described in experimental procedures. The results of t1/2 for 76Se labeling are indicated on top of
respective graphs.

Figure 5. Cont.
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Figure 5. Time-course analysis of selenoprotein expression in medium containing 100 nM 77Se. (a) The stimulation of
selenocysteine insertion in response to selenium addition is not dependent on the nature of the SECIS element. The two cell
lines containing Luc UGA/GPX1 or Luc UGA/GPX4 construct were grown for three days in a Dpl medium prior to being
plated in medium containing 100 nM of selenium and harvested at a defined time as described in Figure 4. Cell extracts
were analyzed for luciferase activities and Sec efficiency was expressed relative to the one measured at t0, set as 1. The
HEK293 cell extracts labeled with 77Se (similar to Figure 4) were analyzed by western immunobotting for the presence
of selenoproteins GPX1, GPX4, SELENOM, SELENOO, and SELENOS (b), SELENOP, SEPHS2, and SELENOF (c), and
TXNRD1, and TXNRD2 (d). Relative quantification of individual selenoprotein over actin is indicated at the bottom of the
corresponding immunoblot, with maximum intensity set at 100. The quantification results are also represented as a function
of time and sorted into three classes. The optimal selenoprotein expression was reached either after 48 h (top-right panel) or
before 10 h (middle-right panel). Alternatively, the expression of selenoprotein can be stable with time (bottom-right panel).

229



Int. J. Mol. Sci. 2021, 22, 7308

In order to obtain information about the kinetic hierarchy between individual seleno-
proteins, we performed a western immunoblot with the extracts harvested at different time
points. Again, three categories of selenoproteins can be deduced from the kinetic behavior,
as shown in Figure 5b–d. The first category may refer to the so-called stress-related se-
lenoproteins, with a rather slow increase in protein expression in response to the selenium
supplementation. This category, composed of GPX1, GPX4, SELENOM, SELENOO, and
SELENOS (Figure 5b), reached the maximum expression between 48 and 72 h. In con-
trast to that, the second category of selenoproteins, composed of SELENOP, SEPHS2, and
SELENOF (Figure 5c), was characterized by a rapid and massive stimulation of protein
expression, with maximal expression at 6 h for SELENOP or after 10 h for SELENOF and
SEPHS2. Note that a decrease in the protein expression was observed at 72 h in the case of
SELENOP and SEPHS2. This biphasic kinetic may reflect a negative feedback control of
gene expression. The third category of selenoproteins, composed of TXNRD1 and TXNRD2
(Figure 5d), was poorly regulated over time by selenium supplementation and can be
clearly associated with “housekeeping” selenoproteins. Taken together, our data indicated
that the selenoproteome was highly regulated by selenium supplementation in HEK293,
with specific individual kinetics.

2.6. Kinetics of Selenium Exchange in HEK293 Grown in Selenium-Supplemented Conditions

After having studied the response to selenium supplementation and having shown
the ability to label the selenoproteome and selenocompounds with 76Se and 77Se enriched
selenite, we then analyzed the half-lives of selenium in the different fractions detected by
SEC-ICP MS, using constant conditions of selenium supplementation in the cell culture. To
do so, we initially grew the HEK293 cells in 100 nM of 76Se selenite for three days and then
passaged them into a fresh medium containing 100 nM of 77Se selenite, as illustrated in
Figure 6. HEK293 cells were harvested at different time points (0, 3, 6, 10, 24, 48, and 72 h),
and analyzed for the selenium isotopic composition by SEC-ICP MS as described earlier
(see Figure 6b). The isotopic ratio was calculated in each fraction, and then plotted as a func-
tion of time. The signals of 80Se, 76Se, and 77Se were represented in the seven histograms
above the chromatograms of Figure 6b. The signals of 76Se and 77Se were exponentially
curve-fitted to extract t1/2, as described previously (see Figure 6a and Table 2). In almost
every fraction, the deduced value of t1/2 was highly similar for the decrease in 76Se and
the increased signal of 77Se, confirming the robustness of our method to label and trace
the selenium signal in cultured cells. This t1/2 value indicated the rate by which selenium
was exchanged in the molecules of each fraction, and was often referred to as the half-life.
Indeed, at every time point, this value resulted from the balance between the neo-synthesis
or intake (followed by the 77Se signal) and the degradation or secretion (followed by the
76Se signal). From our experiment, it appeared that F6 (metabolites) had the shortest
half-life, below 6h. In contrast to that, fractions F2 to F5 containing selenoproteins had an
average half-life of approximately one day (24 h). Interestingly, only F1 had a shorter t1/2
of 15 h, suggesting a variability within the selenoproteome. Again, a unique behavior was
observed for fraction F7. The level of the initial 80Se stayed constant at 25% while 76Se and
77Se exchanged at t1/2 of 21 h and 35 h, respectively. These data suggest that only half of
the selenium content in F7 was efficiently exchangeable, the other half is likely a long-term
storage form of selenium. In summary, our data indicate that our strategy is efficient to
label the selenoproteome with different isotopes and to trace the evolution within it. Note
that the determination of the individual selenoproteins cannot be performed by western
immunoblotting since antibodies are unable to differentiate between 76Se and 77Se.
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Figure 6. Time-course analysis of selenoprotein expression in medium containing 100 nM 77Se. (a) Cells were grown for
three days in a medium containing 76Se (100 nM) prior to being plated in a fresh medium with 100 nM of 77Se enriched
selenium. Then, the cellular extracts were harvested at defined time post treatment (0, 3, 6, 10, 24, 48, and 72 h) and analyzed
by SEC-ICP MS as described in Figure 4. (b) The chromatographic profiles for 76Se and 77Se are shown for the various
cellular extracts in the bottom two panels. The isotopic pattern was analyzed in the seven identified fractions, as indicated
by dashed boxes (F1 to F7). 76Se, 77Se and 80Se are represented in blue, red and black squares, respectively. The kinetics for
76Se and 77Se abundance in each fraction as a function of time were fitted as described in experimental procedures. The
results of t1/2 for 76Se and 77Se for each fraction are indicated on top of the respective graphs.
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Table 2. Summary of the distinct features for each fraction collected according to the SEC-ICP MS chromatogram.

Fraction N◦
Dose–Response

(Figure 2)
Kinetics of

Selenium-Labeling (Figure 4)
Kinetics of Selenium Exchange (Figure 6)

k1/2
76Se, nM t1/2

77Se, h t1/2
77Se, h t1/2

76Se, h

F1 14.9 ± 2.0 3.0 ± 0.5 15.5 ± 2.8 15.6 ± 2.7
F2 9.9 ± 1.3 4.3 ± 0.4 25.5 ± 2.1 21.7 ± 0.7
F3 8.2 ± 1.2 7.1 ± 0.5 28.2 ± 2.4 23.3 ± 0.9
F4 22.8 ± 3.9 4.4 ± 0.5 23.8 ± 1.1 18.7 ± 1.1
F5 23.9 ± 6.0 3.6 ± 0.5 23.6 ± 0.8 18.8 ± 0.7
F6 40.2 ± 9.6 1.4 ± 0.2 3.9 ± 0.7 5.9 ± 1.7
F7 55.1 ± 20.7 25.1 ± 11.3 34.7 ± 5.3 21.0 ± 1.5

3. Discussion

3.1. Hierarchy of Selenoproteins in Response to Selenium Supplementation: Kinetic and
Dose–Response Analyses

Selenium is a vital component of selenoproteins and is co-translationally incorporated
in the primary structure. As such and due to the fluctuations of its concentration in fluids
in the body, there is a tight control of selenoprotein biogenesis by the selenium level. In
this context of physiological selenium level variations, a hierarchical expression of the
selenoproteome is established which maintains essential selenoproteins at the expense
of the others. More importantly, among the stress-related selenoproteins, some are more
sensitive than others to the changes in the selenium level and have different optimal
expressions. This hierarchy of selenoprotein expression was described for the different
glutathione peroxidases in rodents [34,35], but remain uncertain for other members. Yet,
it becomes clear that most of this regulation occurs at the translational levels [11], but
remains uncertain for other members. This classification between stress-related and house-
keeping selenoproteins is not yet clear-cut but is also supported by unique features of
Sec-tRNA[Ser]Sec in mammals [36].

Our study shows that the optimal selenium level for a maximum selenoprotein ex-
pression varies from one protein to another. We validated this finding in HEK293 cells,
and we anticipate that this could also stand true in other cell lines. We observed that
several selenoproteins, including GPX1, GPX4, SELENOO, SELENOM, and SELENOS had
a similar dose–response and kinetic behavior in response to selenium supplementation.
These selenoproteins are among the most responsive to the selenium level variation in
terms of time and concentration. On the other side, TXNRD1 and TXNRD2 are poorly
sensitive to the selenium level variation and can be considered as housekeeping members.
An interesting selenoprotein in terms of selenium regulation is SEPHS2, for which a tran-
sient overexpression occurs as a function of selenium concentration and also as a function
of time after selenium supplementation. Our data clearly suggest a tight control of this
protein level with potential negative feedback. A remarkable characteristic of SEPHS2 is
that it is implicated in selenoprotein biogenesis by producing a Sec-tRNA[Ser]Sec precursor,
the selenophosphate (H2O3PSe−). This process is strictly dependent on the bioavailability
of intracellular selenium. Thus, the fact that SEPHS2 also contains a Sec residue in its
catalytic site is a way of controlling the level of mature Sec-tRNA[Ser]Sec and, therefore,
the selenoproteome. The amplification phase of SEPHS2 expression is easily explained by
this mechanism. However, the mechanism for the negative feedback phase remains to be
clarified, both temporally and at higher selenium levels.

3.2. Selenium-Enriched Isotope Labeling: An Alternative to Radioactive Labeling and a Novel
Multiplexing Strategy for Selenoproteomic Analyses

In this work, we have developed an innovative strategy to label and trace seleno-
proteins in cultured cell lines, using isotopically enriched forms of selenium. In practice,
six naturally present stable isotopes, namely 74Se, 76Se, 77Se, 78Se, 80Se, and 82Se can be
used and are commercially available. Interestingly, the signal for these isotopes can be
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followed by either element (ICP ionization) or molecular (electrospray ionization) mass
spectrometry. Here, we validated the potential of this strategy in HEK293 cells, but it
can be applied to virtually any cell line which synthesizes selenoproteins. The use of
SEC-ICP MS seems to be a robust and quick way to monitor the efficient labeling of a
cellular extract. Our data demonstrate that selenite is readily and rapidly available for
selenoprotein biogenesis. Our concept is likely to profit from recent advances in terms of
proteomics, in terms of detection limits, concentration range, rapidity, and the number
of proteins analyzed simultaneously [37]. All selenoproteins (except GPX6) have been
detected from human samples in high throughput proteomics (www.proteomicsdb.org,
accessed date 1 July 2021). The Sec-containing peptides resulting from tryptic digests have
been detected and sequenced (by MS/MS fragmentation) for several human selenoproteins,
including GPX1, GPX4, TXNRD1, TXNRD2, and SELENOF [26], but this could definitely
be conducted for others. Additionally, the presence of selenium in a molecule such as a
peptide can be inferred from its isotopic pattern. In this condition, the difference between
protein abundance from one condition to another can be easily measured. Indeed, when
using two selenium isotopes, pairs of selenopeptides that differ from selenium isotopes
reflect the relative abundance of the corresponding protein, similar to what is conducted in
stable isotope labeling with amino acids in cell culture (SILAC). The only, but important,
difference with selenium-labeling versus SILAC is related to the availability of six selenium
isotopes. Therefore, instead of looking at pairs of peptides, one could follow six different
peptides simultaneously. This opens many multiplexing possibilities for selenoprotein
labeling and tracing. One could consider that different cellular or tissue extracts originating
from samples grown with various selenium isotopes could be quantified for selenoprotein
contents using this multiplexing strategy. Non-radioactive multiple selenium-labeling
of selenocompounds opens the way to quantitative selenoproteomics in the wide world
of proteomics.

Recently, a selenocysteine-specific mass spectrometry-based technique was developed
by the selective alkylation of selenocysteine [38]. This method allowed the systematic
profiling and quantitative analysis of mouse selenoproteins, but can be applied to other
species. In addition to known selenoprotein members described in [12], several novel
candidates were proposed in which selenocysteine-containing peptides were characterized
by mass spectrometry. In these peptides, the insertion of selenocysteine seemed to result
from an inefficient UGA recoding event that occurs without a known SECIS element [38].
These data suggest that at least mammalian selenoproteomes could be more complex
than previously expected. This new development in selenoproteome profiling can defi-
nitely benefit from selenium isotopic labeling and tracing that we have developed in our
present study.

4. Materials and Methods

This manuscript adopts the new systematic nomenclature of selenoprotein names [9].

4.1. Materials

The HEK293 cell line used in this study was purchased from Life technologies. For the
HEK293 cells stably expressing Luc UGA/GPX1 or Luc UGA/GPX4, they were generated
and validated in [15,22,33]. Fetal calf serum (FCS), cell culture media and supplements
were purchased from ThermoFisher Scientific (Waltham, MA, USA). Transferrin, insulin,
3,5,3′-triiodothyronine, hydrocortisone, EDTA, sodium selenite, and DTT were purchased
from Merck (Darmstadt, Germany). 76Se (99.8%) and 77Se (99.2%) isotopically enriched
selenites were provided by Isoflex (San Francisco, CA, USA). Antibodies were purchased
from Abcam (Cambridge, UK) (GPX1, #ab108429; GPX4, #ab125066; SELENOF, #ab124840;
SELENOM, #ab133681; SELENOO, #ab172957; SELENOP, #ab109514), ThermoFisher Scien-
tific (TXNRD1, #LF-MA0015) and Merck (SELENOS, #HPA010025; TXNRD2, #HPA003323;
SEPHS2, #WH0022928M2; Actin, #A1978). NuPAGE 4–12% bis–Tris polyacrylamide gels,
MOPS, MES SDS running buffers and antiprotease inhibitor cocktail were purchased from
ThermoFisher Scientific.
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4.2. Cell Culture and Incubation with Different Selenium Doses

HEK293 cells were grown and maintained in 75 or 150 cm2 plates in Dulbecco’s Modi-
fied Eagle Medium (D-MEM) supplemented with a 2% fetal calf serum (FCS), 100 μg mL−1

streptomycin, 100 UI mL−1 penicillin, 1 mM sodium pyruvate, 2 mM L-glutamine, 5 mg L−1

transferrin, 10 mg L−1 insulin, 100 pM 3,5,3′-triiodothyronine (T3), and 50 nM hydrocorti-
sone. This medium is referred to as Unsup and contains 3 nM of selenium as determined
in [15,16,22,33]. Cells were cultivated in 5% CO2 at 37 ◦C in a humidified atmosphere.
The addition of selenium was performed with sodium selenite, either natural (Merck) or
isotopically enriched (Isoflex), at the concentration indicated in figure legends for each
experiment. After the treatment, cellular extracts were harvested in a 300 μL passive lysis
buffer containing 25 mM of Tris phosphate at a pH of 7.8, 2 mM DTT, 2 mM EDTA, 1%
Triton X100, and 10% glycerol. Then, protein concentrations were measured using the DC
kit protein assay kit (Biorad, Hercules, CA, USA) in microplate assays using the microplate
reader FLUOstar OPTIMA (BMG Labtech, Champigny-sur-Marne, France).

4.3. Evaluation of Selenocysteine Insertion Efficiency

To analyze Sec insertion efficiency in HEK293, we used luciferase-based reporter con-
structs that were validated for UGA/Sec recoding in transfected cells [22,33]. Briefly, the
minimal SECIS elements from GPX1 and GPX4 were cloned downstream of a luciferase cod-
ing sequence, which was modified to contain an in frame UGA codon at position 258 (Luc
UGA/SECIS), as shown in Figure 3a. HEK293 cells stably expressing Luc UGA/GPX1
and Luc UGA/GPX1 SECIS were previously generated and validated [15,22]. After being
grown in various concentrations of sodium selenite, cells were harvested and the cellular
extracts were assayed for luciferase activities by chemiluminescence (Luciferase assay sys-
tems, Promega, Charbonnières, France), in triplicate using a microplate reader FLUOstar
OPTIMA (BMG Labtech). We arbitrarily expressed the Sec insertion efficiency relative to
the luciferase activity measured in Unsup conditions, which was set at 1.

4.4. Fractionation of Selenium Containing Molecules by Size Exclusion Chromatography (SEC)
with ICP MS Detection (SEC-ICP MS)

A precise amount of cellular extract, corresponding to 500 μg of proteins, was fraction-
ated by HPLC (Agilent 1200 series, Santa Clara, CA, USA) using a SEC column (Superdex
200 10/300 GL, GE Healthcare, Chicago, IL, USA). The flow rate was set at 0.7 mL min−1 of
a mobile phase (ammonium acetate buffered at pH 7.4). The injection volume was 100 μL.
The calibration of the SEC column was performed using protein standards (thyroglobulin
670 kDa, transferrin 81 kDa, bovine albumin 66 kDa, chicken albumin 44 kDa, Mn-SOD
39.5 kDa, Cu/Zn SOD 32.5 kDa, carbonate dehydratase 29 kDa, myoglobin 16 kDa, metal-
lothionein 6.8 kDa, and selenomethionine 0.198 kDa). Detection was achieved online by
recording the absorbance at 280 nm (Agilent G1365B) and by ICP MS (Agilent 7500) for
multi-isotopic detection (74Se, 76Se, 77Se, 78Se, 80Se, and 82Se) with an integration time per el-
ement of 0.1 s. UV280nm and ICP MS signals were exported and treated with Microsoft Excel
software to present chromatograms and isotopic graphs. Seven chromatographic fractions
were defined with the elution times listed in Table 1. To integrate the total count of each
selenium isotope ion per fraction, the background levels were determined and subtracted.
The dose–response and kinetic curves were fitted using Kaleidragraph software with
standard equations. For dose–response curves, it was as follows: y = a + ((b.x)/(k + x)),
where k was the concentration of selenium allowing half saturation of the signal, and
therefore referred to as k1/2 throughout the manuscript. Kinetic curves were fitted with
y = a + b.exp(−k.t), where the constant t1/2 = (ln(2)/k), and the represented time allowing
an increase or decrease in the signal by 50%.

4.5. Protein Gels and Western Immunoblotting

Equal protein amounts (50 μg) were separated in Bis-Tris NuPAGE Novex Midi Gels
and transferred onto nitrocellulose membranes using iBlot® DRy blotting System (Ther-
moFisher Scientific). Membranes were probed with primary antibodies (as indicated)
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and HRP-conjugated anti-rabbit or anti-mouse secondary antibodies (Merck). The chemi-
luminescence signal was detected using the ECL Select Western Blotting Detection Kit
(GE Healthcare) and the PXi 4 CCD camera (Ozyme, Saint-Cyr-l’École, France). Image
acquisition and data quantifications were performed with the Syngene softwares, GeneSys
and Genetools (Ozyme), respectively.

4.6. Large Scale Fraction Collection for Western Immunoblotting Analyses

Larger amounts of cellular extracts, corresponding to 5 mg of proteins, were loaded
on an SEC column in the same configuration as before, but fractions were collected as
indicated in Table 1 instead of going to an ICP MS detector. The seven different fractions
were lyophilized and resuspended in 200 μL of the lysis buffer. An aliquot of 10 μL of each
fraction was analyzed by western immunoblotting after migration onto protein gels.

5. Conclusions

The selenoproteome is expressed from 25 selenoprotein genes in humans, where
selenocysteine incorporation is genetically encoded. Their expression is finely controlled
by the selenium status of the organism or the availability of selenium in the culture
medium. Here, we have developed a new analytical strategy to study the expression of the
selenoproteome in response to selenium supplementation using non-radioactive selenium
isotopes (76Se, 77Se). We characterized the selective regulation of the most abundant
selenoproteins in dose–response and kinetic experiments in HEK293 cell line. Our data
suggest that the use of other natural isotopes of selenium (74Se, 78Se, 80Se and 82Se) in
multiplexing experiments followed by inductively coupled plasma mass spectrometry
detection is entirely feasible. Non-radioactive labeling of cellular selenocompounds paves
the way for quantitative selenoproteomics and selenometabolomics in the ever-improving
world of elemental and molecular mass spectrometry.
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Abstract: Viral infections have afflicted human health and despite great advancements in scientific
knowledge and technologies, continue to affect our society today. The current coronavirus (COVID-
19) pandemic has put a spotlight on the need to review the evidence on the impact of nutritional
strategies to maintain a healthy immune system, particularly in instances where there are limited
therapeutic treatments. Selenium, an essential trace element in humans, has a long history of lowering
the occurrence and severity of viral infections. Much of the benefits derived from selenium are due to
its incorporation into selenocysteine, an important component of proteins known as selenoproteins.
Viral infections are associated with an increase in reactive oxygen species and may result in oxidative
stress. Studies suggest that selenium deficiency alters immune response and viral infection by
increasing oxidative stress and the rate of mutations in the viral genome, leading to an increase in
pathogenicity and damage to the host. This review examines viral infections, including the novel
SARS-CoV-2, in the context of selenium, in order to inform potential nutritional strategies to maintain
a healthy immune system.

Keywords: selenium; selenoproteins; virus; viral; infection; reactive oxygen species; antioxidant;
HIV; HCV; HBV; coxsackie virus; influenza; glutathione peroxidase; thioredoxin reductase

1. Introduction

Viral infections have afflicted human health despite great advancements in scien-
tific knowledge and technologies [1–3]. Most recently, the novel severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has infected over 200 million individuals during
2019–August 2021 and has led to over 4.4 million deaths globally [4]. Selenium (Se), an es-
sential trace element in humans, has a long history of lowering the occurrence and severity
of viral infections [5–9]. Se deficiency impacts immune function [10], viral expression [8],
selenoprotein expression [11], and alters antioxidant response [12], allowing for greater
susceptibility to severe viral and bacterial infections [13]. Supplementing the diet with Se
has demonstrated positive effects on enhancing immunity against viral attacks [5]. Much of
the benefits derived from Se are due to its incorporation into selenocysteine, an important
component of the antioxidant defense systems, including the regulation of glutathione
peroxidase (GPXs) and thioredoxin reductase (TXNRD) activities [14]. Low levels of Se can
lead to more severe forms of viral infections and adequate selenium levels may provide a
protective effect toward the host response by affecting both immune response and oxidative
stress [13,15]. Severe pathology in Se deficiency is evidenced by more frequent and graver
symptoms, higher viral loads, declining levels of antioxidant enzymes such as GPX, and
mutations to the viral genome. Studies conducted by Beck et al. described in this review,
demonstrate that Se-deficiency is capable of increasing the virulence of a benign coxsackie
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virus through viral mutations and these mutations have led to a reduction in GPX activity,
therefore, resulting in oxidative stress [13,15].

The current coronavirus (COVID-19) infection pandemic has put a spotlight on the
need to review the evidence on the impact of nutritional strategies to maintain a healthy
immune system, as there are limited therapeutic treatments. Therefore, this review prin-
cipally focuses on Se, in the context of viral infections, including the novel SARS-CoV-2.
A review of the most common selenoproteins and their functions will be followed by the
evidence on the role and impact of Se on the human host’s ability to battle viral infections.

2. Selenoproteins and Functions

Selenoproteins are proteins that have incorporated the 21st amino acid in the genetic
code, selenocysteine (Sec) into their polypeptide chain. Selenocysteine is a true proteino-
genic amino acid in that it has its own unique codon (UGA), Sec insertion sequence (SECIS),
Sec-specific elongation factor (eEFsec), transfer RNA (tRNASec), and is co-translationally
inserted [16]. The biological functions of Se are mostly exerted through selenoprotein
domains that contain Sec residues [17,18]. Twenty-four selenoprotein genes have been
characterized in mice and 25 in humans [19,20]. Some of these selenoproteins demonstrated
their essential roles in developmental processes and in disease pathogenesis [21,22]. Se-
lenoproteins have been classified based on their known or suspected cellular functions; for
example GPX 1–4 for antioxidation, TXNRD 1–3, methionine sulfoxide reductase B (MSRB)1,
selenoproteins (SELENO) H, M, and W for redox regulation, iodothyronine deiodinase
(DIO) 1–3 for thyroid hormone metabolism, SELENOP for selenium transport and storage,
selenophosphate synthetase (SEPHS) 2 for the synthesis of selenophosphate, SELENOK
and T for calcium metabolism, SELENON protein involved in myogenesis, SELENOF, I
and S for protein folding, and SELENOO protein with AMPylation activity [21,22].

Only 2 of the 25 selenoproteins identified are extracellular, selenoprotein P (SELENOP),
and extracellular glutathione peroxidase (GPX3) [23]. SELENOP is noteworthy in that
it carries out the crucial role of distributing Se in plasma from the liver where dietary
selenium is metabolized [24,25]. and contains up to 9 Sec residues [23]. SELENOP then
binds to apolipoprotein E receptor-2 (apoER2) receptors on various tissues including the
brain and testis or lipoprotein receptor megalin (Lrp2) for endocytosis in the kidneys
for systemic distribution [18,26]. Different isoforms of SELENOP confer specificity to
the various receptors [26]. Once endocytosed, Se can be used for the formation of other
selenoproteins.

Among the more well-studied selenoproteins are those involved in maintaining home-
ostatic redox states, namely GPXs. There are 5 isoforms of GPXs that contain selenocysteine
residues and they each occupy distinct regions of the cell. Each GPX isoform catalyzes
the reduction of hydrogen peroxides using glutathione (GSH) as a cofactor, and in doing
so, maintains cellular homeostasis. In this capacity, GPXs play a vital role not only in the
prevention of oxidative stress but also in regulating redox signaling that can have broader
effects on cell proliferation, apoptosis, and cytokine expression [27]. This important role
of GPX and dietary Se is highlighted by the work of Beck et al., described later in this
review, which demonstrated that Se-deficient mice were susceptible to a myocarditic strain
of coxsackievirus whereas Se-adequate mice were unperturbed [10,28]. It was hypothesized
that diminished activity of GPX was responsible for viral mutations in the Se-deficient mice
and the production of more pathogenic virions [10,28].

Thioredoxin reductases (TXNRDs) are a family of selenoproteins, whose main function
is to reduce thioredoxins but has broad specificity allowing it to reduce other endogenous
and exogenous substrates [18,29]. The reduction of TXNRD’s is accomplished by electrons
from nicotinamide adenine dinucleotide phosphate (NADPH), which are transferred to
the active site of TXNRDs via flavin adenine dinucleotide (FAD), a redox-active coen-
zyme [18,29]. Thioredoxins themselves reduce a number of small proteins including
transcription factors such as nuclear factor kappa beta (NF-κβ), p53, redox factor 1 (REF-1),
apurinic/apyrimidinic endonucleases 1 (AP-1), and phosphatase and tensin homologue
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deleted on chromosome ten (PTEN) thereby controlling the expression of various genes
involved in cell growth, proliferation and inflammation [30].

Methionine sulfoxide reductase (MSR) is yet another selenoprotein with enzymatic ac-
tivity that combats intercellular oxidative damage [18,31–33]. Specifically, MSR reduces the
oxidized sulfur of methionine sulfoxide to produce the amino acid methionine [18,31–33].
Methionine sulfoxide alters protein function, may cause misfolding and dysregulates key
cellular processes [33]. Lee et al. [32] demonstrated that MSRB1 is involved in cytokine
regulation in macrophages by promoting the expression of anti-inflammatory cytokines
IL-10 and IL-1RA. Coincidently, MSRB1 is the only methionine sulfoxide reductase that is a
selenoprotein [32].

Unlike the aforementioned selenoproteins, SELENOK does not participate directly
in redox reactions [34]. Instead SELENOK, a disordered endoplasmic reticulum trans-
membrane protein is reliant on partner proteins to form complexes and execute various
functions [34]. One of the most well-established roles of SELENOK is in the palmitoylation
of various substrates when complexed with the acyltransferase DHHC6 [34]. One target of
the SELENOK/DHHC6 complex is inositol 1,4,5-trisphosphate receptor, an endoplasmic
reticulum (ER) calcium channel protein that is stabilized once acylated [34]. SELENOK,
therefore, plays a role in maintaining calcium efflux that is necessary for cell survival and
immune cell responses [34].

3. Viral Infections, Reactive Oxygen Species, and Selenium

Viral infections are associated with an increase in reactive oxygen species (ROS),
which are known to have both favorable and unfavorable effects on the host’s cells and
are important for the viral processes to maintain their infectious cycle [35,36]. ROS are
a collection of molecules originating from molecular oxygen produced through redox
reactions. Radical, having one free electron, and non-radical ROS may be formed by the
partial reduction of oxygen [37,38]. Within the host cells, a balance between ROS production
and ROS scavengers exists, where viral infections may create an unbalanced situation that
develops into oxidative stress [36]. ROS scavengers and antioxidant systems that help to
maintain redox homeostasis include catalase (CAT), superoxide dismutases (SODs), GPXs,
TXNRDs, peroxidredoxin (PRDXs), and GSH. If oxidative stress remains unchecked, ROS
may damage cellular proteins, lipids, and nucleic acids leading to adverse health effects
and increasing the risk for several diseases [38,39].

Selenium plays a major role in redox regulation via its incorporation in the form of
selenocysteine, into a family of proteins called selenoproteins [6]. Among these proteins,
GPXs and TXNRDs play a critical role as antioxidants and confer protection against free
radicals released by the immune response as a result of viral infection [8]. TXNRD defense
involves the regulation of nuclear factor erythroid 2–related factor 2 (Nrf2) activation, which
protects the cell against oxidative stress and inflammation [40], while GPX antioxidant
defense involves the reduction of various hydroperoxides and oxidized antioxidants by
catalyzing the conversion of GSH to glutathione disulfide [9]. Membrane integrity is also
maintained through GPXs [41]. Studies have shown that inadequate Se intake affects GPX
and TXNRD levels compromising cell-mediated immunity and humoral immunity linked
to an increased inflammatory response by the production of ROS and redox control pro-
cesses [40,42]. ROS production increases the expression of proinflammatory cytokines such
as tumor necrosis factor-alpha (TNF-α) and interleukin (IL)-6, through the upregulation
of NF-κβ activities [42]. Selenium acts as a crucial antioxidant through the modulation of
ROS production by inflammatory signaling inhibiting the activation of NF-κβ cascade and
suppressing the production of TNF-α and IL-6 [43]. Low Se levels decrease antioxidant
activity thus decreasing free radical neutralization [44]. These studies suggest that Se
deficiency alters immune response and viral infection by increasing oxidative stress and the
rate of mutations in the viral genome, producing an increase in pathogenicity and damage
to the host, as reported on influenza and coxsackie viruses [6].
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4. Viral Infections and Selenium

4.1. Coxsackie Virus

Several decades of research have provided sufficient evidence to demonstrate a re-
lationship between Se deficiency and Keshan disease, a grave cardiomyopathy. This
cardiomyopathy is believed to be caused by infection with Coxsackie B virus, a nonen-
veloped single-stranded RNA virus pertaining to the Picornaviridae family, and exclusively
found within China [10,45]. It was later discovered in the 1970s and 1980s that much of the
Se levels in the soil, water, food, and human circulating fluids in areas affected by Keshan
disease were deficient compared to other neighboring Chinese providences [46]. Sodium
selenite was provided to the population and a prospective study showed that it prevented
Keshan disease. Keshan disease was eradicated from endemic areas after the government
enacted a Se supplementation policy, therefore, demonstrating that Keshan disease occurred
due to two factors, infection with Coxsackie B virus and Se deficiency [47–49].

Animal studies conducted by Beck et al. confirmed the relationship with Se in mice by
infection with a non-cardio-virulent strain of Coxsackie B virus (CVB3/0) and a myocarditic
strain (CVB3/20). Heart damage was only observed in the mice fed a Se-deficient diet
compared to mice fed a Se-sufficient diet for 4 weeks, and the typical human pathology
was also observed [28,50]. These studies illustrated that Se deficiency caused a virus that
was non-virulent to contribute towards the development of myocarditis in the host, and
also increased its pathogenicity as the cardiovirulent strain under Se deficiency produced
greater symptoms [28,51].

Additional observations by Beck and colleagues showed higher viral loads in the Se-
deficient mice infected with both CVB3/0 and CVB3/20. The Se-deficient mice were found
to have reduced T-cell expansion and diminished mRNA levels of cytokines compared
to Se-adequate mice [15]. Subsequent studies led to the finding that Se deficiency was
responsible for a change in the genotype of the benign coxsackie virus CVB3/0 that caused
it to become virulent. Specifically, six nucleotides were modified that mimicked other
virulent strains of CVB3 viruses. Due to these mutations, the virus now had the possibility
to become pathogenic even in a Se-adequate host [45]. It was then hypothesized that a
reduction in GPX activity was responsible for the viral mutations. Therefore, subsequent
studies were conducted to demonstrate the protective effect of GPX1 in developing heart
damage when infected with a benign strain of Coxsackie B virus (CVB3/0) [52]. Mice with
a disrupted gpx1 gene infected with CVB3/0 compared with wild type mice with an intact
gpx1 gene experienced myocarditis, and sequencing of the viruses from the mice with
disrupted gpx1 gene showed seven nucleotide changes in the Coxsackie virus. Interestingly,
six of the seven nucleotide changes in the genome of the virus from the mice with disrupted
gpx1 genes matched the changes found in the Se-deficient mice previously [52]. These
classic experiments exhibit how nutritional status as it pertains to Se, and its ability to
protect antioxidant systems and immunity may impact the potential evolution of viruses to
become more virulent.

4.2. Influenza

Influenza viruses, known to cause the flu, are enveloped, single-stranded RNA viruses
within the Orthomyxoviridae family. Selenium deficiency has been associated with poor
selenoprotein expression [11] and altered antioxidant response in viral influenza A in-
fection [12]. The elegant in vitro [13] and animal experiments conducted by Dr. Beck
et al. [28,45,46,50,52,53] were the first to demonstrate the detrimental effects of Se deficiency
in influenza A virulence, which occurred due to changes in the viral genome [54]. Se defi-
ciency in mice infected with a highly virulent Influenza A strain (Influenza A/PR/8/34),
however, had higher levels of IL-2 expression followed by a higher level of IL-4 expression
in the lung, and higher survival compared to Se-adequate mice. These studies demon-
strated the essential role of Se in mounting an immune response to influenza A, by changing
its virulence and altering the host’s immune response [55].
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These in vitro and animal studies suggested that in vivo Se supplementation might
have a beneficial effect in humans, especially in the elderly, as the immune response
is compromised by age. To test this hypothesis, Ivory et al. [56] conducted a 12-week
randomized, double-blinded, placebo-controlled clinical trial in six groups of individuals
with suboptimal Se status or plasma Se levels < 110 ng/mL to observe the response after the
flu vaccine was provided. Four groups were given daily capsules of yeast: 20 participants
were given 0 μg Se/day (placebo), 18 participants were given 50 μg Se/day, 21 participants
received 100 μg Se/day, and 23 received 200 μg Se/day. Two groups were given onion-
containing meals, 17 participants received < 1 μg Se/day (unenriched onions), and 18
participants received 50 μg Se/day (Se enriched onions). After 10 weeks of supplementation,
all participants were administered the flu vaccine. Selenium supplementation compared
to placebo had beneficial and detrimental effects on the cell immunity response to the flu
vaccine that was dependent on the type of Se, and dose administered [56]. Se-yeast dose
of 200 μg/day demonstrated enhanced IL-10 secretion and lower granzyme B content, a
cytotoxic protease that induces apoptosis of target cells, within a cluster of differentiation 8
(CD8) cells, while 50 μg/day of Se through the enriched onion meal increased granzyme
content and perforin in CD8 cells and reduced natural killer T-cells.

The effectiveness of antiviral agents such as amantadine (AM) [57], oseltamivir
(OTV) [58], β-thujaplicin (TP) [59], and ribavirin (RBV) [60] to combat viral influence
has been limited by the emergence of drug-resistant viruses. Biological Se nanoparticles are
increasingly used as an agent to diminish drug resistance by “decorating” the nanoparticles
with antiviral drugs to increase effectiveness, such as Se@AM, Se@OTV, Se@TP, Se@RBV.
Selenium nanoparticles have been found to decrease oxidative stress, induce apoptosis
of infected cells, and reduce lung cell damage during influenza infection, in addition to
having low toxicity and increased drug activity in murine [59] and in vitro models [60].

4.3. Human Immunodeficiency Virus (HIV)

It is estimated that over 37 million people globally are living with HIV [61]. HIV is
an enveloped, single-stranded RNA virus and without treatment causes a collapse of the
immune system. The prevalence of Se deficiency in people living with HIV (PLWH) is
reported to be around 7–66% and increases as HIV disease progresses over time [62–65].
Although antiretroviral therapy (ART) has allowed HIV disease to become a chronic disease,
the immune system is still not fully reconditioned [66]. The rate of Se deficiency in PLWH
in Sub-Saharan Africa is greater than that in the United States (U.S.A.) and the literature
shows lower Se soil content in Sub-Saharan Africa [67]. Selenium deficiency in HIV disease
is associated with disease progression and mortality, regardless of ART initiation [63,68–71].
Models of simian immunodeficiency virus also corroborate the relationship between Se
deficiency and disease progression [72].

The relationship between HIV disease and increased oxidative stress [73–78] was
recorded early in the disease, and the development of ROS and its association with HIV
disease progression was documented in the very early stages of the emergence of the
disease [79,80]. Lower GSH levels were found as HIV advances to acquired immunodefi-
ciency syndrome (AIDS) [81] and alterations in antioxidant defense systems (SOD, CAT,
and GPX) have also been observed in PLWH [75,77,82]. Supplementation of 250 μg of
L-selenomethionine (100 μg of Se) for one year led to increased GPX activity [83] and
adequate dietary Se intake was also associated with lower oxidative stress in PLWH [84].

Studies in children and adults living with HIV have found associations with Se defi-
ciency and adverse health outcomes including mortality. Countries with a high prevalence
of HIV such as South Africa, have shown that Se intake in children is not adequate and
the overall diet quality is low [85]. In studies conducted in Nigeria, children with HIV
had significantly lower Se levels compared to matched HIV-non-infected children in the
same region and a high rate (>70%) of Se deficiency [86,87]. In children living with HIV
in the U.S.A., Se deficiency was associated with advanced immunodeficiency [88] and
mortality [63]. In adult PLWH who were initiating antiretroviral therapy (ART) or were
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already taking ART, Se deficiency was associated with HIV disease progression and mor-
tality [70,71]. Additionally, Se values have been found to be lower in adult PLWH than in
adults without HIV [89,90], as well as in later stages of HIV [90].

Several Se supplementation trials have been conducted within the United States [91,92],
Tanzania [93,94], Botswana [95], and Rwanda [96]. These trials have demonstrated that
Se supplementation in the dose of 200 μg in PLWH who are ART naïve or on ART may
delay HIV disease progression through maintenance of cluster of differentiation 4 (CD4)
cell counts. Hurwitz et al. [92] demonstrated that supplementation with Se resulted in
significantly suppressed HIV viral load along with improved CD4 cell count. Trials using Se
as part of a formula in combination with other micronutrients have not been able to discern
the benefits of Se from the other components. We [95] concluded that supplementation with
multivitamins and Se was safe and statistically significantly reduced the risk of immune
decline and morbidity. Discrepancies between supplementation studies include the ART
status of the participants, the baseline CD4 cell counts, and the length of time that the
participants were supplemented and followed [97]. A Cochrane review of micronutrient
supplementation and HIV concluded that additional trials with single nutrients were
needed to build the evidence base for adults and establish long-term benefits [98].

4.4. Hepatitis B and C Viruses (HBV and HCV)

The World Health Organization (WHO) estimates that 257 million people and 71
million people were infected with hepatitis B virus (HBV) and hepatitis C virus (HCV),
respectively [99]. Both HBV and HCV can cause acute and chronic hepatitis which can
develop into cirrhosis and hepatocellular carcinoma (HCC). In 2015, there were 720,000 and
470,000 deaths from hepatic cirrhosis and HCC, respectively [99]. Though both HBV and
HCV are hepatotropic, HCV belongs to the Flaviviridae family, whereas HBV is a member
of the Hepadnaviridae family [100]. HBV is a partially double-stranded DNA virus that
uses the host RNA polymerase II machinery to produce pre-genomic RNA, which is reverse
transcribed into viral DNA [101]. HCV is an enveloped, single-stranded RNA virus, which
exhibits extremely high mutation rates—up to one mutation per genome per generation
cycle—since proofreading activity is lacking in RNA-dependent RNA polymerases required
for its replication [102].

Selenium status determined by GPX3 activity and the concentration of serum/plasma
Se and plasma SELENOP have been reported to be influenced in HBV and HCV patients in
several studies. Serum Se concentrations are statistically significantly lower in HBV/HCV
infected people when compared with the control group [103,104]. Selenium level is also
associated with the severity and progression of the HBV/HCV disease [103,105,106]. In-
creased concentrations of aspartate aminotransferase and alanine aminotransferase (ALT)
were independently associated with low Se concentration in chronic HBV patients with
more hepatic damage [106]. The Se concentrations in plasma and erythrocytes are signif-
icantly lower in HCV-infected people than in controls and have an inversed correlation
with HCV viral load [107]. Besides this, plasma Se level is statistically lower in people with
HCV-induced cirrhosis with and without HCC when compared with HCV-infected people
without liver cirrhosis or HCC [108].

Chronic HBV and HCV infection enhances ROS production and cause elevated ox-
idative stress and decreased antioxidant activity in liver cells [109–112]. ROS, produced as
byproducts during cellular metabolism, have been implicated in several hepatic pathologies
to maintain cellular homeostasis, including cell signaling, transcription, apoptosis, and
immunomodulation [113–116]. Patients suffering from HBV or HCV infection show signifi-
cant depletion of GSH and GPX when compared to non-infected participants [117,118]. As
part of the antioxidant defense system, Se deficiency may be enhanced by the hepatic viral-
induced oxidative stress and the requirement of selenoproteins during viral replication. An
in vitro study showed that HCV can inhibit the expression of gastrointestinal-GPX (GPX2),
a GPX that is also expressed in the liver, resulting in an increase in viral replication [7,119].
Nonstructural protein 5A (NS5A) of HCV, which is reported to enhance oxidative stress by

244



Int. J. Mol. Sci. 2022, 23, 280

perturbing Ca2+ homeostasis [120], also induces the expression and activity of GPX1 and
GPX4 [121]. Besides, the GPX homology region overlaps the highly conserved NS4 gene in
HCV, supporting that the NS4 gene is a functional GPX module [122]. Although the causes
of Se deficiency in HBV and HCV are not fully understood, it is possible that the decreased
level of circulating Se is related to the requirement of Se during viral replication.

The demand for Se during HBV and HCV infection causes the systemic deficiency
of Se and can be compensated by supplementation. Supplementation of Se has shown
to be protective against a wide range of different sources of oxidative stress and optimal
immune responses [123,124]. Primary HCC incidence was reduced by 35.1% in Se supple-
mented people living with HBV as compared with non-supplemented people living with
HBV [125]. However, when Se supplementation was stopped, primary HCC incidence
began to increase [125]. Selenium also improves the rate and level of antibody response
against the HBV vaccine in insulin-dependent diabetes mellitus cases that were on an
accelerated vaccination schedule instead of a routine vaccine schedule [126]. A triple
antioxidant combination of Se, alpha-lipoic acid, and silymarin supplementation in three
chronic HCV-infected patients demonstrated an improvement in ALT [127]. However, a
6-month trial showed that those living with HCV supplemented with vitamins C, vitamin
E, and 200 μg Se per day had an increase in antioxidant status with no beneficial effect on
ALT, HCV viral load, or liver damage as compared with the non-supplemented individuals
living with HCV [128].

As discussed in the previous paragraph, Se deficiency has been involved in the patho-
genesis of HBV and HCV infection. In turn, the deficiency of Se leads to elevated oxidative
stress, pathological changes, and inflammation in the liver [129]. Histological study shows
hepatic sinus expansion, lymphocyte infiltration, and stripe-like hyperplasia in the liver
with Se deficiency. Liver inflammation is initiated by Se deficiency as pro-inflammatory fac-
tors and molecules, such as IL-1β, IL-6, IL-12, NF-κβ, and NF-κβ p65, were all significantly
higher in the Se-deficient group [129]. Hepatic antioxidant capacity is also influenced by
Se deficiency as a decrease in both mRNA expression of selenoprotein genes (GPX1 and
GPX3), as determined by quantitative real-time PCR and the level of selenoproteins (GPX1,
GPX4, and TXNRD1), identified by global proteomics, are observed [129–131]. Interestingly,
an in vitro study showed that Se deficiency can result in oxidative stress and apoptosis of
non-HBV-infected hepatocytes, whereas HBV-infected hepatocytes gain a survival capacity
and escape from the apoptosis consequence [132].

4.5. Poliovirus

Poliovirus is part of the Picornaviridae family of RNA viruses that are non-enveloped
and may infect vertebrate animals [133]. Infection generates high levels of ROS and reactive
nitrogen species as well as antioxidant enzymes being downregulated within cells that have
been infected [134]. The supplementation of Se has been shown to improve the response
of the vaccine for the poliovirus more in patients that have less optimal immune systems
based on Se status, although the impact of supplementation on patients with optimal
immune systems based on Se status is unclear [135]. Furthermore, the supplementation
of Se did not affect all aspects of an individual’s immune response shown in the same
trial where a live poliomyelitis vaccine was given to people with low Se status. This
resulted in the increase of T cell and IL-10 production but did not affect the natural killer
(NK) or B cell count, still resulting in the rapid removal of poliomyelitis from the patients
supplemented [136]. Selenium also did not affect the levels of CD4+ T helper (Th) 1 cells to
Th2 cells or the humoral immune response [135] in a different trial where patients were
given a dose of the poliovirus vaccine and took either a placebo, 50 μg or 100 μg of Se. An
increase in the antibody titers within all groups that were relatively equal was shown [135].
Se supplementation prior to the polio vaccine seemed to only enhance the cellular antiviral
immune response.
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4.6. Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)

The novel COVID-19 is caused by SARS-CoV-2, a single-stranded RNA coronavirus.
The severity of the disease has been linked to aging and comorbidities such as hyper-
tension, diabetes, obesity, cardiovascular disease, kidney disease, cancer, and pulmonary
diseases [137,138]. Most of the people who test positive for COVID-19 develop mild or no
symptoms, while others develop acute respiratory distress syndrome (ARDS), heart failure,
blood clots, neurological complications, and elevated inflammatory response [137,139].
SARS-CoV-2 pathology has been associated with an increased immune response, leading
to a release of cytokines and chemokines, also known as cytokine storm [140], as well
as increased inflammatory markers such as D-dimer and ferritin [141,142]. This hyper-
active inflammatory response may also bring about severe pathology in the brain [143].
SARS-CoV-2 may directly impact the central nervous system and enter the brain through
various routes [144–147]. Increased systemic inflammation promoted by SARS-CoV-2 has
the potential to disturb the blood-brain barrier and co-morbidities associated with severe
cases of COVID-19 may enable the attack of the brain by SARS-CoV-2 [143,148].

It has been noted that there is a potential and developing relationship between Se levels
and COVID-19 outcomes. Proposed mechanisms by which Se may act upon the SARS-CoV-
2 virus based on previous research in RNA viruses include restoration of GPX and TXNRD
thus reducing oxidative stress, reduction of viral-induced cell apoptosis, provision of Se
for the host’s antioxidant needs, protection of endothelial cells, and reduced blood platelet
aggregation [149,150]. COVID-19 is associated with a heightened level of oxidative stress
and inflammation that are implicated in the pathogenesis of pulmonary disease [151]. GSH
provides protection to the epithelial barrier within the lungs, and it has been suggested that
improvement of GSH levels would be a strategy that may protect against inflammation and
oxidant-related damage in the lungs [151]. A study conducted by Mahmoodpoor et al. [152]
supplemented sodium selenite in patients with ARDS, often associated with severe cases
of COVID-19, and found that it restored the antioxidant capability of the lungs, reduced
inflammation, and improved respiratory mechanics. Lower total lymphocytes and CD4+
T, CD8+ T, B, and NK cells were found in COVID-19 patients and those with severe cases
compared to mild cases of COVID-19 had lower lymphocyte subsets [153]. The function
and differentiation of B and T cells may be affected by Se status [154]. Deficiency of Se in
mice has been associated with lower T cell proliferation, while supplementation increased
T cell activity and differentiation [155].

Clinical data investigating Se and COVID-19 are sparse; however, some reports from
China and other countries globally have surfaced. In China, where there is a wide range
of soil Se levels and thus a variation of Se daily intake, a linear association has been
demonstrated between reported cure rates of COVID-19 and Se hair concentration data,
dating from 2011 and older [156]. The same research group in China documented higher
fatality risk in cities that had selenium-deficient levels in crops and topsoil compared to
cities with non-deficient selenium levels in crops and topsoil [157]. Intake of Se varies
worldwide, and China is known to be one of the most Se deficient countries in the world,
with a wide range of levels that differs from lowest to highest in the world. COVID-19
fatality rate varies across different regions in China, suggesting that Se status may be
related to COVID-19 outcomes [156,158]. In the city of Wuhan, where the SARS-CoV-2
virus was first discovered, and in other cities such as Suizhou and Xiaogan, low Se soil
status was associated with the highest COVID-19 incidence [156]. In contrast, cities such
as Enshi, Yichang, and Xiangyan, where high Se intake occurs, had the lowest COVID-19
incidence [156]. In contrast, in a retrospective study completed in Wuhan, China, with
hospitalized COVID-19 patients, the severity of COVID-19 was associated with higher
Se levels in urine [159]. The authors hypothesize that liver abnormalities due to the
severity of the disease may have impacted the excess urinary Se found in severe COVID-19
patients [159].

Studies conducted in other parts of the world are showing similar relationships to
those completed in China. In a study conducted in South Korea on hospitalized COVID-
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19 patients, 42% were found to be Se deficient and as the severity of disease increased,
Se plasma levels decreased [160]. These patients also experienced additional nutritional
deficiencies. COVID-19 patients compared to healthy controls in India, Iran and Russia
had significantly lower plasma Se levels [161–163]. A greater rate of low plasma Se levels
(<70 ng/mL) was found in COVID-19 patients (43%) compared to controls in India (20) [161].
Lung damage, as assessed by computer tomography, was inversely associated with Se
levels in Russia [163].

COVID-19 patients may also experience increases in oxidative stress and increases in
Se-related markers and lower Se levels have been documented in these patients. Moghad-
dam al. [164] observed an association between markers of Se status and COVID-19 out-
comes from COVID-19 patients in Germany. Serum Se and SELENOP concentrations were
lower in COVID-19 patients compared to a reference European population. A comparison
of patients that survived compared to those who died from COVID-19 showed that the
deceased had a significantly greater deficiency of serum Se and SELENOP concentrations
than those who survived. In addition, those who died had significantly lower serum Se,
SELENOP levels, and GPX compared with patients who survived. A study in Belgium
using a convenience sample of patients hospitalized with severe COVID-19 pneumonia
observed statistically lower GSH levels and higher GPX levels compared with reference
intervals among other results showing elevated markers of oxidative stress and lower
antioxidant status [165]. Recently, Polonikov [166] hypothesized that GSH deficiency plays
a major role in augmenting SARS-CoV-2 oxidative damage, which leads to greater disease
progression and mortality. This viewpoint was based on data showing lower GSH and
higher ROS levels in COVID-19 patients with mild disease and increasing severity that
included higher viral load with GSH deficiency [166] and work completed by Hurwitz
et al. [167] that demonstrated improvement in dyspnea with high dose oral and IV GSH
in two patients with underlying conditions who tested positive for COVID-19. These
conclusions were based on very small samples and therefore require additional larger
clinical studies to replicate the findings and eventual intervention studies. The evidence
presented above suggests that Se availability contributes to resisting SARS-CoV-2 infection,
corresponding with studies that show adequate levels of Se status maintains an appropriate
immune response to viral infection [6,134,136].

There are no known published Se supplementation clinical trials in the context of
COVID-19 at this time and one study is currently listed on clincaltrials.gov that will
examine the efficacy of Se (selenious acid infusion also known as sodium selenite) for the
treatment of moderately-ill, severely ill, and critically ill COVID-19 patients (Identifier:
NCT04869579). Sodium selenite supplementation has been proposed for the prevention of
COVID-19 infections and severe disease [149,168]. Sodium selenite is easily available, short-
term toxicity is marginal and may cross the blood-brain barrier [149]. This chemical form
may oxidize thiol groups located in the virus protein disulfide isomerase, which would
interfere with its ability to infiltrate the cell membrane and produce an infection [168].
TXNRD activity increases quickly after supplementation with sodium selenite in cancer cell
lines and critically ill patients [169,170] and has demonstrated reduced ROS production and
viral-induced cell apoptosis in cell culture studies [171]. A common feature of COVID-19 is
thrombotic complications and altered platelet function is believed to affect the sequelae of
this infection [172]. Sodium selenite has also been shown to have an anti-aggregating effect
through its reduction of thromboxane A2 formation, an important factor in blood platelet
activation and formation [173]. The effectiveness of sodium selenite for the prevention
and management of COVID-19 should be tested immediately as the COVID-19 pandemic
continues to persist and threaten the health of individuals globally, thus necessitating
rapidly accessible treatment strategies.

Since Se has pronounced therapeutic potential for the treatment of viral infections
and other conditions such as cancer, Se nanomedicine has received a lot of attention.
Se nanoparticles are known to have low toxicity with marked and selective cytotoxic
effects with small quantities [174]. Additionally, Se nanoparticles have high effectiveness
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in the inhibition of oxidative damage [175–177]. Recently published data show that Se
nanoparticles activate programmed cell death in target cancer tissue through calcium (Ca)2+

signaling pathways [178]. Immune cells also require calcium flux to generate oxidative
stress [174]. Through chemical methods, Se nanoparticles may be produced with Se sources
that include sodium selenite, selenious acid, and sodium selenosulfate [174]. Due to the
developing relationship between Se and COVID-19, Se nanomedicine is being suggested
as a tool in the fight against SARS-CoV-2 [179]. Currently, there are tremendous prospects
of using nanomedicine in ARDS for the prevention, diagnosis, and treatment, which
may have applicability for COVID-19 [180]. Jin et al. [181] discovered that an organic Se
compound known as Ebselen, and a promising antioxidant drug, could inhibit SARS-CoV-2
by penetrating the cell membrane and displaying antiviral activity. Ebselen is known to
have anti-inflammatory activity, mimic GPX activity, and should be considered for clinical
studies [181,182].

5. Nutrition and Recommended Intakes and Supplementation of Selenium

Optimal nutrition is important for regulating inflammatory and oxidative stress pro-
cesses within the body [183]. These processes are important for the maintenance of the
immune system and previous research has shown that nutritional status affects health out-
comes in viral infections [13]. The number of chronic conditions globally has increased [184]
and seems to have a strong influence on the disease progression of COVID-19 [185]. There-
fore, a healthy dietary pattern, a modifiable risk factor, may reduce chronic conditions, the
development of infections, and the severity of viral infections [186,187]. Low intakes of
Se, zinc, magnesium, copper, vitamins A, B6, B12, C, D, and E, and omega-3 fatty acids
have been associated with worse outcomes in viral infection and lower immunity [188–190]
and should also be considered for the prevention and management of COVID-19 [191–193].
More research is needed to further define the role of nutrition in COVID-19 infection and
disease progression and appropriate doses. However, at a minimum in order to support
the functions of the immune system, recommendations for the consumption of nutrients
that may impact immunity should be the in amounts directed by the reference nutrient
intakes or recommended daily allowance [187].

Intake of Se by humans may vary according to differences in sources of food, accumu-
lation of Se in animals and the content of Se in the soil [8]. Countries with poor Se in the soil
include Finland, New Zealand, the United Kingdom, sub-Saharan Africa, and certain areas
of China where Keshan is prevalent [194,195]. Consequently, the differences in intake of Se
may be quite large, for example, daily Se intake in Europe is estimated to be about 40 μg
per day and in the U.S.A. about 90–134 μg per day [196]. Selenium is plentiful in Brazil
nuts, seafood, organ meats, muscle meats, cereals, grains, and dairy [197], and the diet in
the U.S.A. provides Se mainly from grains, meat, poultry, fish, and eggs [198]. Selenium in
vegetables is predominantly found as selenomethionine, selenium-methylselenocysteine
or γ-glutamyl-selenium-methylselenocysteine and in meat as selenocysteine [8]. Inor-
ganic Sec compounds including sodium selenite and selenate may be found in dietary
supplements [8].

The current recommended intake for Se in the U.S.A. for adults is 55 μg per day. This
recommendation is based on the consumption of Se needed to maximize the action of the
selenoprotein GPX [199]. The WHO recommended nutrient intakes for Se in adults are
26 μg per day for women and 34 μg per day for men [200]. The Tolerable Upper Intake
Level (UL) for Se in adults is 400 μg per day and the limit is based on the increased risk for
selenosis [199]. The European Food Safety Authority in the European Union set the daily
adequate intake for Se at 70 μg [201]. Selenosis in humans may cause loss of hair, thickened
and stratified nails, and a garlic-like odor present in the mouth and skin [202,203]. Toxicity
of Se appears to be less common than Se deficiency and has been reported to be caused by
over supplementation and accidental consumption of high doses through consumption of
foods grown in soil with large amounts of Se present [9,204].
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6. Conclusions

Selenium plays an important role in the host during viral infections, assisting in
redox homeostasis, antioxidant defense, and minimizing oxidative stress (Table 1). These
protective roles are accomplished largely through its incorporation into selenoproteins.
Antioxidant defense systems that incorporate selenoproteins, mainly GPXs and TXNRDs,
are crucial for reducing oxidative stress created by an imbalance of ROS as a result of viral
infections. Selenium deficiency may also have an effect on the viral genome leading to
greater pathogenicity. Adequate Se intake is imperative for these systems to be functional
and provide full enzymatic activities. The data on the relationship between Se and the
novel SARS-CoV-2 are still evolving, however, preliminary results show a link between
Se status and severity of COVID-19 outcomes. Therefore, Se status should be reviewed in
patients with COVID-19 as a risk factor for graver outcomes. The literature on RNA viruses
provides promising mechanisms of action for the use of Se in the prevention and disease
management of COVID-19. Sodium selenite has been proposed as a preventive measure
and adjuvant therapy for COVID-19 based on its potential ability to restore GPX and
TXNRD activity, reduce viral-induced cell apoptosis, protect endothelial cells, and reduce
blood platelet aggregation. Se nanoparticles should also be considered as a mechanism
to deliver Se to target organs such as the lungs and deliver Se without risks of toxicity.
Data available from other viral infections in conjunction with the current COVID-19 data
provide sufficient justification for future and timely Se intervention studies.

Table 1. Summary of Selenium Studies.

Topic Conclusions References

Viral Infections, Reactive
Oxygen Species (ROS),

and Selenium (Se)

Viral Infections are associated with ROS. Glutathione peroxidases
(GPXs) and thioredoxin reductases (TXNRDs) (family of

selenoproteins) play a role as antioxidants and confer protection
against free radicals as a result of viral infection. Se intake may affect

GPXs and TXNRDs levels.

[8,35,36,40,42]

Coxsackie Virus

Keshan disease responsive to sodium selenite supplementation.
Keshan disease due to infection with Coxsackie B virus and Se

deficiency. Benign Coxsackie B virus became virulent when mice were
Se-deficient and greater pathology in cardiovirulent Coxsackie B virus
strain. Se deficiency was responsible for a change in the genotype of
the benign coxsackie virus CVB3/0 that caused it to become virulent

and decreased the activity of GPX.

[28,45,47–52,54]

Influenza

Se deficiency has been associated with poor selenoprotein expression,
altered antioxidant response, and viral genome changes in viral

influenza A infection. Se supplementation in healthy older adults
yielded beneficial and detrimental effects related to anti-flu immunity.

[11–13,55,56]

Human
Immunodeficiency

Virus (HIV)

Se deficiency was associated with advanced immunodeficiency and
mortality. Se supplementation in HIV has demonstrated benefits on

HIV disease progression.
[63,68–71,86–88,91–96]

Hepatitis B and
C Viruses

Se levels associated with HBV/HCV infection, severity, and
progression of disease. Depletion of GSH and GPX in HBV/HCV. Se

supplementation in areas of low intake may prevent HBV and primary
liver cancer. Se deficiency associated with inflammation of the liver.

[103–106,117,118,125,129]

Poliovirus Supplementation of Se to improve the response of polio vaccine
remains inconclusive. [135,136]

Severe Acute
Respiratory Syndrome

Coronavirus 2
(SARS-CoV-2)

Se soil status may be associated with COVID-19 incidence and severity
of COVID-19 outcomes in China. COVID-19 infection and severity
associated with lower Se levels, greater oxidative stress, and lower

antioxidant status.

[158,159,161–167]
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Abstract: Selenium is a fascinating element that has a long history, most of which documents it as a
deleterious element to health. In more recent years, selenium has been found to be an essential element
in the diet of humans, all other mammals, and many other life forms. It has many health benefits that
include, for example, roles in preventing heart disease and certain forms of cancer, slowing AIDS
progression in HIV patients, supporting male reproduction, inhibiting viral expression, and boosting
the immune system, and it also plays essential roles in mammalian development. Elucidating the
molecular biology of selenium over the past 40 years generated an entirely new field of science which
encompassed the many novel features of selenium. These features were (1) how this element makes
its way into protein as the 21st amino acid in the genetic code, selenocysteine (Sec); (2) the vast
amount of machinery dedicated to synthesizing Sec uniquely on its tRNA; (3) the incorporation of Sec
into protein; and (4) the roles of the resulting Sec-containing proteins (selenoproteins) in health and
development. One of the research areas receiving the most attention regarding selenium in health
has been its role in cancer prevention, but further research has also exposed the role of this element
as a facilitator of various maladies, including cancer.

Keywords: cancer; health; mouse models; selenium; selenocysteine (Sec); tRNA[Ser]Sec;
Sec-tRNA[Ser]Sec; selenoproteins

1. Introduction

The element selenium was discovered in 1817 by the Swedish chemist, Jöns Jacob
Berzelius [1]. He named selenium after the Greek goddess of the moon, Selene. This
fascinating element has a long and unsavory history of use as a dietary component. Its first
description as being deleterious for animals to ingest was reported by Marco Polo in the
late 13th century [2]. In his travels in Western China, Marco Polo wrote about an illness
that his “beasts of burden” acquired wherein their hooves became brittle and fell off after
eating certain plants. These plants most likely were seleniferous plants, which absorb large
quantities of selenium from the soil and store the selenium in their tissues. Such diseases
as Polo described have been found in the 20th century in horses and cattle that grazed
on the plains of the Dakota and Nebraska territories of the United States. For example,
T.C. Madison, an army physician stationed at Fort Randall in Northern Nebraska in the
mid-1850s, described a necrotic hoof disorder that, in addition, involved losses of hair in
the mane and tail among the army horses that grazed on the plants around the fort [3].

Subsequently, Franke reported that this malady, which was found to be prevalent
in the livestock living in these Great Plains states, resulted from these animals eating
seleniferous plants that were rich in selenium absorbed from high levels of this element in
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the soil [4]. Interestingly, and to further document the harmful effects of selenium on the
animals ingesting plants rich in this element, selenium poisoning in horses was thought to
have played a role in General George Custer’s defeat at the Little Bighorn [5]. The military
horses under Custer’s command had grazed freely on the plants surrounding the area
where he and his men had waited prior to the battle; these plants were later found to be
seleniferous plants. At the Battle of the Little Bighorn on 25 June 1876, Custer’s horses
were reported to have had laminitis, which caused them to be lame, and led to Custer’s
defeat [5].

Selenium’s role as a deleterious dietary element took a major turn for the good in 1957,
when Schwarz and Foltz unexpectedly found that it prevented liver necrosis in rats [6]. The
Schwartz and Foltz finding was followed by another interesting observation that selenium
had an important role in anaerobic growth in Escherichia coli when this organism was
grown on glucose [7]. It soon became obvious that selenium was an essential element in
the diet of mammals and many other life forms when ingested in low levels, but harmful
when ingested in high levels (see several chapters in [8] for an in-depth summary on these
findings). The window between too little and too much selenium in the diet is rather
narrow for most organisms.

Subsequently, the livestock industry found that the inclusion of selenium in the diet of
livestock had many health benefits. These included enhanced fertility in male sheep and
cattle, and importantly also the alleviation of numerous disorders such as white muscle
disease and ill thrift in lambs and calves, pancreatic degeneration and exudative diathesis
in fowl, and hepatosis dietetica in swine [9]. In many regions of the world where livestock
are prevalent, the addition of selenium in the diets of livestock has saved this industry hun-
dreds of millions of dollars [10]. With regard to humans, in certain regions in rural China,
where the soil is deficient in selenium and hence the selenium status of the individuals
living therein is suboptimal, maladies such as Keshan disease, a cardiomyopathy primarily
in children, were found [11]. Similarly, Kashin–Beck disease, a chronic, endemic osteochon-
dropathy, was found primarily in southwestern to northeastern China [12]. Keshan disease
has been virtually eradicated in China by supplementing the diets of the populations
residing in specific rural areas where the soil is deficient in selenium [13]. In the USA, the
recommended daily amount of selenium is set forth by the Food and Nutrition Board of
the National Academies of Medicine, and is 55 micrograms per day for men and women
above 14 years of age. Women who are pregnant or lactating require 60 or 70 micrograms
per day [14,15].

In addition to having roles in preventing heart disease and other muscle disorders, as
well as enhancing male fertility, selenium was found to have roles as a chemopreventive
agent in certain cancers [16–19], roles in boosting immune function [18,20], in suppressing
viral expression [21], in slowing the development of AIDS in HIV positive patients [22] and
in Simian Acquired Immunodeficiency Virus (SAIDS)-infected monkeys [23], and possibly
in slowing the aging process [24].

Low molecular weight selenium-containing compounds (LMW selenocompounds)
also have highly significant roles in providing benefits to mammals. The research carried
out in this area constitutes a subfield within the selenium field. There are several excellent
reviews on the benefits of LMW selenocompounds in health and numerous other aspects of
these selenocompounds [25–27]. This topic will, therefore, not be further discussed herein.

Several seminal studies in the selenium field in the 1970s and 1980s provided the
foundation for elucidating the molecular biology of selenium and established it as a separate
and highly significant field in science. Initially, selenium was found to be an essential
component of glutathione peroxidase 1 (GPX1) in 1973 [28,29], which was subsequently
identified in clostridial glycine reductase as selenocysteine (Sec) [30]. Bovine GPX1 was
sequenced in 1984, and the position of the Sec moiety was therefore established within the
protein [31]. The gene sequences of mammalian Gpx1 [32] and bacterial glycine formate
dehydrogenase [33] were determined, and the Sec residue in the corresponding proteins
shown to be encoded by TGA in both genes.
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Additional studies that played major roles in defining the molecular biology of sele-
nium as a separate field of science rapidly developed, and encompassed how selenium
made its way into protein as the 21st proteinogenic amino acid in the genetic code—the
vast machinery dedicated to synthesizing Sec and incorporating it into protein—and the
roles of the resulting Sec-containing proteins (selenoproteins) in health and development.
One of the research areas receiving much attention has been the role of selenium in cancer
prevention, but this finding has also exposed the potential role of this element as a facilitator
of various maladies, including cancer. These aspects of the molecular biology of selenium
are discussed herein.

2. Selenocysteine (Sec) tRNA[Ser]Sec

This Section describes various aspects of Sec tRNA[Ser]Sec (i.e., the transcription of
tRNA[Ser]Sec, primary sequences of the two isoforms, their distributions, the synthesis of
Sec on tRNA[Ser]Sec, and the incorporation of Sec into selenoproteins as the 21st amino acid
in the genetic code). The reason Sec tRNA is designated tRNA[Ser]Sec is that it is initially
aminoacylated with serine (Ser) by Ser-tRNA synthetase (SARS), and the Ser moiety is then
uniquely converted to Sec on the tRNA (see Section 2.4 below).

2.1. Transcription of the tRNA[Ser]Sec Gene (Trsp)

Trsp is a single-copy gene in most genomes, but several organisms, including zebrafish,
have more than one copy [34,35]. Transfer RNA[Ser]Sec is transcribed, like all canonical
tRNAs, by RNA polymerase (Pol) III, except in Trypanosoma brucei which was reported to be
transcribed by Pol II [36]. However, the promoter structure and TATA-box-binding protein
utilization of tRNA[Ser]Sec are distinct from those of other tRNA genes [37,38]. While the
transcription of canonical tRNA genes is dependent on the internal promoters, so called A-
and B-boxes, the upstream promoters including TATA-boxes govern the transcription of
tRNA[Ser]Sec and other TATA-less Pol III genes such as snU6 and 7SK. Trsp transcription is
initiated at the first nucleotide within the gene, whereas all other tRNAs are transcribed with
a leader sequence that must be removed by processing from the resulting transcript [39].
The tRNA[Ser]Sec transcript has a trailer sequence, and like all other tRNAs, the trailer
must be processed to yield the primary sequence, wherein the ubiquitous CCA terminus is
then added to prepare the completed transcript which is now ready for modification.

2.2. Primary Sequence of Sec tRNA[Ser]Sec

The primary sequence of Sec tRNA[Ser]Sec, which is the longest tRNA described to
date, contains 90 or more nucleotides, depending on the species that encodes Trsp. In higher
animals (e.g., Xenopus, birds, and mammals), four bases are modified on the 90 nucleotide
primary transcript, and a portion of the Sec tRNA population is modified on the 2′-O-
ribosyl moiety forming the only nucleoside modification (reviewed in [40]). The four base
modifications are 5-methoxycarbonylmethyluracil (mcm5U) at position 34 (the wobble
position in the anticodon), isopentenyladenosine (i6A) at position 37 (the base immediately
5′ to the anticodon), pseudouridine (Ψ) at position 55, and N1-methyladenosine (m1A) at
position 58 (wherein the last two modifications occur within the TΨC loop). The single
nucleoside modification occurs when a portion of the mcm5U isoform is converted to 5-
methoxycarbonylmethyluracil-2′-O-methylribose (mcm5Um). The methylation of mcm5U
to mcm5Um requires other modifications such as i6A and m1A, and the correct tertiary
structure [41]. Interestingly, methylation of mcm5U is influenced by the selenium levels
in the cell [41]. The primary structures of tRNA[Ser]Sec

mm
5

U and tRNA[Ser]Sec
mm

5
Um are

shown in a cloverleaf form in Figure 1.
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Figure 1. Cloverleaf model of human tRNA[Ser]Sec. The image shows the 90 bases in human
tRNA[Ser]Sec. The paired 5′ and 3′ terminal bases constitute the acceptor stem, and on the left portion
of the tRNA, the D stem and loop constitute six paired and four unpaired bases. On the lower portion
of the tRNA, the anticodon stem and loop constitute six paired and seven unpaired bases, and the
variable stem and loop constitute five paired and four unpaired bases. On the right portion of the
tRNA, the TΨC stem and loop constitute four paired and seven unpaired bases. Human tRNA[Ser]Sec

contains base modifications at the following positions: 34 (mcm5U), 37 (i6A), 55 (Ψ), and 58 (m1A).
The two isoforms differ from one another at position 34 by a single methyl group on the 2′-O-ribosyl
moiety.

2.3. The Sec-tRNA[Ser]Sec Population

The Sec-tRNA[Ser]Sec populations in bacteria and archaea consist of a single tRNA
that is aminoacylated with Ser by seryl-tRNA synthetase (SARS). The tRNA[Ser]Sec pop-
ulations in mammals, birds, and Xenopus consist of two isoforms: tRNA[Ser]Sec

mcm
5

U
and tRNA[Ser]Sec

mm
5

Um, both of which are aminoacylated with Ser by their correspond-
ing SARS [18]. The levels of the two isoforms are not limiting; however, reducing the
tRNA[Ser]Sec population by about half or increasing it several-fold does not generally
appear to affect overall selenoprotein expression in various mammalian cells and mouse
tissues [42]—albeit some minor differences in selenoprotein expression have been ob-
served [43].

The levels of mcm5U are enriched and those of mcm5Um diminished under conditions
of selenium deficiency in mammalian cells and organs, while the reverse is true under
conditions of selenium sufficiency, i.e., the levels of mcm5Um are enriched, and the levels
of mcm5U diminished. Interestingly, the two Sec-tRNA[Ser]Sec isoforms are involved in
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the synthesis of different classes of selenoproteins. Housekeeping selenoproteins, such as
GPX4 and thioredoxin reductase 1 (TXNRD1), are essential to cellular function and are
expressed even during selenium-deficient conditions. Housekeeping selenoproteins are
expressed by the Sec-tRNA[Ser]Sec

mcm
5U isoform. Stress-related selenoproteins, such as

GPX1, are expressed in higher amounts in response to enriched selenium levels. This class
of selenoproteins is expressed by the Sec-tRNA[Ser]Sec

mcm5Um isoform [43,44].
Detailed examinations of Ser-tRNA[Ser]Sec

mcm
5U and Ser-tRNA[Ser]Sec

mcm
5Um levels

were carried out in various mammalian cell lines by growing human leukemia (HL-60)
cells, Chinese hamster ovary (CHO) cells, and rat mammary tumor (RMT) cells in media
with or without selenium supplementation (Table 1), and in various mammalian organs by
subjecting mice to diets with or without selenium supplementation (Table 2). The respective
tRNA populations were isolated from each cell line and from each mouse organ, labeled
with 3H-serine, and the distributions of the two Sec isoforms were determined. The total
amount of the two Ser-tRNA[Ser]Sec] isoforms varied considerably in the different cell
lines and mammalian organs (Tables 1 and 2), respectively. The consistent observation
was that in every case the tRNA[Ser]Sec

mcm
5U isoform was enriched in selenium-deficient

conditions and the Ser-tRNA[Ser]Sec
mcm

5Um isoform was enriched in selenium-sufficient
conditions.

Table 1. Sec-tRNA[Ser]Sec isoforms in cultured mammalian cells.

Sec tRNA[Ser]Sec

mcm5U mcm5Um

Cell Line
Selenium

Supplementation a % of Total b % % of Total c % % of Total d mcm5Um/
mcm5U e

HL-60 +(chem. defined media) 9.6 38.5 3.70 61.5 5.90 1.60
−(chem. defined media) 7.5 61.3 4.60 38.7 2.90 0.63

HL-60 +(FBS) 9.4 55.3 5.20 44.7 4.20 0.81
−(FBS) 7.4 77.0 5.70 23.0 1.70 0.30

CHO +(FBS) 1.01 45.1 0.46 54.9 0.55 1.22
−(FBS) 0.86 56.2 0.48 43.8 0.38 0.78

RMT +(chem. defined media) 1.7 11.8 0.20 88.2 1.50 7.47
−(chem. defined media) 1.4 35.7 0.50 64.3 0.90 1.80

a FBS: fetal bovine serum; b percentage of tRNA[Ser]Sec population within total Ser-tRNA population; c percentages
of mcm5U and mcm5Um isoforms within total tRNA[Ser]Sec population; d percentages of mcm5U or mcm5Um
isoforms within total Ser-tRNA population; e amount of mcm5Um/amount of mcm5U isoforms.

Table 2. Sec-tRNA[Ser]Sec isoforms in murine tissues.

Sec tRNA[Ser]Sec

mcm5U mcm5Um

Organ
Dietary Selenium
Supplementation

% of Total a % % of Total b % % of Total c mcm5Um/
mcm5U d

Heart + 4.3 38.1 1.64 61.9 2.66 1.62
− 3.2 66.4 2.12 33.6 1.08 0.51

Kidney + 7.5 33.7 2.52 66.3 4.97 1.97
− 3.7 59.2 2.19 40.8 1.51 0.69

Liver + 4.5 33.3 1.50 66.7 3.00 2.00
− 2.8 57.7 1.62 42.3 1.18 0.73

Muscle + 1.9 38.6 0.73 61.4 1.17 1.59
− 1.5 73.3 1.10 26.7 0.40 0.35

a Percentage of tRNA[Ser]Sec population within total Ser-tRNA population; b percentages of mcm5U and mcm5Um
isoforms within total tRNA[Ser]Sec population; c percentages of mcm5U or mcm5Um isoforms within total Ser-
tRNA population; d amount of mcm5Um/amount of mcm5U isoforms.
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2.4. Biosynthesis of Sec on Sec tRNA[Ser]Sec

The incorporation of selenium into protein occurs as the amino acid Sec. This amino
acid is biosynthesized in a unique manner on its tRNA, named Sec-tRNA[Ser]Sec [45,46].
The pathway of Sec biosynthesis is different in archaea and eukaryotes (Figure 2a), and in
bacteria (Figure 2b). The unacylated tRNA[Ser]Sec is initially aminoacylated with Ser by
SARS to form Ser-tRNA[Ser]Sec in all three groups. The Ser moiety on Ser-tRNA[Ser]Sec

in archaea and eukaryotes (Figure 2a) is transferred to an intermediate, phosphorseryl-
tRNA[Ser]Sec, by phosphoseryl-tRNA kinase (PSTK). The intermediate is then converted to
Sec-tRNA[Ser]Sec in the presence of selenophosphate 2 (SEPHS2) (see [18] and references
therein). On the other hand, bacteria use an enzyme, Sec synthetase (SecS or SepSecS),
to convert Ser-tRNA[Ser]Sec to Sec-tRNA[Ser]Sec (Figure 2b). There is an abundance of
complex machinery dedicated to incorporating Sec into protein in response to the UGA Sec
codon in selenoprotein mRNA. This topic has been reviewed elsewhere in this Special Issue
by Copeland and Howard [47], and, therefore, will not be further discussed herein. The
insertion of Sec into protein to generate selenoproteins occurs in organisms within all three
of the taxonomic domains, eukaryotes, archaea, and bacteria. Selenoproteins are found in
only about 15% of archaea, about 25% of bacteria, and about half of eukaryotes [48].

Figure 2. Pathways of Selenocysteine (Sec) biosynthesis. The biosynthetic pathways of Sec in:
(a) eukaryotes and archaea; (b) bacteria. Abbreviations are: Pi—inorganic phosphate; PPi—inorganic
pyrophosphate; SARS—Ser-tRNA synthetase; SelA—selenocysteine synthase; SelD—selenophosphate
synthetase; H2SePO3

−—selenophosphate; SEPHS2—selenophosphate synthetase 2.
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2.5. Sec, the 21st Amino Acid in the Genetic Code

Sec constitutes the 21st proteinogenic amino acid in the genetic code, and Sec is
encoded in selenoprotein mRNA, as noted above, by the genetic codeword UGA. UGA
is a shared codon in the genetic code in organisms containing selenoproteins, and it
designates either Sec or the cessation of protein synthesis depending on its location within
the mRNA. A specific sequence called the Sec insertion sequence (SECIS) element, which
is located immediately downstream of the Sec UGA codon in bacteria and located much
further downstream of the Sec UGA codon in archaea and eukaryotes, is responsible for
designating the upstream codon as Sec [49]. The classes of SECIS elements and their roles
have been reviewed in detail elsewhere (see [18,45] and references therein) and will not be
further considered herein.

3. Selenoproteins

3.1. Mammalian Selenoproteins

There are 25 selenoprotein genes in the human genome. They are highly conserved
across mammals, with the only two known exceptions being GPX6 and SELENOV. GPX6
contains Cys instead of Sec in some species, including mice and rats, and SELENOV was lost
in gorillas [50]. Some of the mammalian selenoproteins are shared with non-mammalian
eukaryotes, including glutathione peroxidases (GPXs), thioredoxin reductases (TXNRDs),
and selenophosphate synthetase (SEPHS), indicating an early evolutionary origin for these
proteins [51].

3.1.1. Glutathione Peroxidases (GPX)

GPXs comprise a large superfamily that is widespread across all kingdoms of life [52].
They use glutathione or thiol oxidoreductases as major reductants, and their functions
include detoxification of hydroperoxides, regulation of ferroptosis, and hydrogen hydroper-
oxide signaling, among others [51]. There are eight GPXs in mammals, five of which are
selenoproteins (GPX1-4, GPX6), and three are Cys-containing homologs (GPX5, GPX7,
and GPX8). GPX1 is the most abundant mammalian selenoprotein found in the cytosol of
most cells. It was the first mammalian selenoprotein described, and it was instrumental in
developing methods for the insertion of selenium in the form of Sec into proteins. GPX2
and GPX3 have a more localized expression. GPX2 is often termed gastrointestinal based
on its initial detection in gastrointestinal tissues, and GPX3 is expressed in the kidney at
very high levels and is secreted into the plasma. GPX4 is unique among the GPXs because it
reduces phospholipid hydroperoxides and has a broad substrate specificity. It has received
much attention recently due to its essentiality for embryonic development in mice [53,54]
and its role as a master regulator of ferroptosis [55,56]. GPX6 is the most recently evolved
Sec-containing GPX, present only in mammals. In mice and in a few other species, Sec was
then replaced by Cys [50].

3.1.2. Thioredoxin Reductases (TXNRD)

There are three TXNRDs in mammals, all of which contain Sec, and their functions
are selenium-dependent. Sec is located in the penultimate C-terminal position, as part of a
characteristic GCUG motif [57]. TXNRD1 is primarily localized in the cytosol and nucleus,
and uses thioredoxin 1 (TXN1) as a major substrate. Its main physiological role is the
NADPH-dependent reduction of TXN1, which in turn is involved in many physiological
processes. TXNRD2 is localized in the mitochondria, and it is involved in the reduction
of mitochondrial thioredoxin (TXN2) and glutaredoxin 2 (GLRX2). Both TXNRD1 and
TXNRD2 are present in all vertebrates and are essential in mice [58,59]. TXNRD3 contains
an additional N-terminal GLRX domain, and displays glutaredoxin activity [60].

3.1.3. Iodothyronine Deiodinases (DIO)

The thyroid hormone deiodinases (DIO) consist of three selenoproteins (DIO1, DIO2,
and DIO3) that are involved in the metabolism of thyroid hormones by iodothyronine
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deiodination [61]. Like most selenoproteins, they are thioredoxin-like proteins. Thyroid
hormones regulate a variety of processes, including growth, development, and metabolic
rate. Thyroxine (T4) is the main thyroid hormone in circulation, produced in the thyroid
gland, and is the precursor of triiodothyronine (T3), which has a higher affinity for thyroid
hormone receptors [62]. DIO1 and DIO2 catalyze the activation of T4 to T3. Conversely,
DIO3, and in some conditions DIO1, can inactivate T3 by producing the inactive metabolites
T2 and reverse T3 (rT3), respectively. Studies in deiodinase-deficient mice have confirmed
the function of deiodinases for T3 formation [63–65]. Distantly related homologs have been
identified in single-celled eukaryotes; however, their function is not known, but it must be
different from that of mammalian deiodinases.

3.1.4. Methionine-R-Sulfoxide Reductase 1 (MSRB1)

MSRB1 is a zinc-containing selenoprotein that was initially identified as selenopro-
tein R [66] and selenoprotein X [67] using bioinformatic tools. It was later found to be
methionine-R-sulfoxide reductase based on its repair activity on the R enantiomer of
oxidized methionine residues in proteins. Methionine and cysteine are the two sulfur-
containing amino acids that are the most susceptible to oxidation, which may lead to a
significant alteration of their structure and the disruption of protein function. MSRB1 may
protect proteins against oxidative damage by catalyzing the reduction of methionine sul-
foxide back to methionine. Though structurally different to MSRA (methionine-S-sulfoxide
reductase), both proteins perform complementary functions by acting in only one of the
two stereoisomers. MSRA is also a selenoprotein in some unicellular eukaryotes. Two
additional homologs, MSRB2 and MSRB3, which contain catalytic Cys instead of Sec, are
present in mammals. MSRB2 is localized in the mitochondria, whereas MSRB3 is targeted
to the endoplasmic reticulum [68].

3.1.5. Selenophosphate Synthetase 2 (SEPHS2)

As discussed above, SEPHS2 provides the active Se donor for the synthesis of Sec.
Selenophosphate is synthesized from selenide and ATP [69]. SEPHS2 is a widespread
protein found in all Sec-containing prokaryotes and eukaryotes. In prokaryotes, in addition
to Sec, SEPHS2 also supports other forms of selenium utilization. Selenium is used in the
form of selenouridine in certain tRNAs [70,71], and as a cofactor in some molybdenum-
containing proteins [72,73]. In eukaryotes, Sec is the only known selenium trait.

A SEPHS2 paralog called SEPHS1 is found in some animals [74,75]. SEPHS1 is not a
selenoprotein, it does not support selenophosphate and selenoprotein synthesis [76], and
never carries Sec or Cys at the catalytic site. Instead, other amino acids have been observed
at that position (arginine, threonine, glycine, and leucine). SEPHS1 is an essential gene
in fruit flies [77] and mice [78], but its function remains unknown. The fact that SEPHS1
is present in selenoprotein-less animals [79,80] suggests that its function is not related to
selenium. Nonetheless, it is believed to participate in redox homeostasis [78]. Interestingly,
SEPHS1 genes in different animal lineages, e.g., insects and vertebrates, are believed to be
functional homologs, but they originated independently [81].

3.1.6. Selenoprotein P (SELENOP)

SELENOP is the only selenoprotein with multiple Sec residues in mammals. It is a
major selenoprotein in plasma and is synthesized primarily in the liver [82]. Its sequence
contains a Sec-containing thioredoxin-like domain in its N-terminal region, and a Sec-rich
domain in the C-terminus [83]. Its main function is to provide selenium to several tissues,
especially the testis and brain [84,85]. SELENOP is present across metazoans, but its Sec
content is highly variable. Among vertebrates, the number ranges from five in mole rats
to up to 37 in amberjack fish. Human and mouse SELENOP contains 10 Sec residues. A
remarkable diversity is observed in invertebrates. SELENOP was lost in most nematodes,
most insects, tunicates, and Platyhelminthes, whereas in other lineages, SELENOP is
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particularly Sec-rich, including in annelids, ribbon worms (Nemertea), and mollusks.
Topping the list is the bivalve Elliptio complanata with 133 Sec residues [86].

3.1.7. Selenoprotein N (SELENON)

SELENON (formerly SEPN1) is an endoplasmic reticulum (ER) glycoprotein that
contains a calcium-binding EF-hand domain and a Sec-containing domain with a possible
oxidoreductase function. The specific function of the protein remains unknown. One
possible function that has been suggested is a calcium sensor through the EF-hand domain,
which activates the sarcoplasmic/ER calcium ATPase 2 (SERCA2)-mediated calcium uptake
into the ER in a redox-dependent manner [87]. SELENON was first identified using
computational methods [67], and shortly after was associated with congenital rigid spine
muscular dystrophy [88], becoming the first selenoprotein to be associated with a genetic
disease. Mutations in SELENON cause a group of recessive neuromuscular disorders
collectively known as SELENON-related myopathies [89]. Many mutations have been
identified in homozygous or heterozygous compound patients, including mutations in the
UGA codon and the SECIS element that prevent the incorporation of Sec [88,90,91].

3.1.8. Selenoprotein O (SELENOO)

SELENOO is a widespread selenoprotein present in both prokaryotes and eukaryotes.
The mammalian homologs carry a Sec residue at their C-terminal penultimate position [92],
while in bacteria and in many other eukaryotes, including yeast and plants, homologs
have a Cys instead. Its sequence contains a protein kinase-like domain [93] but its function
remained elusive [92]. A recent study [94] uncovered a novel activity for the protein kinase
superfamily, wherein SELENOO transfers AMP from ATP to Ser, Thr, and Tyr residues
on protein substrates, an activity termed AMPylation. The protein is localized in the
mitochondria [95] and AMPylates proteins involved in redox homeostasis [94].

3.1.9. Selenoprotein I (SELENOI)

SELENOI is essential for embryonic development in mice [96]. It is a recently evolved
selenoprotein only found in vertebrates [50]. Its sequence contains a CDP-alcohol phos-
phatidyltransferase domain, characteristic of phospholipid synthases. It was suggested
that SELENOI may be an ethanolamine phosphotransferase that catalyzes the last step of
the Kennedy pathway for the synthesis of phosphatidylethanolamine [97] and is localized
in the Golgi apparatus [98]. However, this activity was reported for a protein truncated
at Sec, so more studies are needed to establish the function of this selenoprotein. Mu-
tations in SELENOI have been identified in patients with a form of hereditary spastic
paraplegia [99,100].

3.1.10. Other Selenoproteins

Other selenoproteins have no known functions, albeit some suggested ones. SE-
LENOW, SELENOT, SELENOH, and SELENOV belong to the redox family of selenopro-
teins [101]. They possess a CXXU motif within a thioredoxin-like fold domain. Based
on this observation, they are proposed to be oxidoreductases of unknown functions. SE-
LENOV is the most recently evolved selenoprotein, only present in placental mammals.
It appeared by duplication of SELENOW; the two genes share the same exonic structure,
but SELENOV contains a long highly variable N-terminal extension [50]. SELENOV is
exclusively expressed in testis [92].

SELENOF and SELENOM are thioredoxin-like fold ER-resident selenoproteins. These
proteins share ~30% of sequence identity in mammals and are distantly related homologs
with a common evolutionary origin [51]. Their function, however, is not well under-
stood. SELENOF may be involved in the regulation of protein folding, and its deletion
promotes nuclear cataracts in mice [102]. Several studies examined its possible role in
cancer [103,104]. Altered expression, both high and low, has been linked to a higher cancer
risk in different tissues, including lung, breast, prostate, and liver [105]. Similarly, common
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genetic variants in SELENOF have been studied for their relationship with higher cancer
risk [105]. SELENOM is expressed in the brain and shows neuroprotective properties.
Altered levels of SELENOM have been linked to the early onset of Alzheimer’s disease and
hepatocellular carcinoma [106]. In addition, it has also been implicated in calcium release
from the ER in response to hydrogen peroxide [107]. Its deletion in mice leads to increased
body weight but does not affect neuronal and cognitive function [108].

SELENOK and SELENOS share a few features that set them apart from other selenopro-
teins. They are ER-resident transmembrane proteins with a single transmembrane domain
in the N-terminal sequence, contain a Gly-rich segment with positively charged residues,
and their Sec residues are characteristically located near the C-terminus. They have been
implicated in the ER-associated degradation (ERAD) of misfolded proteins [51]. SELENOK
has also been proposed to link selenium levels and immunity through association with a
partner enzyme, DHHC6, for protein palmitoylation [109].

3.2. Phylogenetic Distribution of Selenoproteins

Selenoproteins are present across the three domains of life: bacteria, archaea, and
eukaryotes. The evidence supports that the Sec trait evolved only once: prokaryotes and
eukaryotes use analogous Sec biosynthesis and insertion pathways, and some selenoprotein
families are shared among bacteria, archaea, and eukaryotes. The use of Sec is not universal,
however. In selenoprotein-less organisms, the functions of selenoproteins are typically
replaced by Cys homologs and the Sec synthesis machinery genes are lost.

Among prokaryotes, it is estimated that 20–25% of bacteria use selenoproteins [81,110],
and the proportion is even lower in archaea, with a narrow distribution of Sec-containing
genomes [111]. Nonetheless, the closest relatives to eukaryotes, the archaeal Asgard
lineage, was identified as the intermediate form between the prokaryotic and eukaryotic
Sec insertion systems [60,112,113].

Sec is much more common among eukaryotes, and selenoproteins show a highly
dynamic evolution in terms of Sec to Cys conversions and gene losses. A scattered pattern
of the presence/absence of selenoproteins was already evident from the analysis of the early
sequenced genomes [114,115]. Since then, thousands of genomes have been sequenced,
and the use of bioinformatic tools for large-scale analyses has provided a much more
detailed picture. No selenoproteins have been identified in land plants so far, although
they are abundant in other Archaeplastida (plantae) lineages. Recent works have explored
the diversity of selenoproteins in plantae and especially algae lineages, reporting novel
eukaryotic selenoprotein families [116,117]. Fungi were traditionally thought to have lost
all selenoproteins at the root of the lineage. This was recently challenged by the discovery
of several Sec-containing fungi genomes, outlining multiple independent Sec- loss events,
including in the yeast lineage [118]. Among animals, Sec losses have been reported in all
major insect lineages [119,120], in mites [34], and in nematodes [121].

4. Mouse Models

In the early 2000s, various mouse models were developed to elucidate the role of
selenoproteins in health and development [122–125]. These mouse models took advantage
of the fact that selenoprotein expression is dependent on the presence of a single tRNA,
Sec tRNA[Ser]Sec, and the fact that this tRNA is encoded as a single copy gene, designated
Trsp [126]. Thus, by manipulating Trsp in numerous ways, several models were developed
that identified the presence of two selenoprotein classes, housekeeping selenoproteins and
stress-related selenoproteins, their cellular roles, and also the roles of various individual
selenoproteins within these two classes.

4.1. Trsp Transgenic Mouse Models

The first mouse models that examined the role of Sec-tRNA[Ser]Sec in selenoprotein
synthesis were created in 2001 and involved Trsp wild-type or mutant transgenes [92].
Three different constructs encoding either the wild-type or two different mutant transgenes
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were prepared. By substituting one of the bases within the anticodon loop of Trsp, the role
of the mutant Sec-tRNA[Ser]Sec in selenoprotein expression could be assessed. Changing
either the T at position 34 to A, or the A at position 37 to G, prevented the synthesis of the
2′-0-methyluridine at position 34 [124,127]. Therefore, these mutant mice carrying either
mutant transgene permitted the evaluation of the methylribose in selenoprotein expression.
Synthesis of stress-related selenoproteins was virtually abolished, while housekeeping
selenoprotein expression was virtually unchanged. Stress-related selenoprotein synthesis,
therefore, is dependent on the 2′-0-hydroxymethyl group, while housekeeping selenopro-
tein expression is carried out by Sec-tRNA[Ser]Sec

mcm5U. These studies did not resolve
the question of whether Sec-tRNA[Ser]Sec

mcm5Um also supports housekeeping selenopro-
tein synthesis. However, it seems very plausible that this isoform can also synthesize the
essential class of selenoproteins.

Various aspects of the effects of stress-related selenoprotein loss on health were also
examined. Interestingly, reduced stress-related selenoprotein expression in G37 mutant
mice was tissue-specific, wherein the loss was highly significant in the kidney and liver
but not in the testes [124]. These mice were further studied regarding health issues and
were found to be more susceptible to colon cancer [128], viral infection [129], and X-ray
damage [130]. Crossing these mice with C3/TAg mice yielded offspring with accelerated
rates of prostatic epithelial neoplasia, suggesting a protective role of selenoproteins in
prostate cancer development [131]. Glucose intolerance was also observed in these G37
mice, which led to a diabetic-like phenotype [132].

4.2. Trsp Conditional Knockout Mouse Models

Although the total removal of Trsp in mice is embryonic lethal [122], the targeted
removal of Trsp in specific tissues and organs provides an alternative model for examining
the role of selenoproteins in health and development [123]. Highly significant functions
of selenoproteins were elucidated in numerous organs and tissues such as skeletal mus-
cle; heart and endothelial cells [133]; bone [134]; skin [135]; immune cells, including
macrophages, hematopoietic tissues, and T cells [136–138]; neurons [139]; liver [82,140];
podocytes [141]; osteochondroprogenitor [134]; thyroid [142]; prostate [143]; kidney; and
mammary glands [123]. For convenience to the reader, and to keep this review within the
allotted length, we have summarized the major findings in each of the above in vivo Trsp
conditional knockout studies in Table 3. It should also be noted that more in-depth, recent
studies of endothelial cells in cell death have been carried out (see [144] in this Special Issue
and references therein).

Table 3. Trsp conditional knockout mouse models.

Targeted Tissue or Organ 1 Main Findings Regarding Role of Selenoproteins in Genetically-Altered
Mice, Relative to Control Mice in the Study

Cre Promoter

Endothelial cells
Endothelial cell development/function: embryonic lethal. 14.5 d.p.c.
embryos were smaller, more fragile, had poorly or under-developed vascular
systems, limbs, head, and tail [133].

TieTek2-Cre

Heart & Skeletal Muscle Heart disease prevention: mice died from acute myocardial failure 12 days
after birth. MCK-Cre

Kidney No increase in oxidative stress or nephropathy found in podocytes of
selenoprotein-deficient mice [141]. NPHS2-Cre

Liver

Liver function: severe hepatocellular degeneration—mice died between 1
and 3 months of age [82]. SELENOP and GPX3 were reduced in serum and
kidney, supporting a selenium-transport role for liver-derived
SELENOP [140]. Enhanced expression of phase II response genes
compensated for loss of hepatic Trsp [145]. Mice used as controls to monitor
selenium pools in kidney due to reduction of GPX3 imported from liver [146].
Secisbp2 gene inactivation was less detrimental than Trsp inactivation [147].

Alb-Cre
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Table 3. Cont.

Targeted Tissue or Organ 1 Main Findings Regarding Role of Selenoproteins in Genetically-Altered
Mice, Relative to Control Mice in the Study

Cre Promoter

Macrophages

Immune function: increased oxidative stress and expression of
cytoprotective antioxidant and detoxification genes, accumulation of ROS
levels, and impaired invasiveness. Altered expression of ECM and
fibrosis-associated genes [148]. Balance of pro- and anti-inflammatory
oxylipids during inflammation [149]. Selenoproteins protect mice from
chemically-induced colitis by alleviating inflammation [150]. Role in
epigenetic modulation of pro-inflammatory genes [151]. When infected with
N. brasiliensis, selenium-supplemented KO mice showed a complete
abrogation in M2-marker expression with a significant increase in intestinal
worms and fecal eggs [152].

LysM-Cre

Mammary glands

First Trsp conditional KO mouse, providing an important tool for elucidating
the role of selenoproteins in health and development [123]. MMTV-Cre mice
treated with DMBA had significantly more tumors, suggesting that
selenoproteins protect against carcinogen-induced mammary cancer [153].

MMTV-Cre;
Wap-Cre

Neurons

Neuronal function: enhanced neuronal excitation followed by
neurodegeneration of hippocampus. Cerebellar hypoplasia associated with
degeneration of Purkinje and granule cells. Cerebellar interneurons
essentially absent [139]. Selenoproteins required in post-mitotic neurons of
the developing cerebellum [154].

Tal-Cre; CamK-Cre

Osteo-chondroprogenitor
Kashin–Beck disease model: mice had post-natal growth retardation,
chondrodysplasia, chondronecrosis, and delayed skeletal ossification
characteristic of Kashin–Beck disease [134].

Col2a1-Cre

Prostate
Mice developed PIN-like lesions and microinvasive carcinoma by 24 weeks,
which were associated with loss of basement membrane, increased cell cycle,
and apoptotic activity [143].

PB-Cre4

Skin
Role in skin and hair follicle development: runt phenotype, premature death,
alopecia with flaky and fragile skin, epidermal hyperplasia with disturbed
hair cycle, and an early regression of hair follicles [135].

K14-Cre

T-cells

Immune function: reduction of mature T cells and a defect in
T-cell-dependent antibody response. Antioxidant hyperproduction and
suppression of T cell proliferation in response to T cell receptor
stimulation [137].

LCK-Cre

Thyroid

Mice lacking selenoproteins in thyrocytes showed increased oxidative stress
in thyroid. Gross morphology remained intact for at least 6 months. Thyroid
hormone levels remained normal in knockout mice; thyrotropin levels
moderately elevated [142].

Pax8-Cre;
Tg-CreER

1 Target organs/tissues in alphabetical order. Abbreviations: days-post-coitum (d.p.c.); 7,12-
dimethylbenz[a]anthracene (DMBA); extracellular matrix (ECM); mouse mammary tumor virus (MMTV); prostatic
intraepithelial neoplasia (PIN).

4.3. Trsp Knockout/Transgenic and Trsp Conditional Knockout/Transgenic Mouse Models

Models involving Trsp knockout and Trsp conditional knockout mice that were res-
cued with the Trsp wild-type transgene, or the G37 or A34 mutant transgenes, were con-
structed [125] to examine the ability of these transgenes to restore selenoprotein synthesis.
As expected, the wild-type transgene completely restored selenoprotein biosynthesis, while
the G37 mutant transgene restored housekeeping selenoprotein synthesis but virtually did
not refurbish stress-related selenoprotein synthesis [125]. Importantly, these mice demon-
strated unequivocally that stress-related selenoproteins are not essential to the livelihood
of the animal, although these mice were found to be very susceptible to selenium status
(see Table 4). Mice carrying the G37 mutant transgene appeared phenotypically normal,
but male mice produced sperm with an abnormal morphology which accounted for their
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reduced fertility, while female mice produced smaller-sized litters than the corresponding
wild-type mice.

The A in the wobble position of the anticodon in tRNA is converted to inosine (I)
which decodes A, U, and C in the 3′ position of the corresponding codewords. Hence,
this tRNA decodes UGA and the cysteine codons, UCU and UCC, and likely promotes
misreading in protein synthesis, which most certainly accounts for the reason why Trsp
negative mice could not be rescued with the A34 mutant transgene [155].

Additional mouse models lacking Trsp specifically in the liver and rescued with the
wild-type transgene or G37 or A34 mutant transgenes were generated [82]. A mouse model
involving the loss of Trsp, and rescued with a transgene carrying a deletion within the
activator element, was also prepared [25]. The activator element is required for the binding
of the transcription factor, STAF, to transcribe Sec tRNA[Ser]Sec [156]. The major findings
of these studies are summarized in Table 4.

Table 4. Mouse models involving Trsp knockout (KO) or Trsp conditional KO mice rescued with
wild-type (WT), G37 mutant, or A34 transgenes.

Target Site Model Description
Major Findings Observed in Genetically Altered Mice in Comparison to
Control Mice

Whole Mouse

Trsp KO rescued with WT
Trsp transgene Selenoprotein synthesis was completely recovered [125].

Trsp KO rescued with G37
Trsp transgene

Proper base modification in the anticodon is essential, as mutant mice
synthesize stress-related selenoproteins very poorly. Male mutant mice show
abnormal sperm and reduced fertility; females produced reduced litter
size [43]. Trsp KO could not be rescued with A34 mutant transgene most likely
due to misreading (see Text).

Whole Mouse
Trsp KO rescued with
promoter mutant Trsp
transgene

Mice expressed tissue- and organ-specific amounts of tRNA[Ser]Sec. Lower
levels of the mcm5Um isoform were observed in promoter mutant Trsp mice.
Mice developed a similar neurological phenotype as SELENOP-KO mice and a
reduced life span [157].

Liver Alb-Cre

Trsp liver KO rescued with
Trsp WT transgene Selenoprotein synthesis was completely recovered [82].

Trsp liver KO rescued with
G37 mutant Trsp transgene

Housekeeping selenoprotein synthesis was recovered while stress-related
selenoprotein synthesis was poorly recovered [82].

Trsp liver KO rescued with
A34 mutant Trsp transgene

Housekeeping selenoprotein synthesis was recovered while stress-related
selenoprotein synthesis was poorly recovered. Replacement of selenoprotein
synthesis in conditional Trsp mutants resulted in normal gene expression of
Phase II response enzymes [127,145].

5. Conclusions

So much of the molecular biology of selenium has been resolved in the past 30 to
40 years (see chapters in [8]) that the selenium field has tapered off considerably. There
is still much to be done, primarily in providing more detailed functions of numerous
individual selenoproteins and in understanding the roles of LMW selenocompounds in
health and development. Herein, we have assembled a variety of topics in the selenium
field that involve the unique characteristics of transcribing Trsp, determining the primary
sequences of Sec-tRNA[Ser]Sec

mcm5U and tRNA[Ser]Sec
mcm5Um isoforms and their roles in

translating housekeeping and stress-related selenoproteins, discussing numerous aspects
of the historical roles of selenium in health and disease, and the molecular biology of
selenium and selenoproteins in health and development. We borrowed the title of the
classic Italian Western “The Good, the Bad and the Ugly” to include as part of our title as it
seemed to perfectly describe the historical roles of selenium in health. This element has its
“good” (an essential element in the diet of mammals and many other life forms), its “bad”
(the consequences of too little or too much selenium in the diet), and its “ugly” aspects
(in some cases, selenium may promote cancer and other health disorders, and extreme
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selenium deficiency may be lethal). Likewise, selenoproteins also have their “good” (these
proteins are responsible in large part for the many health benefits of selenium), their “bad”
characteristics (they can promote many health disorders including cancer), and can be
“ugly” (loss of several selenoproteins is lethal). It will be of considerable interest to witness
the many discoveries in the selenium/selenoprotein field as they continue to unfold in the
years to come.
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Abstract: Decoding of genetic information into polypeptides occurs during translation, generally
following the codon assignment rules of the organism’s genetic code. However, recoding signals in
certain mRNAs can overwrite the normal rules of translation. An exquisite example of this occurs
during translation of selenoprotein mRNAs, wherein UGA codons are reassigned to encode for the
21st proteogenic amino acid, selenocysteine. In this review, we will examine what is known about the
mechanisms of UGA recoding and discuss the fate of ribosomes that fail to incorporate selenocysteine.

Keywords: selenocysteine; selenoprotein; SECIS; recoding; SECIS-binding protein; translation termi-
nation; nonsense-mediated decay; ribosome rescue

1. Introduction

The genetic code was well established by the mid-1960s and initially thought to be
fixed and unalterable. This dogma was challenged in the 1970s and 1980s as a number
of studies demonstrated that some mRNAs contain signals in addition to the 64 codons
that could modify readout of the genetic code in various ways. The signals may involve
intramolecular RNA structures such as hairpins or pseudoknots, combinations of specific
nucleotides in tandem, recognition sites for RNA-binding proteins, and inter-molecular
base pairing between mRNA and RNA within the ribosome [1]. These signals can induce
the ribosome to shift to the −1 or +1 reading frame, skip over bases in the mRNA, or
even redefine the meaning of a codon. While many of these mechanisms are quite elegant,
the process of redefining a UGA codon from a termination codon to one that encodes
selenocysteine (Sec) during translation of selenoprotein mRNAs is arguably one of the
most complex. The UGA recoding mechanism involves cis-acting RNA structures, several
enzymes required for synthesis of Sec-on-Sec tRNA, a specialized elongation factor, and
an impressive list of RNA-binding proteins. Details of Sec synthesis on the Sec tRNA are
discussed elsewhere in this issue, and the basic features of the Sec incorporation process
have been recently reviewed in detail [2,3]. Here, we present a focused review that delves
into the cis and trans-acting recoding signals that promote UGA recoding and the resulting
competing outcomes for ribosomes translating UGA-Sec.

2. Co-Translational Sec-Incorporation

2.1. Cis-Acting Elements
2.1.1. Required Selenocysteine Insertion Sequences

The potential for UGA recoding from termination to Sec incorporation occurs in a
subset of organisms from all three domains of life. In all instances examined, an RNA
secondary structure called the Sec insertion sequence (SECIS) marks the mRNA for recoding
of UGA codons. The product of recoding is the co-translational insertion of Sec and the
production of a selenoprotein. Most selenoproteins are oxidoreductases requiring Sec for
their function [4,5].

In prokaryotes, the SECIS element is composed of a stem-loop located just downstream
from the UGA codon (Figure 1A). The sequence of prokaryotic SECIS elements is highly
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variable to accommodate the amino acid constraints of the protein being produced. The
conserved features are a bulged U in the upper part of the stem-loop and unpaired adjacent
G and U nucleotides in the loop (Figure 1A) [6,7]. Sec-incorporation is facilitated by a
bifunctional protein, SelB, which consists of SECIS-binding and Sec-tRNA-specific elon-
gation factor domains [8]. The co-location of the SECIS element adjacent to the UGA-Sec
codon allows for both positional and temporal delivery of the Sec-tRNASec to the ribosome
during UGA recoding. Consequently, it came as a surprise when it was shown that SECIS
elements in eukaryotes are located in the 3′ UTR of selenoprotein mRNAs [9], necessitating
delivery of a signal for UGA recoding from a distance.

 
Figure 1. Prokaryotic versus eukaryotic Sec insertion showing the SECIS elements and core compo-
nents required for Sec-tRNASec delivery to the ribosome. (A) In prokaryotes, the SECIS element is
located just downstream from the UGA codon within the coding sequence. The bulged U and G U
nucleotides required for SelB binding are shown. SelB binds to the SECIS element and delivers the
Sec-tRNASec to the ribosome for UGA recoding. (B) In eukaryotes, the SECIS element is located in
the 3′ UTR. The SECIS-binding protein, SECISBP2 (SBP2), recruits the Sec-specific elongation factor
EEFSEC (eEFSec) to deliver Sec-tRNASec to the ribosome for UGA recoding. On the right-hand side
of the figure, the SECIS elements are depicted as a helix.

One consequence of eukaryotic SECIS action from a distance is that UGA recoding
may occur at any in-frame UGA in the message [10–12]. Not only does this allow for greater
flexibility in the coding region around the UGA codon, but it also allows for recoding of
multiple UGA codons during translation of a single mRNA, as is observed in the eukaryotic
selenoprotein (SELENOP) mRNA. In eukaryotes, UGA recoding is generally independent
of where the UGA occurs in the mRNA; however, as with most phenomena in biology,
there are exceptions, and it has been shown that some eukaryotic SECIS elements have
evolved the ability to limit Sec-incorporation to UGAs found only in certain regions of the
mRNA [13,14].

The conserved features of eukaryotic SECIS elements include an AAR motif in the
loop and an AUGA:GA within the stem (Figure 1B) [9,10]. The latter motif is positioned
such that the G.A nucleotides form a non-Watson/Crick quartet of sheared G.A/A.G
pairs [15,16] that induce a “kink-turn” in the RNA structure. This motif interacts with the
RNA-binding protein SECISBP2 (SBP2) to recruit the EEFSEC ternary complex carrying
Sec-tRNASec (Figure 1B). Although variations in these two motifs exist [4,17,18], these fea-
tures are sufficient to allow for SECIS search programs to be generated that can predict the
entire selenoproteome from genomic sequence alone [4,19]. In addition to facilitating UGA
recoding, several studies have demonstrated that some SECIS elements have additional
unique molecular functions, such as the ability to direct processive Sec-incorporation at
multiple UGA codons in the same transcript [20,21], the ability to alter Sec-incorporation
efficiency in response to variations in available selenium [22–24], and the ability to discrim-
inate UGA codons depending on their location within the mRNA [13,14]. The remainder
of this review will focus on the eukaryotic mechanism of Sec insertion.
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2.1.2. Accessory Cis-Acting Selenocysteine Insertion Elements

In cases of stop codon readthrough, where standard near-cognate tRNAs are used
to decode the stop codon rather than Sec-tRNASec, RNA structures and sequences lo-
cated adjacent to the termination codon have been shown to be stimulatory [25–30]. Nu-
cleotides adjacent to UGA-Sec codons were likewise shown to impact UGA-Sec recoding
efficiency [31–33]. Phylogenetic analyses identified several potential RNA structures down-
stream from UGA-Sec codons [22,34] that have been designated stop codon/selenocysteine
redefinition elements, or SREs. Mutations of the sequences comprising the SRE structure
of selenoprotein N (SELENON) demonstrated the importance of the stem, and of the se-
quences within the loop and the spacer separating it from the UGA-Sec codon to inhibit
termination and stimulate Sec-incorporation [34–36]. The signals for two of these struc-
tures in SELENON and selenoprotein T (SELENOT) were also independently identified
in a genome-wide search for deeply conserved RNA structures [37]. In addition to the
SREs, structural and sequence motifs located close to a UGA-Sec codon in selenoprotein
S (SELENOS) mRNA have been shown to impact Sec-incorporation. The sequence motif
referred to as the SELENOS positive UGA recoding element, or SPUR, has been shown to
enhance Sec-incorporation efficiency [38,39]. The authors propose that the SPUR element
interacts with the SECIS element itself to facilitate Sec incorporation.

2.2. Trans-Acting Factors
2.2.1. The Core SECIS-Binding Proteins

Just over 20 years ago, two eukaryotic trans-acting factors essential for Sec-incorporation
were identified: the SECIS RNA-binding protein (SECISBP2), and the Sec-tRNASec specific
elongation factor (EEFSEC) [40–42]. Unlike the bacterial SelB, SECISBP2 lacks the ability to
bind the Sec-tRNASec. This function is provided by EEFSEC.

EEFSEC differs from the standard eukaryotic elongation factor (EEF1A) in that it
has the ability to interact with SECISBP2, has a higher affinity for GTP than GDP [41,43],
and has an extended C-terminal extension that, unlike EEF1A and EF-Tu, undergoes a
conformational change upon guanine nucleotide exchange [44]. The latter observation
suggests a non-canonical mechanism for release of Sec-tRNASec to the ribosome.

SECISBP2 contains a canonical L7Ae RNA-binding domain [45–47] that is responsible
for interactions with the kink-turn motif of the SECIS element, a central Sec-incorporation
domain (SID) that is required for Sec-incorporation but not SECIS binding, and a poorly
conserved N-terminal domain of unknown function. A crucial insight came from the
observation that SECISBP2 and EEFSEC interact in a manner that is stimulated by the
presence of Sec-tRNASec [48], suggesting a mechanism whereby SECISBP2 would only
recruit EEFSEC carrying Sec-tRNASec and would dissociate from EEFSEC upon delivery of
Sec-tRNASec to the ribosome.

While SECISBP2 is clearly a central player in Sec-incorporation, studies of SECISBP2
deletions in mice [49] and cultured mammalian cells [50] revealed, surprisingly, that
SECISBP2 is not absolutely required for Sec-incorporation, although the efficiency of UGA
recoding is greatly reduced in its absence. One possible explanation is that SECISBP2L,
a paralogue of SECISBP2, may compensate for SECISBP2 in its absence or under certain
physiological conditions [51]. An alternative explanation involves direct binding of EEFSEC
to the SECIS element. Initial studies of SECISBP2- and EEFSEC-binding to SECIS RNA
in vitro illustrated direct binding of EEFSEC in the absence of SECISBP2 [42]. SECISBP2
may not be absolutely required, but rather strongly enhances efficient EEFSEC ternary
complex delivery to the ribosome or facilitates exchange following UGA-Sec recoding,
perhaps through direct interactions with the 28S ribosomal RNA [52,53].

Emerging from these early studies is a picture in which the SECIS elements act as a
scaffold for RNA-binding proteins and this ribonucleoprotein complex recruits EEFSEC
to accommodate UGA recoding by Sec-tRNASec. In the following section, we will discuss
additional SECIS-binding proteins that have been proposed as part of the SECIS ribonucleo-
protein complex, and how these may further modulate the efficiency of UGA-Sec recoding.
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2.2.2. Accessory Trans-Acting Factors

Levels of complexity were added to the mechanism of Sec-incorporation with the
discovery of several additional SECIS-binding proteins. The first of these, nucleolin (NCL),
best known for its role in ribosome biogenesis, was shown to bind specifically to the SECIS
element [54] around the same time as the discovery of SECISBP2. Subsequent studies
showed that NCL binds to the upper part of the SECIS stem for a subset of selenoprotein
mRNAs, and thus is unlikely to compete with SECISBP2-binding [55]. Knockdowns of NCL
cause a decrease in levels of selenoproteins without changing mRNA levels or localization,
suggesting that it is a positive regulator of selenoprotein translation.

In contrast to NCL, the SECIS-binding ribosomal protein L30 contains an L7Ae domain
and competes directly with SECISBP2-binding at the kink-turn motif of SECIS elements [56].
The canonical role of L30 includes interaction with the 60S rRNA subunit [57] mediated
through binding to a kink-turn motif in helix 58 of the 28S rRNA, as well as binding the
5′ UTR of its own mRNA to auto-regulate expression [58]. Increasing levels of L30 in
cultured cells were shown to enhance Sec-incorporation [59], whereas addition of free L30
to in vitro translation reaction was shown to decrease UGA-Sec recoding [56]. A possible
explanation for these disparate results comes from the finding that ribosome-associated
L30 has a higher affinity for the SECIS element than free protein. One model proposes that
within the context of the ribosome, L30 may have transient interactions with the SECIS
element that displace SECISBP2 and stabilize a SECIS conformation that is required for
EEFSEC delivery.

Several years after the identification of L30 as a SECIS-binding protein, EIF4A3, a
member of the DEAD-box family of RNA-dependent ATPases, was also shown to bind
SECIS elements contained in selenoprotein mRNAs that are known to be sensitive to
degradation and have reduced UGA recoding efficiency when selenium is limiting [60].
Mapping of the EIF4A3-binding site demonstrated that it overlaps with the SECISBP2-
binding site, and it was further shown that when selenium is limiting, there is an increase
in cellular EIF4A3 protein expression. Importantly, EIF4A3 is also known to be a key
component of the exon junction complex (EJC) involved in nonsense-mediated decay
(NMD) [61–63], suggesting a possible direct link between inhibition of Sec-incorporation
and degradation of selenoprotein mRNAs.

2.2.3. Selenoprotein mRNA 5′ Cap Modifications and Recruitment of the SMN Complex

Most mRNAs contain a 5′ m7G cap that plays important roles in RNA processing
and stability and is bound by the translation initiation factor EIF4E as a key step in the
process of translation initiation [64]. Several of the selenoprotein mRNAs are inefficiently
recognized by EIF4E because the cap is hypermethylated by the trimethyl-guanosine
synthase (TGS1) via a pathway related to that which processes small nuclear RNAs and
snoRNAs [65,66]. The tri-methyl guanosine (TMG) capped selenoprotein mRNAs are
localized to the cytoplasm and actively associate with ribosomes; at least one selenoprotein
mRNA, GPX1, appears to require TMG to support efficient translation.

TGS1 is recruited to selenoprotein mRNAs by interactions between SECISBP2 and the
survival of motor neuron protein complex (SMN). The SMN protein is a component of a
ribonucleoprotein assembly chaperone pathway first described as being essential for as-
sembly of small nuclear RNPs involved in splicing [67]. In addition to the selective 5′ TMG
modification of selenoprotein mRNAs, perhaps the recruitment of the SMN complex to
select selenoprotein mRNAs helps chaperone the formation of functional ribonucleoprotein
complexes involved in UGA recoding.

Most recently, the RNA-binding protein PTBP1 has been shown by RNA affinity
chromatography to interact with 3′ UTR sequences of SELENOP in the U-rich region
separating the two 3′ UTR SECIS elements [68]. Deletion of this region inhibited the
regulation of translation that normally occurs during oxidative stress in cultured human
liver cells, indicating that there may yet be undiscovered regulatory elements in the 3′
UTRs of individual selenoproteins.
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Although many of the key components of the Sec-incorporation machinery have been
identified, we have an incomplete picture of the dynamic nature of the Sec ribonucleopro-
tein complex, how it delivers EEFSEC and the Sec-tRNASec to the ribosome during UGA
recoding, and how this process competes with the standard decoding process of translation
termination. It has been clearly established through in vitro reporter assays and in vivo
ribosome profiling experiments that UGA recoding is an inherently inefficient process (with
the notable exception of Sec-incorporation at the C-terminal UGA-Sec codons of SELENOP
mRNAs), such that the majority of ribosomes that initiate translation on selenoprotein
mRNAs fail to incorporate Sec and never reach the natural termination codon.

Several outcomes can be envisioned for ribosomes that fail to incorporate Sec: (1)
ribosomes may decode the UGA-Sec codon as a stop codon and terminate translation
(Figure 2A, and in some cases this event will be recognized as premature termination
leading to mRNA degradation through the nonsense-mediated decay (NMD) pathway;
(2) ribosomes may stall at or near the UGA-Sec codon. Stalled ribosomes may either be
removed by ribosome rescue or be rescued and continue translation (Figure 2C). RNAs
that escape NMD or those on which ribosomes have been rescued may resume translation
and go on to incorporate Sec (Figure 2B). What is known about these competing events
will be discussed in Section 3.

 

Figure 2. Possible fates of ribosomes encountering UGA-Sec codons. (A) Ribosomes failing to
incorporate Sec may prematurely terminate translation, leading to nonsense-mediated decay (NMD)
or NMD escape and continued translation by ribosomes located upstream of the UGA codon. (B) Sec-
incorporation mediated by Sec insertion machinery. (C) Ribosomes that fail to incorporate Sec or
terminate may be subject to various translational quality control pathways leading to ribosome
release or recovery.

3. Competing Ribosome Fates at UGA-Sec Codons

Every step of the information-flow pathway in a living cell is monitored and kept
accurate by quality control mechanisms. Replication has DNA repair, transcription has
proofreading Pol II, tRNA aminoacylation has noncognate hydrolysis, and ribosomes
both execute and are subjected to multiple control mechanisms during translation. These
quality control pathways are broad and arguably nonspecific, so naturally there are a
multitude of exceptions that must either evade or modify specific components of quality
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control. As a case in point, the mechanism by which mRNAs containing a misplaced
in-frame stop (also known as nonsense) codon are sensed and shunted to a degradation
pathway was discovered in 1979 [69], and a vast literature provides substantial mechanistic
insight into this process termed nonsense-mediated decay [70]. The prevailing model posits
that a stop codon is considered to be in the “wrong” position if it is not in the last exon.
Thus, if the ribosome encounters a premature stop codon, it will “sense” the existence
of a downstream exon/exon boundary, which is bound by a host of factors collectively
referred to as the exon junction complex (EJC). Essentially the EJC is thought to cause
inefficient translation termination which is sufficient to recruit the lynchpin NMD factor
UPF1, which in turn recruits other factors required to initiate mRNA decay. It is important
to stress that inefficient termination is sufficient to induce NMD, thus explaining the
considerable evidence that EJC-independent NMD does occur and represents a significant
fraction of total NMD events, particularly in organisms that have very few introns (e.g.,
Saccharomyces cerevisiae).

Selenoprotein mRNAs, with in-frame stop codons that are reprogrammed to allow Sec
incorporation, stand as interesting case studies in the regulation of NMD. When selenium
is replete, it is plausible to assume that efficient use of UGA as a sense codon would be
sufficient to prevent NMD activation. However, it has long been reported that the efficiency
of Sec incorporation is low, in the order of 10–25% [20,32,35,71]. Since the vast majority of
Sec codons lie upstream from exon/exon boundaries [72], nearly every case of failed Sec
incorporation might initiate NMD. Although the half-lives of all selenoprotein mRNAs
have not been directly measured under the array of conditions required to precisely answer
this question, the reality is that steady state levels of selenoprotein mRNAs are sufficient to
provide adequate selenoprotein production under normal conditions. This may be due to
the fact that selenoprotein mRNAs are shielded from NMD factors during incorporation,
so the termination events that do occur are not able to signal the NMD machinery. This
hypothesis was generally supported by a study where liver-specific knockout of SECISBP2
or tRNASec resulted in an overall 60–70% reduction of selenoprotein mRNA levels [49].
However, a deeper analysis of the relative contributions of translation efficiency and mRNA
abundance revealed a complex array of differential regulation, depending on the identity
of the selenoprotein mRNA. For example, their findings for GPX1 were consistent with
prior work that showed it to be a strong NMD target during selenium deficiency. This
stands in contrast to GPX4, whose mRNA levels are dependent on SECISBP2, but not
on selenium or Sec-tRNASec levels. In addition, there appeared a third case, SELENOT,
where mRNA levels were reduced but the translational efficiency remained the same.
Part of this complexity is undoubtedly due to the existence of an SECISBP2 orthologue,
SECISBP2L, which is very likely responsible for supporting selenoprotein production
when SECISBP2 is absent. Overall, it is clear that active Sec incorporation is essential for
maintaining selenoprotein mRNA levels, albeit to varying extents, but the question remains
as to how much higher they would be if there were no in-frame UGA codon. One study did
tangentially address this question by stably transfecting cDNAs encoding the zebrafish and
human versions of SELENOP into the human hepatocyte cell line HepG2. One version of
the cDNA was wild-type, which contains multiple Sec codons, and the other had replaced
those with Cys codons. Quantitative RT-PCR revealed that the steady state mRNA level for
the Cys codon-containing construct was about twice that of the Sec codon counterpart [73].
Interpreting this result is confounded by the fact that SELENOP is an exception among
selenoproteins in possessing multiple UGA codons. Overall, while there is no doubt that
NMD and Sec incorporation are deeply intertwined, there are still mechanistic questions
that remain unanswered.

As shown in Figure 2, a byproduct of inefficient Sec incorporation is stalled ribosomes.
In general, ribosome-stalling is an undesirable event that can result from a multitude of
aberrant or regulated translation elongation reactions, so a surveillance and quality control
pathway termed no-go decay (NGD) evolved to prevent ribosomes from accumulating on
inefficiently translated mRNAs [74,75]. As such, the components that make up the NGD
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pathway may also play a role in regulating the fate of selenoprotein mRNAs. Perhaps not
surprisingly, the two key factors in signaling NGD (PELO and HBS1) are evolutionarily
related to the termination factors eRF1 and eRF3. One of the key signals for the NGD path-
way event is an empty ribosomal A site, which would occur during inefficient translation
elongation. Similar to a translation termination reaction, where an eRF1/eRF3 complex
recognizes the ribosomal A site at stop codons, the PELO/HBS1 complex accesses any
A site that is not occupied by an elongation complex and recruits factors that release the
ribosome and degrade the mRNA. So, in the case of a Sec codon, three different complexes
are competing for the same site: EEFSec/Sec-tRNASec, eRF1/eRF3, and PELO/HBS1.
Although some attention has been paid to the mechanism of the interplay between termi-
nation and Sec incorporation [31,32], very little has been studied about the role of the NGD
pathway as a potential regulator. It is likely, therefore, that Sec incorporation efficiency is
directly related to the ability of Sec-tRNASec to outcompete the access of eRF1 or PELO.
The multitude of factors that would impact this competition include local RNA structure,
codon sequence context, relative concentrations of the A-site binders, and the nascent pep-
tide chain sequence that is known to regulate the processivity of ribosome transit during
translation elongation [76]. The major mechanistic question for the field centers around the
extent to which Sec incorporation “actively” competes with these processes. For example,
specific occlusion of PELO or eRF1 by the SECISBP2/SECIS complex, even in the absence
of an EEFSec/Sec-tRNASec complex, would represent an active competition. On the other
hand, termination and NGD might be passively out-competed purely as a function of the
relative concentrations of factors. Intriguingly, it has been reported that increasing the
amount of eRF1 (but not eRF3) caused an increase rather than the expected decrease in
Sec incorporation in transfected cells [31]. Similarly, the addition of eRF1 to an in vitro
translation system also failed to inhibit Sec incorporation [32]. Taken at face value, these
results may favor the “active” model of Sec incorporation where specific events prevent
termination regardless of eRF1 concentration. While it is likely that a combination of active
and passive processes is at play, a thorough investigation of the role that NGD factors
might play in regulating the efficiency of Sec incorporation will be required to shed light
on any role that PELO (or PELO exclusion) may play.

In the context of considerable complexity regarding processes that monitor A-site
occupancy during the translation elongation reaction, another quality control mechanism
monitors the stalling of ribosomes. The ribosome quality control (RQC) system induces a
general cellular stress pathway that is coordinated by activation of the heatshock protein
Hsf1 when nascent chain peptides are stalled [77]. The outcome of activating this pathway
is ribosomal subunit ubiquitination and nascent chain degradation [78]. More recent work
has shown that the signal is actually conveyed by “colliding” ribosomes [79]. Again, since
ribosomes stall on many selenoprotein mRNAs, the interplay between the RQC pathway
and Sec incorporation stands as yet another potential contributor to the overall efficiency.
Indeed, the question of whether ribosome-stalling on selenoprotein mRNAs is sufficient to
signal the stress pathway raises an intriguing possibility. While it is unlikely to be the case
under normal conditions, the RQC pathway could, however, be an important signaling
mechanism for the cell to detect limiting selenium concentrations, because selenoprotein
mRNAs that are not turned over by NMD would likely accumulate collided ribosomes.

4. Conclusions

In this focused review, we have highlighted the fact that Sec incorporation must
coexist with multiple quality control pathways. In theory, each of these pathways should
effectively reduce Sec incorporation, but the Sec incorporation machinery co-evolved to
deploy mechanisms that both subvert and exploit these pathways to optimize efficiency and
signal stress conditions. The key for future exploration will be to decipher the mechanistic
bases of the workarounds that organisms were required to evolve in order to effectively
utilize Sec.
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Abstract: Selenium, a trace element fundamental to human health, is incorporated as the amino acid
selenocysteine (Sec) into more than 25 proteins, referred to as selenoproteins. Human mutations
in SECISBP2, SEPSECS and TRU-TCA1-1, three genes essential in the selenocysteine incorporation
pathway, affect the expression of most if not all selenoproteins. Systemic selenoprotein deficiency
results in a complex, multifactorial disorder, reflecting loss of selenoprotein function in specific
tissues and/or long-term impaired selenoenzyme-mediated defence against oxidative and endo-
plasmic reticulum stress. SEPSECS mutations are associated with a predominantly neurological
phenotype with progressive cerebello-cerebral atrophy. Selenoprotein deficiency due to SECISBP2
and TRU-TCA1-1 defects are characterized by abnormal circulating thyroid hormones due to lack
of Sec-containing deiodinases, low serum selenium levels (low SELENOP, GPX3), with additional
features (myopathy due to low SELENON; photosensitivity, hearing loss, increased adipose mass
and function due to reduced antioxidant and endoplasmic reticulum stress defence) in SECISBP2
cases. Antioxidant therapy ameliorates oxidative damage in cells and tissues of patients, but its
longer term benefits remain undefined. Ongoing surveillance of patients enables ascertainment of
additional phenotypes which may provide further insights into the role of selenoproteins in human
biological processes.

Keywords: selenoprotein deficiency; SECISBP2; Sec-tRNA[Ser]Sec; SEPSECS; selenium

1. Introduction

Dietary selenium (Se) is absorbed as inorganic Se (e.g., selenate; selenite) or organic Se
(e.g., Se-methionine; selenocysteine) and metabolized to hydrogen selenide (H2Se) before
incorporation into the amino acid selenocysteine (Sec) [1]. Selenocysteine is different from
other amino acids in that, uniquely, it is synthesized on its own tRNA, (Sec-tRNA[Ser]Sec;
encoded by TRU-TCA1-1), via a well described pathway including O-phosphoserine-
tRNA:selenocysteine tRNA synthase (SEPSECS) (Figure 1) [2,3]. Selenocysteine is incorpo-
rated into selenoproteins, at the position of a UGA codon in the mRNA, which ordinarily
encodes a termination codon that dictates the cessation of protein synthesis. Unique Sec-
insertion machinery, involving a cis-acting SEleniumCysteine Insertion Sequence (SECIS)
stem-loop structure located in the 3′-UTR of all selenoprotein mRNAs and the UGA codon,
interacting with trans-acting factors (SECIS binding protein 2 (SECISBP2), Sec-tRNA spe-
cific eukaryotic elongation factor (EEFSEC) and Sec-tRNA[Ser]Sec) (Figure 1), recodes UGA
as a codon mediating Sec incorporation rather than termination of protein translation [3–5].

At least 25 human selenoproteins are described and recognized functions include main-
tenance of redox potential, regulating redox sensitive biochemical pathways, protection of
genetic material, proteins and membranes from oxidative damage, metabolism of thyroid
hormones, regulation of gene expression and control of protein folding (Table 1) [3,6].
The importance of selenoproteins is illustrated by the embryonic lethal phenotype of Trsp
(mouse Sec-tRNA[Ser]Sec) and Secisbp2 knockout mice [7,8]. It is well known that dietary
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Se intake affects systemic Se-status and selenoprotein expression, but not all selenopro-
teins are affected to the same extent. Thus, expression of housekeeping selenoproteins
(e.g., TXNRD1, TXNRD3, GPX4) is less affected by low circulating Se-levels compared to
stress-related selenoproteins (e.g., GPX1, GPX3, SELENOW). Such differential preservation
of selenoprotein expression is attributed to the existence of a “hierarchy of selenoprotein
synthesis”, whose underlying molecular basis is unclear [3,9]. With this knowledge, it is
no surprise that mutations in key components of the Sec-insertion pathway (SEPSECS,
SECISBP2, TRU-TCA1-1) result in generalized deficiency of selenoproteins associated with
a complex, multisystem phenotypes. Here, we describe the clinical consequences of mu-
tations in these three human genes and suggest possible links with loss-of-function of
known selenoproteins.

Figure 1. Biosynthesis of selenocysteine (Sec) and selenoproteins. Dietary sources of selenium exist
in inorganic form (e.g., selenate, selenite) and organic form (e.g., Sec, SeMet). Inorganic selenium is
reduced to selenide by TXNRD/TRX or GPX/GSH systems and organic selenium is metabolized
to Sec, used by SCLY to generate selenide. De novo Sec synthesis takes place on its own tRNA
(tRNA[Ser]Sec), which undergoes maturation through sequential modifications (SARS-mediated addi-
tion of Ser, PSTK-mediated phosphorylation of Ser), with acceptance of a selenophosphate (generated
from selenide by SEPHS2) catalysed by SEPSECS as final step. Expression of selenoproteins requires
recoding of an UGA codon as the amino acid Sec instead of a premature stop. The incorporation
of Sec is mediated by a multiprotein complex containing SECISBP2, bound to the SECIS element
situated in the 3′-untranslated region of selenoproteins, the Sec elongation factor EEFSEC, together
with Sec-tRNA[Ser]Sec at the ribosomal acceptor site. The other factors (e.g., ribosomal protein L30,
eukaryotic initiation factor eIF4a3, nucleolin) have regulatory roles.
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Table 1. Human selenoproteins.

Selenoprotein Function
Expression

Subcellular Localization

GPX1
glutathione peroxidase 1 Oxidoreductase most tissues

cytoplasmic

GPX2
glutathione peroxidase 2 Oxidoreductase limited number of tissues

Nucleus and cytoplasmic

GPX3
glutathione peroxidase 3 Oxidoreductase most tissues

secreted

GPX4
glutathione peroxidase 4 Oxidoreductase most tissues

Nucleus and mitochondria

GPX6
glutathione peroxidase 6 Oxidoreductase testis, epididymis, olfactory system

predicted secreted

TXNRD1
thioredoxin reductase 1 Oxidoreductase Ubiquitous

Nucleus and cytoplasmic

TXNRD2
Thioredoxin reductase 2 Oxidoreductase Ubiquitous

cytoplasmic and mitochondria

TXNRD3
Thioredoxin reductase 3 Oxidoreductase most tissues, high in testis

Intracellular

DIO1
Iodothyronine deiodinase 1 Thyroid hormone metabolism kidney, liver, thyroid gland

Intracellular membrane-associated

DIO2
Iodothyronine deiodinase 2 Thyroid hormone metabolism central nervous system, pituitary

Intracellular membrane-associated

DIO3
Iodothyronine deiodinase 3 Thyroid hormone metabolism several tissues

Intracellular membrane-associated

MSRB1
methionine sulfoxide reductase B1 Met sulfoxide reduction Ubiquitous

Nucleus and cytoplasmic

SELENOF
Selenoprotein F Protein folding control Ubiquitous

endoplasmic reticulum

SELENOH
Selenoprotein H Unknown oxidoreductase Ubiquitous

Nucleus

SELENOI
Selenoprotein I Phospholipid biosynthesis Ubiquitous

transmembrane

SELENOK
Selenoprotein K Protein folding control Ubiquitous

ER, plasma membrane

SELENOM
Selenoprotein M Unknown Ubiquitous

Nuclear and perinuclear

SELENON
Selenoprotein N Redox-calcium homeostasis Ubiquitous

endoplasmic reticulum

SELENOO
Selenoprotein O Protein AMPylation activity Ubiquitous

mitochondria

SELENOP
Selenoprotein P Transport/oxidoreductase most tissues

secreted, cytoplasmic

SELENOS
Selenoprotein S Protein folding control Ubiquitous

endoplasmic reticulum

SELENOT
Selenoprotein T Unknown oxidoreductase Ubiquitous

endoplasmic reticulum

SELENOV
Selenoprotein V Unknown thyroid, parathyroid, testis, brain

Intracellular

SELENOW
Selenoprotein W Oxidoreductase Ubiquitous

Intracellular

SEPHS2
Selenophosphate synthetase 2 Selenophosphate synthesis Ubiquitous, high in liver and kidney

Intracellular
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2. SECISBP2 Mutations

SECISBP2 is an essential and limiting factor for biosynthesis of selenoproteins [4,10]
and functions as a scaffold, recruiting ribosomes, EEFSEC, and Sec-tRNA[Ser]Sec to the
UGA codon by binding to SECIS-elements in selenoprotein mRNAs, generating a dynamic
ribosome-Sec-incorporation complex (Figure 1). The first 400 amino (N-)terminal residues
of SECISBP2 have no clear function; in contrast the carboxy (C-)terminal region (amino
acids 399–784) is both necessary and sufficient for Sec-incorporation (Sec incorporation
domain: SID) and binding to the SECIS element (RNA-binding domain: RBD) in vitro
(Figure 2). The RBD, contains a L7Ae-type RNA interaction module and a lysine-rich
domain, mediating specific recognition of “stem-loop” structures adopted by SECIS el-
ements and other regulatory RNA motifs [11–13]. The C-terminal region also contains
motifs (nuclear localization signal; nuclear export signal) involved in cellular localization of
SECISBP2 and a cysteine rich domain (Figure 2) [14]. In the N-terminal region, alternative
splicing events and ATG start codons have been described, generating different SECISBP2
isoforms [14], but all containing the essential C-terminal region. These events, together with
regulatory domains in the C-terminal region, are thought to control SECISBP2-dependent
Sec incorporation and the hierarchy of selenoprotein expression in vivo.

Figure 2. Functional domains of human SECISBP2 with the position of mutations described hitherto.
Arrowheads denote the location of ATG codons; NLS: nuclear localisation signal (380–390); NES:
nuclear export signals (634–657 and 756–770); SID: Sec incorporation domain; CRD: cysteine rich
domain; RBD: minimal RNA-binding domain with the Lysine-rich domain (K-rich) and the L7Ae
RNA-binding module; the black bar denotes the minimal protein region required for full functional
activity in vitro.

Homozygous or compound heterozygous mutations in SECISBP2 have been described
in individuals from 11 families from diverse ethnic backgrounds [15] (Table 2, Figure 2);
hitherto no phenotypes have been described in heterozygous individuals. Most SECISBP2
mutations identified to date result in premature stops in the N-terminal region upstream
of an alternative start codon (Met 300), permitting synthesis of the shorter, C-terminal,
minimal functional domain of SECISBP2 (Figure 2) [14,16–23]. Conversely, stop mutations
(e.g., R770X, Q782X) [18,23], distal to the minimal functional domain might generate C-
terminally truncated proteins with residual but altered function. In one patient with an
intronic mutation (IVS8ds + 29G > A) leading to a stop in the SID-domain, correct mRNA
splicing was only reduced by 50% [16], a mechanism preserving some SECISBP2 synthesis
that may operate in other splice site mutation contexts.

Table 2. Human SECISBP2 mutations.

Age in Years (Gender) Mutation Protein Change
Alleles

Affected
Ethnicity Reference

26 (M 1); 19 (M); 19 (F 2) c.1619 G > A R540Q homozygous Saudi
Arabian [16]

25 (M) c.1312 A > T
c.IVS8ds + 29 G > A

K438 *
fs431 *

compound
heterozygous Irish [16]
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Table 2. Cont.

Age in Years (Gender) Mutation Protein Change
Alleles

Affected
Ethnicity Reference

19 (M) c.382 C > T R128 * homozygous Ghanaian [17]

18 (F) c.358 C > T
c.2308 C > T

R120 *
R770 *

compound
heterozygous Brazilian [18]

44 (M) c.668delT
c.IVS7 -155, T > A

F223fs255 *
fs295 * + fs302 *

compound
heterozygous British [19]

13 (M) c. 2017 T > C
1–5 intronic SNP’s

C691R
fs65 * + fs76 *

compound
heterozygous British [19]

15 (M)
c.1529_1541dup

CCAGCGCCCCACT
c.235 C > T

M515fs563 *
Q79 *

compound
heterozygous Japanese [20]

10 (M) c.800_801insA K267Kfs * 2 homozygous Turkish [21]

3.5 (M) c.283delT
c.589 C > T

T95Ifs31 *
R197 *

compound
heterozygous N/A 3 [22]

11 (F) c.2344 C > T
c.2045–2048 delAACA

Q782 *
K682fs683 *

compound
heterozygous Turkish [23]

5 (F) c.589 C > T
c.2108 G > T or C

R197 *
E679D

compound
heterozygous Argentinian [23]

1 M: Male; 2 F: Female; 3 N/A: Not available.

Only three missense SECISBP2 mutations, situated in the RBD (R540Q, E679D and
C691R) are described. The R540Q mutation, in the lysine-rich domain, fails to bind a spe-
cific subset of SECIS-elements in vitro and a mouse model revealed an abnormal pattern of
Secisbp2 and selenoprotein expression in tissues [16,24,25]. The E679D and C691R muta-
tions are situated in the L7Ae RNA-binding module and part of the CRD. C691R mutant
SECISBP2 undergoes enhanced proteasomal degradation, with loss of RNA-binding [19,25].
The E679D mutation has not been investigated but is predicted to be deleterious (PolyPhen-
2 algorithm score of 0.998), possibly affecting RNA-binding [23].

Complete knockout of Secisbp2 in mice is embryonic lethal [8], suggesting some
functional protein, or an alternative rescue mechanism, is present in humans with SECISBP2
mutations. Studies suggest that most combinations of SECISBP2 mutations in patients
hitherto are hypomorphic, with at least one allele directing synthesis of protein at either
reduced levels or that is partially functional (Table 2). Because it is rate limiting for
Sec incorporation, decreased SECISBP2 function will affect most if not all selenoprotein
synthesis, as confirmed by available selenoprotein expression data in the patients [16,19].

Hitherto, only a small number of patients are described, from different ethnic and
geographical backgrounds, often with compound heterozygous mutations and with limited
information of their phenotypes. Some clinical phenotypes are attributable to deficien-
cies of particular selenoproteins in specific tissues whilst other features have a complex,
multifactorial, basis possible linked to unbalanced antioxidant defence or protein folding
pathways or loss of selenoproteins of unknown function. Increased cellular oxidative stress,
readily measurable in most cells and tissues from patients, results in cumulative mem-
brane and DNA damage. A common biochemical signature in all patients consists of low
circulating selenium (reflecting low plasma SELENOP and GPX3) and abnormal thyroid
hormone levels due to diminished activity of deiodinases resulting in raised FT4, normal
to low FT3, raised reverse T3 and normal or high TSH concentrations [15,16,19]. Most
cases were diagnosed in childhood with growth retardation (e.g., failure to thrive, short
stature, delayed bone age) and developmental delay (e.g., delayed speech, intellectual-
and motor coordination deficits) as common features, due not only to abnormal thyroid
hormone metabolism [26,27] but also effects of specific selenoproteins deficiency in tissues
(e.g., neuronal [8] or skeletal [28]). Fatigue and muscle weakness is a recognized feature
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in several patients and is attributable at least in part to a progressive muscular dystrophy
affecting axial and proximal limb muscles, and very similar to the phenotype of myopa-
thy due to selenoprotein N-deficiency [29]. Mild, bilateral, high-frequency sensorineural
hearing loss is observed in some patients and is possibly due to ROS-mediated damage in
the auditory system [30,31] as it is progressive in nature, worsening in older patients. An
adult male patient was azoospermic, with marked deficiency of testis-expressed selenopro-
teins (GPX4, TXNRD3, SELENOV) [32–36]. Several other recorded phenotypes (increased
whole body, subcutaneous fat mass, increased systemic insulin sensitivity, cutaneous pho-
tosensitivity) probably have a multifactorial basis which includes loss of antioxidant and
endoplasmic reticulum stress defence. Studies of mouse models and in humans provide a
substantial body of evidence to suggest a link between selenoproteins and most of these
phenotypes [19,37–41].

Clinical management of these patients is mostly limited to correcting abnormal thy-
roid hormone metabolism with liothyronine supplementation if necessary. No specific
therapies exist for other phenotypes (e.g., myopathy), but their progressive nature can
require supportive intervention (e.g., nocturnal assisted ventilation for respiratory muscle
weakness, aid for hearing loss). Oral selenium supplementation did raise total serum Se
levels in some SECISBP2-deficient patients, but without clinical [17,18,21] or biochemical
(circulating GPX’s, SELENOP, thyroid hormone metabolism) effect [42]. Antioxidant (alpha
tocopherol) treatment was beneficial in one patient, reducing circulating levels of products
of lipid peroxidation with reversal of these changes after treatment withdrawal [40]. These
observations suggest that treatment with antioxidants is a rational therapeutic approach,
but the longterm consequences in this multisystem disorder are unpredictable.

3. TRU-TCA1-1 Mutations

Selenocysteine is different from other amino acids in that it is synthesized uniquely on
its own tRNA, encoded by TRU-TCA1-1, via a well described pathway including SEPSECS
(Figure 1) [2,3]. Two major isoforms of the mature Sec-tRNA[Ser]Sec have been identi-
fied, containing either 5-methoxycarbonyl-methyluridine (mcm5U) or its methylated form
5-methoxycarbonylmethyl-2′-O-methyluridine (mcm5Um) at position 34, with the level
of methylation being dependent on selenium status (Figure 3). The methylation state of
uridine 34, located in the anticodon loop, is thought to contribute to stabilization of the
codon–anticodon interaction and to play a role in mediating the hierarchy of selenoprotein
expression. Thus, expression of essential, cellular housekeeping selenoproteins (e.g., TXN-
RDs, GPX4) is dependent on the mcm5U isoform, whilst synthesis of cellular, stress-related
selenoproteins (e.g., GPX1, GPX3) synthesis require the mcm5Um isoform [43,44].

The first patient with a homozygous nucleotide change at position 65 (C > G) in
TRU-TCA1-1 (Figure 3) [45], presented with a similar clinical and biochemical phenotype
(fatigue and muscle weakness, raised FT4, normal T3, raised rT3 and TSH, low plasma
selenium concentrations) to that seen in patients with SECISBP2 deficiency. However, the
pattern of selenoprotein expression in his cells differed, with preservation housekeeping
selenoproteins (e.g., TXNRDs, GPX4), but not stress-related selenoproteins (e.g., GPX1,
GPX3) in cells from the TRU-TCA1-1 mutation patient. This pattern is similar to the
differential preservation of selenoprotein synthesis described in murine Sec-tRNA[Ser]Sec

mutant models [3,44]. Recently, a second, unrelated patient with the same, homozygous
TRU-TCA1-1 mutation (C65G) with raised FT4 and low plasma GPX3 levels has been
described [46].

The mechanism for such differential selenoprotein expression is unresolved, but a
possible explanation is the observation that the TRU-TCA1-1 C65G mutation results in
lower total Sec-tRNA[Ser]Sec expression in patients cells, with disproportionately greater
diminution in Sec-tRNA[Ser]Sec mcm5Um levels. This suggest that the low Sec-tRNA[Ser]Sec

levels in the proband are still sufficient for normal synthesis of housekeeping selenoproteins,
whereas diminution of Sec-tRNA[Ser]Sec mcm5Um levels accounts for reduced synthesis of
stress-related selenoproteins.
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Figure 3. Sec-tRNA[Ser]Sec showing the position of human mutation. The primary structure of
human Sec-tRNA[Ser]Sec is shown in a cloverleaf model, with the location of C65G mutation and
posttranscriptional modification at positions U34 (mcm5U or mcm5Um, in the anticodon), A37 (i6A),
U55 ( ) and A58 (m1A).

Clinical management of the patient is limited to alleviating clinical symptoms. How-
ever, with the knowledge that changing systemic selenium status can alter the rela-
tive proportions of the Sec-RNA[Ser]Sec isoforms [44,47,48], selenium supplementation
of this patient, aiming to restore specific selenoprotein deficiencies, may be a rational
therapeutic approach.

4. SEPSECS Mutations

The human SEPSECS protein was first characterized as an autoantigen (soluble
liver antigen/liver pancreas, SLA) in autoimmune hepatitis [49]. The observation that
it was present in a ribonucleoprotein complex with Sec-tRNA[Ser]Sec, led to its iden-
tification as the enzyme that catalyzes the final step of Sec formation by converting
O-phosphoserine-tRNA[Ser]Sec into Sec-tRNA[Ser]Sec using selenophosphate as substrate
donor [50,51] (Figure 1).

Homozygous and compound heterozygous mutations in SEPSECS have been identi-
fied in 20 patients (Table 3, Figure 4). The availability of the crystal structures of the archaeal
and murine SEPSECS apo-enzymes as well as human wild type and mutant SECSEPS
(A239T, Y334C, T325S and Y429X) complexed with Sec-tRNA[Ser]Sec provides functional
information [52–55]. The four premature stop mutants are predicted to be insoluble and

297



Int. J. Mol. Sci. 2021, 22, 12927

inactive, as documented for the Y429X mutant. Mutants at Tyrosine 334 are predicted
to fold like wild type SEPSECS and retain binding to Sec-tRNA[Ser]Sec, but with reduced
enzyme activity. The A239T mutant failed to form stable tetramers, possible as result of a
steric clash destabilizing the enzyme’s core, rendering it inactive [55]. The other mutants
for which no structure is available have been analyzed in silico and are predicted to be
deleterious to varying degrees [15].

Table 3. Human SEPSECS mutations.

Age in Year (Gender) Mutation
Protein
Change

Alleles
Affected

Ethnicity Reference

6 (F 1); 7.5 (2) c.1001 A > G Y334C homozygous Jewish/Iraq [56]

4 (F); 2.5 (M) c.715 G > A
c.1001 A > G

A239T
Y334C

compound
heterozygous

Iraqi/
Moroccan [56]

7 (F); 4 (F);
2 (F) c.1466 A > T D489V homozygous Jordan [57]

0 (M); 0 (F); 0 (F); 0 (F) c.974 C > G
c.1287 C > A

T325S
Y429X

compound
heterozygous Finnish [58]

14 (F) c.1 A > G
c.388 + 3 A > G

M1V
G130Vfs * 5

compound
heterozygous N/A 3 [59]

N/A c.1027–1120del E343Lfs * 2 Homozygous N/A 3 [60]

9 (M) c.1001 A > C Y334H homozygous Arabian [61]

10 (F) c.77delG
c.356 A > G

R26Pfs * 42
N119S

compound
heterozygous Japanese [62]

21 (F) c.356 A > G
c.467 G > A

N119S
R156Q

compound
heterozygous Japanese [62]

1 (M) c.176 C > T A59V Homozygous N/A 3 [63]

23 (F) c.1321 G > A G441R Homozygous N/A 3 [64]

4 (F) c.114 + 3 A > G N/A 3 Homozygous Moroccan [65]

N/A 1 c.877 G > A A293T Homozygous N/A 3 [66]
1 F: Female; 2 M: Male; 3 N/A: Not available.

Figure 4. Functional domains of SEPSECS with the positions of the human mutations. Schematic of the human SEPSECS
protein with key amino acids (above) that are part of the active domain (black bars) or interact with tRNA[ser]sec] (white
shaded boxes) and mutations described hitherto below.

Patients with mutations in SEPSECS have profound intellectual disability, global
developmental delay, spasticity, epilepsy, axonal neuropathy, optic atrophy and hypotonia
with progressive microcephaly due to cortical and cerebellar atrophy [56,58,61,63]. The
disorder is classified as autosomal recessive pontocerebellar hypoplasia type 2D (PCH2D,
OMIM#613811), also referred to as progressive cerebellocerebral atrophy (PCCA) [56,67].
SEPSECS is required for generation of Sec-tRNA[Ser]Sec, which is essential for survival as
demonstrated by the Trsp (mouse tRNA[Ser]Sec) knockout mouse model [44]. The Y334C-
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Sepsecs mouse model exhibits a phenotype similar to features described in patients [68].
However, there is some variation in impact of SEPSECS mutations and specific phenotypes,
with three patients (homozygous for G441R; compound heterozygous for R26Pfs*42/N119S
or N119S/R156Q), presenting with late-onset PCH2D and progressive but milder degree
of CNS atrophy [62,64]. In silico analyses suggest that these mutations have a less deleteri-
ous effect on SEPSECS function [15], although environmental factors or patients’ genetic
background modulating phenotype cannot be excluded.

The young age and severity of neurological problems in SEPSECS patients has pre-
cluded detailed investigation of selenoprotein expression and associated phenotypes.
Studies of brain tissue from some patients showed decreased selenoprotein expression,
correlating with increased cellular oxidative stress, but selenoprotein expression in other
cell types (fibroblasts, muscle cells) was not significantly affected [58]. Serum selenium con-
centrations and thyroid status has been partially investigated in five patients, documenting
either normal levels [61,65] or normal T4 but elevated TSH levels [58]. This suggests that
the biochemical hallmarks of selenoprotein deficiency in SECISBP2 and TRU-TCA1-1 disor-
ders (low circulating selenium and abnormal thyroid hormone levels) are not a significant
feature in patients with SEPSECS mutations. Myopathic features with raised CK levels,
abnormal mitochondria, cytoplasmic bodies and increased lipid accumulation in muscle
are documented in one SEPSECS mutation case [61], with broad-based gait and postural
instability suggesting muscle weakness in another patient [64]. These findings are similar to
observations in selenoprotein N-deficient patients with SECISBP2 mutations [19]. Overall,
limited studies to date suggest that SEPSECS patients exhibit phenotypes associated with
selenoprotein deficiency, but that these features can be mutation and tissue dependent.

5. Conclusions

In humans, 25 genes, encoding different selenoproteins containing the amino acid
selenocysteine (Sec), have been identified. In selenoprotein mRNAs the amino acid Sec is
encoded by the triplet UGA which usually constitutes a stop codon, requiring its recoding
by a complex, multiprotein mechanism. Failure of selenoprotein synthesis due to SECISBP2,
TRU-TCA1-1 or SEPSECS defects, essential components of the selenoprotein biosynthesis
pathway, results in complex disorders.

Individuals with SECISBP2 defects exhibit a multisystem phenotype including growth
retardation, fatigue and muscle weakness, sensorineural hearing loss, increased whole
body fat mass, azoospermia and cutaneous photosensitivity. Most patients were identified
due to a characteristic biochemical signature with raised FT4, normal to low FT3, raised
rT3 and normal/slightly high TSH and low plasma selenium levels. A similar biochemical
phenotype and clinical features are described in one individual with a TRU-TCA1-1 muta-
tion, although with relative preservation of essential housekeeping versus stress-related
selenoprotein expression in his cells. Individuals with SEPSECS defects, essential for Sec-
tRNA[Ser]Sec synthesis, present with a disorder characterized by cerebello-cerebral atrophy.
Due to the young age and severe phenotype of patients, the effect of SEPSECS mutations
on selenoprotein expression has not been studied in detail. In contrast, it is noteworthy that
an early-onset central nervous system phenotype is not a feature in patients with SECISBP2
or TRU-TCA1-1 mutations.

As the function of many selenoproteins is unknown, or simultaneous deficiency of
several selenoproteins exerts additive, synergistic or antagonistic effects culminating in
complex dysregulation, linking disease phenotypes with altered expression of specific se-
lenoproteins is challenging. Nevertheless, some causal links between specific selenoprotein
deficiencies and phenotypes (e.g., abnormal thyroid function and deiodinase enzymes; low
plasma Se and SELENOP, GPX3; azoospermia and SELENOV, GPX4, TXRND3; myopa-
thy and SELENON) can be made. Other, progressive, phenotypes (e.g., photosensitivity,
age-dependent hearing loss, neurodegeneration) may reflect absence of selenoenzymes me-
diating defence against oxidative and endoplasmic reticulum stress, resulting in cumulative
tissue damage.
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Triiodothyronine supplementation can correct abnormal thyroid hormone metabolism,
with other medical intervention being mainly supportive. Selenium supplementation is of
no proven benefit in SECISBP2 mutation patients, but needs evaluation in the TRU-TCA1-1
mutation case. Antioxidants, targeting the imbalance in oxidoredox and protein folding
control pathways, could be beneficial in many selenoprotein deficient patients, but due to
the complex interplay between different selenoproteins and their role in diverse biological
processes, such treatment will require careful evaluation.
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Abstract: Selenium is incorporated into selenoproteins as the 21st amino acid selenocysteine (Sec).
There are 25 selenoproteins encoded in the human genome, and their synthesis requires a dedicated
machinery. Most selenoproteins are oxidoreductases with important functions in human health. A
number of disorders have been associated with deficiency of selenoproteins, caused by mutations in
selenoprotein genes or Sec machinery genes. We discuss mutations that are known to cause disease
in humans and report their allele frequencies in the general population. The occurrence of protein-
truncating variants in the same genes is also presented. We provide an overview of pathogenic
variants in selenoproteins genes from a population genomics perspective.

Keywords: selenium; selenoprotein; selenocysteine; genetic variance; human disease

1. Introduction

Selenium is an essential trace element in mammals. Its main biological functions
are mediated by selenoproteins, which contain selenium in the form of the 21st amino
acid selenocysteine (Sec). Selenoproteins are important oxidoreductase enzymes widely
conserved across mammals [1]. They are involved in diverse molecular pathways, with Sec
typically found at the catalytic site [2]. Sec is incorporated into selenoproteins in response
to a UGA codon, normally a stop codon, through a recoding mechanism that is selenium-
dependent and involves a dedicated machinery [3]. There are 25 known selenoprotein
genes in humans, and 24 in mice [4]. Mouse models have been particularly instrumental in
interrogating the functions of selenoproteins and assessing their gene essentiality [5]. Five
selenoproteins have been reported to be essential in mice: Gpx4 [6,7], Txnrd1 [8], Txnrd2 [9],
Selenot [10], and Selenoi [11]. In humans, the significance of selenium and selenoproteins
for health is manifested by inherited congenital disorders caused by mutations that disrupt
selenoprotein synthesis or affect individual selenoproteins.

Here we provide an overview of clinically relevant genetic variants based on the
analysis of the literature and specialized databases. We used ClinVar, a public archive of
reports of the relationships of genetic variation and phenotypes with assessment of clinical
relevance of variants submitted by researchers and genetic testing labs [12], and gnomAD,
an aggregate of exome and genome sequencing data of unrelated individuals sequenced as
part of various disease-specific and population genetic studies [13].

2. Pathogenic Variants in Selenoproteins

Selenoproteins associated with human syndromes thus far include 5 proteins: SE-
LENON, GPX4, TXNRD1, TXNRD2, and SELENOI. Disruption of the selenoprotein syn-
thesis pathway, which causes generalized selenoprotein deficiency, has been associated
with mutations in SEPSECS, SECISBP2, and Sec tRNA (TRU-TCA1-1). The consequences of
selenoprotein deficiency and causal mutations have been reviewed recently [14–17]. Clin-
Var currently lists a total of 72 pathogenic or likely pathogenic variants in selenoprotein
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genes, and 35 in the Sec synthesis machinery factors. 44 of those variants are observed in at
least one individual in gnomAD.

2.1. SELENON

Selenoprotein N (SELENON, also known as SEPN1) is a transmembrane protein
located in the endoplasmic reticulum (ER) [18]. Initially described by the in silico identifica-
tion of its SECIS element [19], SELENON was shortly after linked to a congenital rigid spine
muscular dystrophy [20], becoming the first selenoprotein associated with human disease.
Its protein sequence contains an EF-hand domain and a Sec residue as part of a SCUG
motif, where U corresponds to Sec, reminiscent of the Sec-containing motif in thioredoxin
reductases. Since its association with disease, there has been a lot of interest in the charac-
terization of its functions in the muscle [21,22]. A recent study showed how SELENON
functions as a calcium sensor through its calcium-binding EF-hand domain and activates
sarco/endoplasmic reticulum calcium ATPase (SERCA2)-mediated calcium uptake into
the ER in a redox-dependent manner [23]. Knockout mice were also developed [24,25].

SELENON-related myopathy (SELENON-RM, formerly SEPN1-RM) is a congenital
disorder caused by loss-of-function variants in the SELENON gene. SELENON-RM com-
prises four neuromuscular disorders initially described separately as rigid spine muscular
dystrophy [20,26], multi-minicore disease [27], congenital fiber type disproportion [28], and
desmin-related myopathy with Mallory body-like inclusions [29]. The clinical phenotype
is characterized by early-onset axial muscle weakness, spinal rigidity, and scoliosis, with
respiratory failure. Transmission is autosomal recessive, and patients are homozygous
or compound heterozygous. To date, many genetic variants that disrupt SELENON, or
prevent Sec insertion, have been identified in SELENO-RM patients [30]. ClinVar currently
lists 65 variants in SELENON as pathogenic/likely pathogenic. Notably, those variants
include a change in the Sec codon TGA to TAA [20], which produces a premature stop
codon (currently erroneously classified as synonymous in ClinVar); a variant that affects
the conserved quartet core of the SECIS [31]; and several variants in the Selenocysteine
Redefinition Element (SRE), a small RNA hairpin loop adjacent to the UGA codon [20,32].
In those cases where Sec synthesis efficiency is reduced, transcript levels have been shown
to be decreased, suggesting that the mRNA is targeted by nonsense-mediated decay [31,32].
The remaining pathogenic variants are missense changes in conserved residues, small
insertions and deletions that lead to frameshift, and splice donor/acceptor variants.

The gnomAD database contains 30 of the pathogenic or likely pathogenic variants,
which include both missense and protein-truncating variants (PTV: frameshift, stop gain,
and splice variants) (Figure 1). Though they can be considered rare, those included in
gnomAD are, presumably, the most common SELENON-RM associated variants in the
general population. Their allele frequencies range from 0.000004 to 0.0002, and carriers
are all heterozygotes. Some of the variants are more frequent in certain populations. For
example, the frameshift variant p.Asn204LysfsTer63 (g. 26135244C>CA) had an allele
frequency of 0.001353 in the Ashkenazi Jewish population. In addition to those listed in
ClinVar, other PTVs are present in gnomAD (Figure 1), which have not been assessed for
clinical significance. Given that all but one of the PTVs that have been submitted to ClinVar
are pathogenic (19 in total), it raises the question whether the additional 23 truncating
variants in gnomAD could potentially cause SELENON-RM.
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Figure 1. Pathogenic variants and protein-truncating variants in SELENON. (a) Genomic organization
of SELENON exons, and location of ClinVar pathogenic variants (above) and gnomAD protein-
truncating variants (PTV) (below). The shape and color of each variant corresponds to its predicted
consequence (see legend). For gnomAD variants only, the size of the symbol is proportional to the
allele frequency. The genomic notation is used to describe each variant. (b) Location of variants
along the SELENON protein sequence. The length of the protein is indicated on the right. Vertical
black lines correspond to exon boundaries, and the vertical orange line correspond to the Sec residue.
The same aesthetics for variants as (a) are used. The genomic coordinates correspond to genome
build GRCh37/hg19; the SELENON gene structure and protein sequence correspond to transcript
ENST00000374315.

2.2. GPX4

GPX4 is unique among the five glutathione peroxidases that depend on selenium in
humans due to its ability to reduce lipid hydroperoxides and to use protein thiols as donors
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of electrons in addition to glutathione [33,34]. GPX4 also functions as a major regulator
of ferroptosis, a form of regulated cell death characterized by the accumulation of lipid
hydroperoxides [35,36]. Gpx4 is essential for embryonic mouse development [6,7], and its
deficiency in mice leads to neuronal degeneration, ataxia, and seizures [37].

GPX4 is associated with Sedaghatian-type spondylometaphyseal dysplasia (SSDM).
The syndrome was described in 1980 as a congenital autosomal recessive disorder [38], and
more recently, inactivating variants in GPX4 were identified in SSDM patients [39]. Patients
show skeletal disorder and brain atrophy and die shortly after birth due to respiratory
failure [40].

There are five pathogenic or likely pathogenic variants in GPX4 associated with
SSDM in ClinVar (Figure 2). Three of them were reported in [39], while for the other two
(p.Gly51_His52insTer and p.Ile170fs) there is no study citation in ClinVar. Only one of the
pathogenic variants is observed in gnomAD, c.476 + 5G>A (g. 1105813G>A), with allele
frequency 0.00003586. Additional protein-truncating variants in GPX4 are observed in
gnomAD, which are not present in ClinVar. Their allele frequencies range from 0.000004 to
0.000065.

Figure 2. Pathogenic variants and protein-truncating variants in GPX4. Location of ClinVar
pathogenic variants (above) and gnomAD protein-truncating variants (below), along the GPX4
protein sequence. The same aesthetics as in Figure 1b are used. GPX4 transcript: ENST00000354171.

2.3. Thioredoxin Reductases

Thioredoxin reductases (TXNRD) are oxidoreductases that play a major role in the
disulfide reduction system of the cell by converting thioredoxins to their reduced state.
There are three TXNRDs in mammals, with different cellular or tissue localization. TXNRD1
is localized mainly in the cytosol and nucleus throughout different tissues, TXNRD2 is
localized in the mitochondria also throughout tissues, and TXNRD3 is highly expressed
in the testis [2]. All three proteins have the carboxy-terminal motif GCUG that contains
the Sec residue [1]. Both Txnrd1 and Txnrd2 are essential for embryonic development in
mice [8,9]. TXNRD2 has been associated with two different, unrelated diseases: dilated car-
diomyopathy [41] and familial glucocorticoid deficiency [42]. TXNRD1 has been associated
with generalized epilepsy [43].

Two variants in TXNRD2, p.Ala59Thr and p.Gly375Arg, were identified in patients
that suffered from dilated cardiomyopathy [41]. The clinical significance of p.Gly375Arg is
currently uncertain in ClinVar, although it is predicted to be deleterious by the algorithms
Polyphen and SIFT, used in gnomAD. The missense variant p.Gly375Arg (c.1123G>A, allele
frequency (AF) = 0.000016; and c.1123G>C, AF = 0.00003) is observed in five heterozygous
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subjects in gnomAD. Only one of them is part of the control set, therefore it is not possible
to assume that they are all healthy. A change to glutamic acid in this position is also present
in gnomAD, p.Gly375Glu (AF = 0.000004). The other variant associated with dilated
cardiomyopathy, p.Ala59Thr, is not present in ClinVar, but is also observed in gnomAD
(AF = 0.000004). In this position, a change to proline is also observed, p.Ala59Pro, with an
allele frequency of 0.00001. All missense variants in position 59 are heterozygous.

The variant p.Y447Ter (g.19865895A>C) in TXNRD2 introduces a premature UAG
stop codon leading to a truncated protein that lacks the Sec residue. The homozygous form
of this variant was identified in several members of a consanguineous Kashmiri family
affected with familial glucocorticoid deficiency [42]. The absence of cardiomyopathy in the
family was surprising because it implied clinical heterogeneity associated with TXNRD2.
The variant was also observed in a heterozygous patient with dilated cardiomyopathy [44].
The global allele frequency in gnomAD is 0.0005 (Figure 3), observed in 141 heterozygotes,
but the variant appears to be much more common in the South Asian population, with an
allele frequency of 0.0035.

Figure 3. Pathogenic variants and protein-truncating variants in TXNRD1 and TXNRD2. Location of
pathogenic variants (above) and gnomAD protein-truncating variants (below) along the TXNRD1
and TXNRD2 protein sequence. The same aesthetics as Figure 1b are used. TXNRD1 transcript:
ENST00000526390; TXNRD2 transcript: ENST00000400521.

TXNRD1 has been associated with genetic generalized epilepsy. The homozygous
variant p.Pro190Leu (g.104714898C>T) was shown to cause decreased TXNRD1 protein
levels and turnover rate, and segregated with the disease in a family [43]. The variant is
found in one heterozygous subject in gnomAD (AF = 0.000004).
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2.4. SELENOI

Selenoprotein I (SELENOI; also known as EPT1, Ethanolamine phosphotransferase 1)
has been recently added to the list of essential selenoproteins in mice [11]. In humans, two
pathogenic variants are currently known. They cause spastic paraplegia, described in two
different families [45,46]. The missense variant p.Arg112Pro (g.26596259G>C) [45] hits a
highly conserved arginine residue within the CDP-alcohol phosphatidyltransferase (Pfam
PF01066). The splice variant g.26607825A>G leads to aberrantly spliced transcripts with
exons 6 and 8 affected [46]. The mode of inheritance is autosomal recessive, all patients
were homozygous, and unaffected direct relatives were heterozygous. Those two variants
are not present in gnomAD (Figure 4), and presumably, are very rare in the population. In
concordance with the importance of SELENOI, a strong selection against protein-truncating
variants was observed in humans [47].

Figure 4. Pathogenic variants and protein-truncating variants in SELENOI. Location of ClinVar
pathogenic variants (above) and gnomAD protein-truncating variants (below), along the SELENOI
protein sequence. The same aesthetics as Figure 1b are used. SELENOI transcript: ENST00000260585.

3. Pathogenic Variants Disrupting Selenoprotein Synthesis

3.1. TRU-TCA1-1

The Sec-specific tRNA (tRNA[Ser]Sec), encoded by TRU-TCA1-1, plays a central role in
the synthesis of selenoproteins. The Sec tRNA provides the backbone for the biosynthesis
of Sec [48], and its anticodon recognizes context-dependent UGA codons to specify Sec
insertion [49]. Its deletion in mice (encoded by Trsp) is embryonic lethal [50]. Several
mouse models have been developed to study its role in health [51]. The Sec tRNA has
unique features that distinguish it from other tRNAs: it is the longest tRNA with 90
nucleotides compared to ~75 in other tRNAs; it has a unique structure, with a long acceptor
9-base pairs (bp) stem, a long 6-bp D stem, and an unusually long variable arm [52]. It
is transcribed by RNA Pol III, like other tRNAs, but has unique promoter elements [53].
The mature tRNA contains a few modified bases [49], and the tRNA pool is composed
of two major isoforms, containing either 5-methoxycarbonylmethyluridine (mcm5U) or
5-methoxycarbonylmethyl-2′-O-methyluridine (mcm5Um) at position 34 [54]. The presence
of mcm5Um governs the expression of stress-related selenoproteins [55].

The single nucleotide change C65G was identified in patients [56,57]. The first patient
described [56] exhibited a similar clinical phenotype to that observed in SECISBP2 mutation
patients. Primary cells from the proband showed low Sec tRNASer[Sec] expression with a
reduction in mcm5Um levels and decreased i6A modification in position 37. This suggests
that the tRNA post-transcriptional maturation was impaired. The selenoprotein expression
profile showed a deficiency of stress-related selenoprotein levels, but preserved the levels
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of housekeeping selenoproteins. The position C65 is located in the acceptor arm, adjacent
to C64 in the TΨC arm, which interacts with SEPSECS [58]. The precise mechanism leading
to the imbalance of Sec tRNASer[Sec] isoforms is unclear, with impaired post-transcriptional
maturation or unstable interaction with SEPSECS being possibilities [16]. The variant C65G
was not observed in gnomAD, but in that same position, the variant C65T was observed
in two subjects, both heterozygotes. In total, 83 variants in 55 sites of TRU-TCA1-1 are
currently present in gnomAD, with allele frequencies ranging from 0.000007 to 0.0008.
All variants are heterozygous, except for one: the change C28T, in the anticodon arm is
observed in two homozygous subjects. Given that many heterozygous variants exist in
the general population, it would be reasonable to assume that a single wild type TRU-
TCA1-1 allele is enough to maintain adequate expression of selenoproteins, as observed
in heterozygotes for the variant C65G [56]. Remarkably, two subjects have a variant in
position 35 of the anticodon triplet. One variant is C35T, which produces a TTA anticodon
that is complementary to the stop codon UAA. The other one is C35G, producing a TGA
anticodon, which is a Ser anticodon. Both subjects are heterozygous, but the change in
the anticodon could have consequences not only on the synthesis of selenoproteins, but
potentially on the entire proteome.

3.2. SECISBP2

The SECIS binding protein 2 (SECISBP2) binds the SECIS element in the 3′UTR of
selenoprotein mRNAs, and interacts with EEFSEC, tRNA[Ser]Sec, and the ribosome, to
incorporate Sec into the growing peptide. It is an obligate limiting factor for selenoprotein
synthesis [59], and it is an essential gene in mice [60]. Its deficiency disrupts the synthesis
of selenoproteins, which, in humans, is manifested by a multisystem disorder characterized
by low circulating selenium and abnormal thyroid hormone levels [16]. A total of 18
pathogenic variants have been identified in 13 individuals from 11 families [16]. Three
of the subjects are homozygous, and the rest are compound heterozygous. Most variants
produce a truncated protein, either by stop gain or frameshift, and three are missense
variants.

The first 400 N-terminal amino acids of the human SECISBP2 protein are dispensable
for Sec incorporation [59,61]. The C-terminal region (positions 399 to 784) comprises two
domains, the Sec incorporation domain (SID), and the RNA binding domain (RBD) [62].
The RBD domain contains an L7Ae RNA-binding domain that interacts with the SECIS
and the 28S ribosomal RNA [63]. Mouse models carrying human mutations have been
developed to study the effect of specific pathogenic variants that affect either the RBD
or SID regions [64]. The results showed that the variant in the RBD domain abrogates
Sec insertion, while in the SID domain, the particular variant tested results in residual
SECISBP2 activity in the brain, but it rendered the protein unstable in a tissue-specific
manner, being completely degraded in mouse liver.

ClinVar lists seven variants classified as pathogenic/likely pathogenic (Figure 5). Four
of them are observed in gnomAD, all with an allele frequency below 0.00003. In addition,
93 protein-truncating variants are observed in gnomAD, which are not listed in ClinVar.
They are all heterozygous and their allele frequencies are below 0.00009.

A paralog of SECISBP2, named SECISBP2L, is found in vertebrates [65]. Its function
has not been elucidated, but it was shown to lack Sec incorporation activity [66]. Based
on gnomAD, SECISBP2L has strong selective constraints against truncating variants [47].
Mice lacking Secisbp2l have been phenotyped and deposited on the International Mouse
Phenotyping Consortium (IMPC). Deletion of Secisbp2l has, apparently, no effect on
viability, but it shows significant phenotypes in body size, metabolism/adipose tissue,
cardiovascular system, skeleton, hearing, and vision (https://www.mousephenotype.org/
data/genes/MGI:1917604, accessed on 17 October 2021). However, deletion of Secisbp2
is also reported to have no effect on viability (https://www.mousephenotype.org/data/
genes/MGI:1922670, accessed on 17 October 2021), which is in contradiction with the
previous body of work that reported Secisbp2 as essential [60].
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Figure 5. Pathogenic variants and protein-truncating variants in SECISBP2. Location of ClinVar
pathogenic variants (above) and gnomAD protein-truncating variants (below), along the SECISBP2
protein sequence. The same aesthetics as Figure 1b are used. SECISBP2 transcript: ENST00000375807.

3.3. SEPSECS

SEPSECS catalyzed the conversion of Ser-tRNA[Ser]Sec to Sec-tRNA[Ser]Sec, the final
step in the biosynthesis of selenocysteine [67]. The crystal structure of human SEPSECS
in complex with tRNA[Ser]Sec has been solved [58], providing substantial information
on its function. The interaction of SEPSECS and tRNA[Ser]Sec occurs through the tRNA
long acceptor-TΨC arms. There is no published study on mice Sepsecs knockout, but its
deletion is reported as embryonic lethal, with significant phenotypes in heterozygotes
including cardiovascular, pigmentation, and vision (https://www.mousephenotype.org/
data/genes/MGI:1098791, accessed on 17 October 2021).

Deficiency of SEPSECS in humans causes pontocerebellar hypoplasia 2D (PCH2D), a
neurological condition characterized by neurodegeneration and epilepsy. Multiple families
from diverse ethnic backgrounds carry homozygous or compound heterozygous mutations
that show similar clinical characteristics [16,68].

ClinVar currently lists 27 pathogenic or likely pathogenic variants in SEPSECS (Figure 6).
Most are protein-truncating variants, and three of them are missense variants. Eleven
of those are present in gnomAD and their global allele frequencies are below 0.00004.
There are many observed protein-truncating variants observed in gnomAD, which are
not present in ClinVar, and have no clinical significance category. The most common
is p.Tyr429Ter (g.25125772G>T), which has been observed in three unrelated patients in
Finland [69]. All three were compound heterozygous for the same two variants, p.Tyr429Ter
and p.Thr325Ser. p.Tyr429Ter is reportedly enriched in the population in Finland [69]. In
gnomAD, both variants are observed exclusively within the Finnish population, where the
allele frequencies are 0.002791 for p.Tyr429Ter, and 0.0002792 for p.Thr325Ser. The second
most common truncating SEPSECS variant in gnomAD is g.25155152C>T, which disrupts
the canonical splice acceptor site in intron 4. Interestingly, this variant appears to be also
enriched in the Finnish population, with allele frequency 0.002192. Among the 58 subjects
in gnomAD, only three are non-Finnish. ClinVar lists its clinical significance as uncertain
as it has not been reported as pathogenic or benign. These observations raise the question
whether the Finnish population is enriched with pathogenic variants in SEPSECS.
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Figure 6. Pathogenic variants and protein-truncating variants in SEPSECS. Location of ClinVar
pathogenic variants (above) and gnomAD protein-truncating variants (below) along the SEPSECS
protein sequence. The same aesthetics as Figure 1b are used. SEPSECS transcript: ENST00000382103.

4. Common Genetic Variance

Genetic variation is often shared among many individuals in a population. This
common variation reflects coinheritance of haplotypes. Functional annotation of haplo-
types (groups of single nucleotide variants) is needed to understand hereditary factors
linked to complex disease. Genome-wide association studies (GWAS) are designed to find
associations between common genetic variants and particular traits.

The NHGRI-EBI GWAS catalog (https://www.ebi.ac.uk/gwas, accessed on 17 Octo-
ber 2021) is a repository of genetic variant-trait associations from published studies [70].
The catalog currently lists 24 associations involving variants in selenoprotein genes. Most
of those variants fall in introns and it is not clear what impact in protein function they might
produce, or even whether they are the causal variants. Three of them are missense and
produce an amino acid change in three selenoproteins. The variant rs225014 (p.Thr92Ala) in
DIO2 has been shown to be involved in insulin resistance [71], thyroid functionality [72,73]
and the onset and progression of osteoarthritis [74] in humans. DIO2 activates the prohor-
mone thyroxine (T4) into the active thyroid hormone 3,3′,5-triiodothyronine (T3) [2]. The
variant p.Thr92Ala is particularly common, with an allele frequency of 0.41. The variant
rs5771225 (p.Val3Ala) in SELENOO is associated with late onset Alzheimer’s disease [75]
and has an allele frequency of 0.22. SELENOO is a pseudokinase that transfers AMP
from ATP to Ser, Thr, and Tyr residues (AMPylation) [76]. Lastly, the variant rs1050450
(p.Pro200Leu) in GPX1, with an allele frequency of 0.28, is associated with decreased
hemoglobin levels. Its clinical significance is currently classified as benign according to
ClinVar.

Four GWAS on circulating selenium concentrations have been published in recent
years [77–80]. Perhaps not surprisingly, individual variants in selenoproteins did not reach
genome-wide significance levels. The authors discuss that though the selenium measure-
ments used (circulating and toenail selenium) are an accepted selenium level biomarker, the
selenium concentration might not reflect its functional significance in selenium-sufficient
populations [79]. Nonetheless, a locus overlapping genes involved in metabolism of sulfur-
containing amino acids reached significance level in two independent cohorts [77,79].
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The region overlaps with genes dimethylglycine dehydrogenase (DMGDH) and betaine-
homocysteine S-methyltransferase (BHMT), both involved in conversion of homocysteine
to methionine. A prospective GWAS also found strong association with greater increase of
circulating selenium after supplementation on the same locus in chromosome 5 [80]. These
studies revealed a link between selenium exposure and homocysteine metabolism.

The main source of selenium and other essential trace elements in humans is through
the diet. Studies on bioavailability in plants and animals suggest that selenium levels vary
widely across world regions, with several countries containing relatively low selenium,
notably in some parts of China [81,82]. To explore how human populations have adapted
to varying levels of dietary selenium levels during history, the signatures of positive
selection were assessed by Castellano and collaborators through a survey using genetic
polymorphisms in selenoproteins, Cys-containing homologs, and Sec synthesis machinery
factors, in 50 human populations [83]. The strongest signals were observed in populations
from China. The genes with largest contributions included selenoproteins DIO2, SELENOS,
GPX1, SELENOM and SELENOF, and the Sec machinery factors SEPHS2 and SEPSECS.
Several single nucleotide polymorphism with known functional consequences showed
high levels of population differentiation, including the missense substitution p.Thr92Ala in
DIO2 [84], and in GPX1, the missense variant p.Pro200Leu, and a noncoding change A to
G (rs3811699) in its promoter region. Positive selection in GPX1 in human populations has
been reported also in other studies [85,86].

5. Conclusions

Selenocysteine is a genetic trait shared by bacteria, archaea, and eukaryotes. Its
origin maps at the root of the tree of life. Throughout evolution, some organisms lost the
ability to synthesize selenoproteins and replaced selenocysteine in essential proteins with
cysteine, which contains sulfur instead of selenium. Non-selenoprotein cysteine-containing
homologs exist for almost all known selenoproteins; they are less costly for the cell to
synthesize, but are preferred when it comes to catalysis. It is not fully understood what the
advantage of Sec over Cys is. Nevertheless, the presence of 25 selenoproteins in the human
genome should convey the requirement for the unique properties of Sec that cannot be
compensated by the use of Cys.

Elucidation of the molecular biology behind the insertion of Sec into proteins in
response to UGA, paved the way for the identification of a genetic association between
selenoproteins and human disease twenty years ago. Since then, several disorders caused
by selenoprotein deficiency have been described. Their clinical phenotypes are diverse
and different systems are affected, which is not surprising, given that selenoproteins carry
out diverse functions and are expressed in different tissues. Moreover, global deficiency
of selenoproteins caused by defects in the synthesis machinery result in more complex
phenotypes. More surprising, however, is the fact that there are the differences observed
between patients with defects in different components of the Sec machinery, SECISBP2 and
TRU-TCA1-1 affect mainly thyroid function, muscle, and growth, while SEPSECS affects
the brain and causes a more severe phenotype.

A subset of the observed stop gain variants introduce a UGA codon. This is a special
type of genetic variation when it occurs in selenoprotein genes because selenoprotein
mRNAs carrying additional UGA codons may produce proteins with extra Sec residues.
Sec insertion can occur in multiple sites [87,88], which may be partially functional or have
a negative gain of function. mRNAs with early termination codons can be targeted by
nonsense-mediated decay (NMD) to prevent its translation. But we previously showed
that, in case of selenoproteins, NMD is less efficient if the stop gained is UGA, compared to
the other two stop codons [47], which may increase insertion of extra Sec residues. TGA
gain is observed in multiple sites in all selenoproteins included in this review and are
indicated in the corresponding figures.

The advent of genome sequencing, particularly exome sequencing for clinical diagno-
sis, has led to the identification of dozens of variants that cause disease through deficiency
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of selenoproteins, either by inactivating individual selenoprotein genes or by disrupting
the selenoprotein synthesis pathway. Initiatives like ClinVar and gnomAD have become in-
strumental for researchers and clinicians by giving access to a vast amount of genomic data,
and will help accelerate our understanding of the associations between genetic variation
and health. Undoubtedly, more pathogenic variants in selenoproteins will be discovered,
which will provide insights into the function of selenoproteins and opportunities to better
understand the role of selenium in human health and disease.
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Abstract: The selenoprotein family includes 25 members, many of which are antioxidant or redox
regulating enzymes. A unique member of this family is Selenoprotein I (SELENOI), which does not
catalyze redox reactions, but instead is an ethanolamine phosphotransferase (Ept). In fact, the charac-
teristic selenocysteine residue that defines selenoproteins lies far outside of the catalytic domain of
SELENOI. Furthermore, data using recombinant SELENOI lacking the selenocysteine residue have
suggested that the selenocysteine amino acid is not directly involved in the Ept reaction. SELENOI is
involved in two different pathways for the synthesis of phosphatidylethanolamine (PE) and plas-
menyl PE, which are constituents of cellular membranes. Ethanolamine phospholipid synthesis has
emerged as an important process for metabolic reprogramming that occurs in pluripotent stem cells
and proliferating tumor cells, and this review discusses roles for upregulation of SELENOI during T
cell activation, proliferation, and differentiation. SELENOI deficiency lowers but does not completely
diminish de novo synthesis of PE and plasmenyl PE during T cell activation. Interestingly, metabolic
reprogramming in activated SELENOI deficient T cells is impaired and this reduces proliferative
capacity while favoring tolerogenic to pathogenic phenotypes that arise from differentiation. The im-
plications of these findings are discussed related to vaccine responses, autoimmunity, and cell-based
therapeutic approaches.

Keywords: selenium; selenoprotein; seleocysteine; autoimmunity; lymphocyte

1. Introduction

Selenium (Se) is an essential dietary trace mineral that is important for various aspects
of human health, including optimal immunity [1]. The biological effects of Se are mainly
exerted through its incorporation into selenoproteins as the 21st amino acid, selenocysteine
(Sec) [2]. The 25 members of the selenoprotein family exhibit a wide variety of functions
including the control of reactive oxygen species and cellular redox tone, regulating thyroid
hormone metabolism, facilitating sperm maturation and protection, and promoting optimal
immunity [3]. Under conditions of low Se status, the translation of selenoproteins stalls at
the Sec-encoding UGA codon and both the mRNA and truncated protein become degraded
through nonsense-mediated decay and destruction via C-end degrons, respectively [4,5].
In a Se deficient individual, the brain, muscle, and testes receive ‘priority’ for bioavailable
Se at a cost to other tissues, such as those comprising the immune system [6]. Insufficient
Se intake or other factors (e.g., defects in selenoprotein gene expression or some chronic
infections that deplete Se) can impair adaptive immunity, especially T cell responses
that are critical for producing effective vaccine responses and fighting infections [7,8].
Interestingly, not all types of immune responses are equivalently affected by Se deficiency
or by Se supplementation [9,10]. Although the reasons for this are unclear due to an
inadequate understanding of the mechanisms by which Se affects the immune system, data
have recently emerged regarding roles for individual selenoproteins in immunity. This is
particularly the case for T cell immunity, and a better understanding of how selenoproteins
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regulate T cell immunity may provide new targets for therapeutic intervention for immune
based disease.

2. T Cell Immunity and Selenoprotein I Expression

CD4+ T cells constitute the topmost regulatory layer of the adaptive immune sys-
tem, providing cytokine ‘help’ to CD8+ T cells (effector cells of cell mediated immunity)
and B cells (effector cells of humoral immunity), thus coordinating acquired immune
responses [11]. CD4+ T cells are activated through the T cell receptor (TCR), proliferate
and differentiate into helper subsets, which forms the foundation for their ability to shape
immune response and mediate host protection [12]. CD8+ T cells are also activated through
their TCR to produce effector and memory cells required for optimal immunity [13]. Levels
of Se and selenoproteins regulate T cell functions that drive both cell-mediated and hu-
moral immunity [14–17]. However, it remains unclear which selenoproteins are involved
in the different steps of T cell activation, proliferation, and differentiation. To gain insight
into the roles that different selenoproteins play in T cell activation, we used real-time
PCR to evaluate the selenoprotein transcriptome in naïve vs. activated T cells purified
from C57BL/6 mice [18]. Results showed that a subset of selenoprotein mRNAs increased
during T cell activation. These included the thioredoxin reductases (TXNRD1-3) enzymati-
cally regenerate reduced thioredoxin and promote reducing capacity within cells, and we
previously published that mRNA levels for these enzymes were increased as a mechanism
for regulating redox tone in during T cell activation [7]. An interesting result found during
T cell activation was an increase in the mRNA encoding selenoprotein I (SELENOI), which
was upregulated nearly 3-fold [18]. Protein levels and enzyme activity for SELENOI were
similarly increased in activated T cells. This raised the question: Why do SELENOI levels
increase during T cell activation and what is its role in regulating T cell immunity?

To understand how SELENOI is involved in T cell activation, a bit more background
on this selenoprotein is necessary. After the initial identification of the SELENOI gene in
2003 [19], the sequence was subsequently characterized through a homology search that
found the cytidine diphosphate (CDP) alcohol phosphatidyltransferase signature, a com-
mon motif conserved in phospholipid synthases [20]. This study went on to demonstrate
that SELENOI exhibits ethanolamine phosphotransferase (Ept) activity in vitro, providing
the first data showing that SELENOI (which this group called EPT1) is an enzyme that
transfers phosphoethanolamine from CDP-ethanolamine to 1,2-DAG acceptors to produce
phosphatidylethanolamine (PE). SELENOI is only found in vertebrates, and in humans
is expressed in a wide variety of cells [19,20]. A more recent study showed that fibrob-
lasts from a patient with a mutation (exon skipping) leading to nonfunctional SELENOI
had impaired Ept activity and reduced levels of several PE species, especially plasmenyl
PE [21]. This study focused on the neurodevelopment defects exhibited by the patient,
and another earlier clinical report substantiated the effects of a Arg112Pro mutation in
the gene encoding SELENOI on the central nervous system (CNS) [22]. Understandably,
these patients with severe CNS impairments were not evaluated in terms of immune cell
function. Furthermore, there has been a paucity of data published regarding dietary Se
regulating less overt changes in SELENOI. This is significant because the central nervous
system retains Se under conditions Se deficiency, at a cost to the immune system [6]. Thus,
individuals deficient in Se may maintain higher SELENOI levels in the brain compared
to the immune system, and Se deficient T cells expressing lower levels of SELENOI may
impact immunity. SELENOI protein or enzyme activity have not been measured in individ-
uals with different Se status, but these data would be useful in determining how Se intake
is related to function for this selenoprotein.

3. Structure of SELENOI Related to the Synthesis of PE and Plasmenyl PE

Plasma membrane phospholipids are distributed asymmetrically between the outer
and inner leaflets of viable mammalian cells. The outer leaflet of the plasma membrane
is composed primarily of sphingomyelin (SM) and phosphatidylcholine (PC), whereas
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the inner leaflet contains phosphatidylserine (PS) and phosphatidylethanolamine (PE)
and phosphatidylinositol (PI), with cholesterol distributed equally [23,24]. In the plasma
membrane and organelle membranes of mammalian cells, PE comprises 15–25% of total
phospholipids [25]. PE is comprised of 1,2-diacylglycerol (DAG) and ethanolamine phos-
phate (Figure 1A). A structurally related ethanolamine phospholipid, plasmenyl PE, is an
ether-linked lipid comprised of 1-alkyl-2-acylglycerol (AAG) and ethanolamine phosphate
(Figure 1B), and is found at a lower abundance in cellular membranes compared to PE.
SELENOI is involved in de novo synthesis of both PE and plasmenyl PE, carrying out the
transfer of phosphoethanolamine from cytidine diphosphate (CDP)-ethanolamine to DAG
to generate PE or to AAG to generate plasmenyl PE. In particular, SELENOI catalyzes the
final step of the Kennedy pathway in the interface of the cytosol and endoplasmic retic-
ulum (ER) that is responsible for synthesizing PE [26]. Although an alternative pathway
operates in the mitochondria for synthesizing PE from PS, the importance of SELENOI
in the synthesis of PE for cellular membranes through the Kennedy pathway has been
clearly demonstrated in primary human fibroblasts and HeLa cells [21]. Plasmenyl PE is
synthesized through a separate pathway beginning in peroxisomes (Reactions 1–3) and
finishing in the ER membrane (Reactions 4–7). SELENOI catalyzes the sixth reaction to
generate plasmenyl PE [27]. The vinyl ether bond at the sn-1 position of glycerol backbone
contributes to a difference in biophysical properties compared to PE, and plasmenyl PE
species are enriched in lipid rafts [28–30]. Thus, synthesis of PE and plasmenyl PE species
are largely dependent on SELENOI and serve structural functions in cellular membranes,
but possible roles in signaling pathways and in metabolic regulation are beginning to
emerge [31,32]. Related to SELENOI (aka ethanolamine phosphotransferase 1 or EPT1)
is the enzyme choline/ethanolamine phosphotransferase (CEPT1). CEPT1 is not a se-
lenoprotein and can use both CDP-ethanolamine and CDP-choline as substrates, while
SELENOI only uses CDP-ethanolamine [6]. This seems to suggest that SELENOI uses
the selenocysteine residue to select cytidine diphosphate (CDP)-ethanolamine instead of
CDP-choline as a substrate, although there are no data to include or exclude this possibility.
Experimental evidence strongly suggests that CEPT1 can partially compensate for a lack of
SELENOI expression [33], and PE may be generated by converting other phospholipids
like phosphatidylserine to PE [34]. This other pathway occurs within the mitochondrial
inner membrane, involving the conversion of the serine base to ethanolamine by PS de-
carboxylase (PSD) [26]. The PS decarboxylation pathway generates different PE species
from CDP-ethanolamine pathway (i.e., the Kennedy pathway) [35]. This implies that
phospholipid synthesis may occur by different routes and highlights the priority that cells
place on maintaining balanced membrane composition.

As discussed above, SELENOI belongs to the family of selenoproteins and also to
the family of phospholipid transferases. The latter enzymes are identified by a conserved
CDP-alcohol phosphotransferase motif D(X)2DG(X)2AR(X)7-12G(X)3D(X)3D (X represents
any amino acid and subscript numbers represent number of residues) commonly shared by
all enzymes catalyzing the biosynthesis of phospholipids [20,36]. SELENOI is a predicted
transmembrane protein that is fully embedded into the lipid bilayer, with its transmem-
brane helices traversing the membrane multiple times, as shown in Figure 2 [37]. Since
most phospholipid transferases reside primarily in the (ER) membranes [38], SELENOI was
initially thought to share the same localization. Recent studies showed that SELENOI is
mainly localized in the Golgi apparatus [33], although these data involved overexpressed,
tagged SELENOI in a cell line. Similar to other phospholipid transferases, the catalytic
domain of the enzyme is predicted to be located within a pocket of the lipid bilayer that
is accessible from the cytoplasm [37]. In redox selenoenzymes, selenocysteine residue is
located within the catalytic domain in a prototypical C-X-X-U motif (X represents any
amino acid), and replacement of selenocysteine with cysteine has been shown to reduce
the catalytic activity of some of these enzymes [39,40]. In contrast, SELENOI does not
contain a C-X-X-U motif and SELENOI’s selenocysteine is located near the C-terminus at
amino acid position 387 that is predicted to reside in the cytosol, apart from active site in
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within the membrane pocket [37]. This raises the question if selenocysteine is necessary for
the catalytic function of this enzyme? Overexpression of SELENOI cDNA in a bacterial
expression system led to a truncated form of the protein due to the lack of recognition of
eukaryotic SECIS elements, and this Sec-deficient protein retained in vitro Ept activity [20].
This suggests the selenocysteine residue is not directly involved in the catalytic function
of SELENOI, which is further supported by the observation described above that CEPT1
(that lacks a selenocysteine residue) may exert Ept activity when compensating for a lack
of SELENOI.

Figure 1. Synthesis pathways and molecular structures for (A) PE and (B) plasmenyl PE.

active 
site

NH2
Cytosol

ER Lumen

Sec
COOH

387

Figure 2. Predicted structure of Selenoprotein I. Results from Phyre Alarm and other online prediction programs show that,
similar to other phosphotransferases, SELENOI is predominantly comprised of hydrophobic amino acids (~90%) with the
catalytic domain residing within a membrane pocket. Note the C-terminal Sec residue is located outside of the catalytic
domain.
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4. Cellular Membranes and SELENOI KO

Published data show that SELENOI KO does not affect TCR induced signaling [18],
which is somewhat surprising given that SELENOI deficiency decreases phospholipids
involved in cellular membrane structure. In particular, the ratio of PE levels relative to
PC levels plays a key role in membrane fluidity or rigidity [28,41]. Sufficient membrane
rigidity is crucial in TCR signaling strength required to drive proliferation and differentia-
tion [42]. Thus, one may expect a disruption of TCR signaling or, at a minimum, weaker
TCR signaling with the lowered PE and plasmenyl PE levels in T cells that accompanies
SELENOI KO. The lack of an effect of SELENOI KO on TCR signaling may suggest a
compensatory process serves to maintain cellular membrane integrity in the absence of
SELENOI. There is also a question regarding lipid rafts, which are fluctuating nanoscale
assemblies of sphingolipid, cholesterol, and proteins that can be stabilized to coalesce,
forming platforms that function in membrane signaling and trafficking [43]. Lipid rafts
are enriched for plasmenyl PE [44], so it would reason that SELENOI deficiency in T cells
that reduces plasmenyl PE should affect lipid raft organization. However, membrane raft
organization does not appear differ between SELENOI KO versus WT control T cells as
determined by fluorescent staining (Figure 3). This is consistent with the lack of effect of
SELENOI KO on TCR signaling described above. Overall, there is insufficient evidence to
date suggesting that membrane integrity or structure is affected by SELENOI KO in T cells.

 

Figure 3. Lipid raft staining is similar between SELENOI KO T cells and WT controls. Mouse T cells isolated from mice and
activated through the TCR for 24 h were stained for lipid rafts using standard fluorescent cholera toxin subunit B protocols.
(A) Fluorescent microscopy images from live cells at 20× and (B) confocal microscopy images of paraformaldehyde fixed
cells at 63× reveal similar patterns of staining between KO and WT T cells.

5. Metabolic Reprogramming During T Cell Activation Requires SELENOI
for Proliferation

In the non-activated or quiescent state, T cells mainly exhibit catabolic activity involv-
ing the break-down of nutrients to fuel cell survival. Upon T cell receptor (TCR) triggered
activation, T cells transition to a state of anabolism in which nutrients are used to con-
struct the molecular building blocks that are incorporated into cellular biomass to support
proliferation [45,46]. In addition to small molecule precursors, energy is also needed for
proliferation. This requirement is met during TCR-induced activation through increased
glucose uptake via upregulated glucose transporters, which is accompanied by induced
aerobic metabolism [47]. These changes are akin to shifts in cancer cell metabolism known
as the Warburg effect. TCR-induced metabolic reprogramming is critical for generating suf-
ficient energy and precursor molecules for subsequent rounds of mitosis, which promotes
the T cell expansion phase that is so crucial for immune clearance of pathogens. The balance
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of catabolic and anabolic pathways in a cell determines how much adenosine triphosphate
(ATP) is generated versus consumed, the availability of biosynthetic precursors, and the
redox status of the cell [48]. Redox status may be controlled by antioxidant and redox
regulating selenoproteins, with free thiols playing a key role [16]. However, SELENOI is
an unconventional selenoprotein that is not involved in redox reactions. Since SELENOI is
directly involved in two different anabolic pathways, one for PE synthesis and the other
for plasmenyl PE synthesis, it follows that this selenoprotein is likely an integral part of the
metabolic reprogramming during T cell activation.

To understand the role of SELENOI in T cell proliferation, our research group con-
ducted loss-of-function studies in T cells isolated from different transgenic mouse models.
In particular, an inducible knockdown (KD) mouse model along with a T cell specific
knockout (KO) mouse model were compared to wild-type (WT) controls for TCR-induced
proliferative capacity. SELENOI KD led to a ~22% decrease and KO to a ~56% decrease in
proliferation compared to WT controls [18]. In vivo T cell expansion to vaccination was
also decreased in T cell specific SELENOI KO mice compared to WT controls. Surprisingly,
the TCR signaling was not affected by SELENOI deficiency and levels of PE and plasmenyl
PE were only partially decreased. The latter observation may be explained by the fact
that enzyme activity of a related phospholipid transferase may compensate for PE and
plasmenyl PE when SELENOI is absent [33]. The most impressive result of SELENOI
deficiency in activated T cells was a progressive accumulation of ATP, which was detected
by the metabolic sensor AMPK and led to lower activation of this kinase. In fact, treating
WT T cells with the AMPK inhibitor, dorsomorphin, reduced proliferation by similar levels
as SELENOI KO. These data collectively suggest that SELENOI serves a critical function
during T cell activation to maintain ethanolamine phospholipid synthesis and thereby
keep a balanced metabolism within the cells as they undergo metabolic reprogramming.
Removing SELENOI causes a ripple effect-these synthesis pathways are disrupted and
this causes ATP to accumulate, which is sensed within the cells by AMPK and eventually
proliferation is reduced.

6. SELENOI and T Helper Cell Differentiation

As proliferation takes place, the fates of the daughter T cells differ through asymmetric
cell division and differentiation [49]. In particular, naïve CD4+ T cells differentiate into one
of several T helper cell lineages depending on signals from antigen presenting cells and
cytokines present in the surrounding environment. In addition to these external stimuli,
internal factors, such as cellular metabolism, can influence differentiation [50]. CD4+ T cell
subsets express unique sets of cell surface markers and transcription factors, while secreting
a defined array of cytokines that determines their functional properties [51]. It was recently
demonstrated that CD4+ T cell differentiation was dependent on ethanolamine kinase
1, CTP-phosphoethanolamine cytidyltransferase, and SELENOI enzymes that comprise
the CDP-ethanolamine pathway for de novo synthesis of PE and plasmenyl PE [52]. In
particular, this pathway was important for T follicular helper (TFH) cell differentiation
by promoting the surface expression and functional effects of the chemokine receptor,
CXCR5. Unlike our SELENOI KO T cells that were decreased, but not lacking, PE and
plasmenyl PE as described above, these studies largely focused on T cells lacking these
phospholipids. A state of complete loss of PE and plasmenyl PE in T cells is unlikely given
the essential roles these phospholipids play in development [53,54], but the importance
of ethanolamine phospholipid synthesis in TFH cell formation does highlight how certain
metabolic pathways promote T cell differentiation outcomes over others.

T helper type 17 (Th17) cells represent another subtype of T cells differentiating from
naïve Th cells that promote inflammation. Th17 cells are required for immune responses
to specific extracellular bacteria and fungi [55], but dysregulated Th17 responses may
also contribute to pathogenesis in autoimmune diseases, such as rheumatoid arthritis and
multiple sclerosis (MS) [56,57]. In contrast, CD4+ regulatory T (Treg) cells contribute to
the suppression of immune responses and immune homeostasis, countering Th17 cells to

326



Int. J. Mol. Sci. 2021, 22, 11174

protect against autoimmune disorders. Treg differentiation relies on the upregulation of the
transcription factor FoxP3, and Treg cells function to secrete immunosuppressive cytokines
TGF-β and IL-10 [58]. A major factor influencing Th17/Treg fates during T cell activation
is the type of metabolic reprogramming that occurs after TCR engagement, which serves to
meet increased demand for energy and metabolites [59].

Th17 cells take on a distinct metabolic signature that promotes differentiation into
this subtype, heavily relying on finely tuned glycolysis, glutamine metabolism, and fatty
acid synthesis for their differentiation and pro-inflammatory function [60–62]. Sustained
mitochondrial oxidative phosphorylation has also been shown to regulate the fate decision
between pathogenic Th17 and Treg cells [63]. These coordinated shifts in specific metabolic
pathways that occur during T helper cell differentiation may be disrupted in a number of
ways, and we recently identified SELENOI as a metabolic enzyme involved in regulating T
helper cell differentiation. SELENOI mRNA and protein levels increased at early stages of
Th17 differentiation, similar to levels of the master regulator that drives Th17 phenotypes,
RORγt (manuscript submitted). Using T cell specific SELENOI KO mice, our studies
have found that naïve CD4+ T cells were directed toward Treg and away from Th1 and
Th17 subtypes when activated through the TCR. Moreover, T cell specific KO of SELENOI
protected mice from a mouse model of MS, experimental autoimmune encephalitis (EAE),
showing that SELENOI deficiency reduces Th17 pathology. These data may suggest that
targeting SELENOI in T cells may represent a potential therapeutic approach to treating MS.
Indeed, cell-based therapies have been proposed for restoring homeostasis in MS patients
such as tolerogenic dendritic cells, Tregs, mesenchymal stem cells, and vaccination with T
cells [64]. Interfering with SELENOI activity to skew Th17/Treg cells toward a tolerogenic
phenotype certainly presents its challenges, but may provide a new cell-based therapeutic
approach for this or other autoimmune disorders.

7. Conclusions

Overall, insights into roles for SELENOI in T cell functions have been made using
SELENOI loss-of-function models (Table 1). Upregulated SELENOI triggered by TCR
engagement contributes to both proliferation and differentiation, which may be crucial
for a variety of immune responses (Figure 4). The emerging field of metabolic repro-
gramming during T cell activation is providing new insights into factors and pathways
that regulate optimal responses to pathogens and tumors. SELENOI has recently been
identified as an anabolic enzyme involved in metabolic reprogramming, and disruption of
its activity in mouse models has been shown to effectively decrease EAE. Ethanolamine
phospholipid synthesis is particularly important for metabolic reprogramming in pluripo-
tent stem cells and proliferating tumor cells [31,65], and our recent work showed a crucial
role for ethanolamine phospholipid synthesis during T cell activation. How this may
be translated into new therapies remains uncertain, but targeting metabolism may be
incorporated into cell-based therapies involving T cells. For example, chimeric antigen
receptor (CAR) expressing T cells have become an effective approach for treating some
cancers, and advances have been made to improve the metabolic fitness and efficacy of
CAR T cells [66]. This may provide a framework for developing new strategies in treating
diseases, including autoimmune disorders, focused on regulating T cell metabolism and
providing optimal immunity.
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Table 1. A summary of roles for SELENOI in T cell functions.

T Cell Function Role for SELENOI References

TCR signaling SELENOI KO has minimal effect on signaling
pathways downstream of TCR engagement [18]

Membrane raft
distribution

SELENOI KO has minimal effect on raft
distribution or membrane fluidity

Data presented
herein

Metabolic
reprogramming

SELENOI KO disrupts ATP
generation/consumption during TCR activation [18]

Metabolic sensing SELENOI KO impairs sensing by AMPK during
TCR activation [18]

T cell proliferation SELENOI KO decreases in vivo and ex vivo TCR
induced proliferation [18]

T cell differentiation
T helper cell differentiation is affected by

SELENOI KO; Tfh and Th17 cells are reduced,
while Treg cells are increased

[52]

Naïve T cell Activated T cell

Proliferation 

Th1 cells - fight 
intracellular 
infections, e.g. virus, 
bacteria, parasites. 
SELENOI deficiency 
decreases Th1

Th2 - fight extracellular 
infections, e.g. helminths. T follicular helper cells - promote 

B cell generation of antibody. 
SELENOI deficiency decreases Tfh
cells.

Tregs - promote tolerance, decrease 
autoimmunity. SELENOI deficiency 
promotes Tregs

Memory T cells for future 
challenge.

SELENOI 

- Requires upregulated levels of 
SELENOI 

TCR 
stimulation 

Th17 – fight certain extracellular 
bacteria and fungi, but also 
promote autoimmune disorders. 
SELENOI deficiency decreases 
Th17

Figure 4. A summary of roles of SELENOI in T cells.

Funding: This research was supported by NIH grant R01AI147496.

Institutional Review Board Statement: No human studies were included. Animal protocols were
approved by the University of Hawaii Institutional Animal Care and Use Committee.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rayman, M.P. Selenium and human health. Lancet 2012, 379, 1256–1268. [CrossRef]
2. Reeves, M.A.; Hoffmann, P.R. The human selenoproteome: Recent insights into functions and regulation. Cell. Mol. Life Sci. 2009,

66, 2457–2478. [CrossRef]
3. Schweizer, U.; Fradejas-Villar, N. Why 21? The significance of selenoproteins for human health revealed by inborn errors of

metabolism. FASEB J. 2016, 30, 3669–3681. [CrossRef] [PubMed]
4. Seyedali, A.; Berry, M.J. Nonsense-mediated decay factors are involved in the regulation of selenoprotein mRNA levels during

selenium deficiency. RNA 2014, 20, 1248–1256. [CrossRef] [PubMed]

328



Int. J. Mol. Sci. 2021, 22, 11174

5. Lin, H.-C.; Yeh, C.-W.; Chen, Y.-F.; Lee, T.-T.; Hsieh, P.-Y.; Rusnac, D.V.; Lin, S.-Y.; Elledge, S.J.; Zheng, N.; Yen, H.-C.S. C-Terminal
End-Directed Protein Elimination by CRL2 Ubiquitin Ligases. Mol. Cell 2018, 70, 602e3–613e3. [CrossRef] [PubMed]

6. Burk, R.F.; Hill, K.E. Regulation of Selenium Metabolism and Transport. Annu. Rev. Nutr. 2015, 35, 109–134. [CrossRef] [PubMed]
7. Hoffmann, F.W.; Hashimoto, A.C.; Shafer, L.A.; Dow, S.; Berry, M.J.; Hoffmann, P.R. Dietary Selenium Modulates Activation

and Differentiation of CD4+ T Cells in Mice through a Mechanism Involving Cellular Free Thiols. J. Nutr. 2010, 140, 1155–1161.
[CrossRef] [PubMed]

8. Broome, C.S.; McArdle, F.; Kyle, J.A.M.; Andrews, F.; Lowe, N.; Hart, C.A.; Arthur, J.R.; Jackson, M. An increase in selenium
intake improves immune function and poliovirus handling in adults with marginal selenium status. Am. J. Clin. Nutr. 2004, 80,
154–162. [CrossRef] [PubMed]

9. Hoffmann, P.R.; Berry, M.J. The influence of selenium on immune responses. Mol. Nutr. Food Res. 2008, 52, 1273–1280. [CrossRef]
10. Ivory, K.; Prieto, E.; Spinks, C.; Armah, C.N.; Goldson, A.J.; Dainty, J.R.; Nicoletti, C. Selenium supplementation has beneficial

and detrimental effects on immunity to influenza vaccine in older adults. Clin. Nutr. 2015, 36, 407–415. [CrossRef] [PubMed]
11. Kaiko, G.E.; Horvat, J.C.; Beagley, K.; Hansbro, P.M. Immunological decision-making: How does the immune system decide to

mount a helper T-cell response? Immunology 2008, 123, 326–338. [CrossRef]
12. Zhu, J.; Yamane, H.; Paul, W.E. Differentiation of Effector CD4 T Cell Populations. Annu. Rev. Immunol. 2010, 28, 445–489.

[CrossRef]
13. Cui, W.; Kaech, S.M. Generation of effector CD8+ T cells and their conversion to memory T cells. Immunol. Rev. 2010, 236, 151–166.

[CrossRef]
14. Fredericks, G.J.; Hoffmann, F.W.; Rose, A.H.; Osterheld, H.J.; Hess, F.M.; Mercier, F.; Hoffmann, P.R. Stable expression and

function of the inositol 1,4,5-triphosphate receptor requires palmitoylation by a DHHC6/selenoprotein K complex. Proc. Natl.
Acad. Sci. USA 2014, 111, 16478–16483. [CrossRef]

15. Carlson, B.A.; Yoo, M.-H.; Shrimali, R.K.; Irons, R.; Gladyshev, V.N.; Hatfield, D.L.; Park, J.M. Role of selenium-containing
proteins in T-cell and macrophage function. Proc. Nutr. Soc. 2010, 69, 300–310. [CrossRef]

16. Shrimali, R.K.; Irons, R.D.; Carlson, B.A.; Sano, Y.; Gladyshev, V.N.; Park, J.M.; Hatfield, D.L. Selenoproteins Mediate T Cell
Immunity through an Antioxidant Mechanism. J. Biol. Chem. 2008, 283, 20181–20185. [CrossRef] [PubMed]

17. Gladyshev, V.N.; Stadtman, T.C.; Hatfield, D.L.; Jeang, K.-T. Levels of major selenoproteins in T cells decrease during HIV
infection and low molecular mass selenium compounds increase. Proc. Natl. Acad. Sci. USA 1999, 96, 835–839. [CrossRef]
[PubMed]

18. Ma, C.; Hoffmann, F.W.; Marciel, M.P.; Page, K.E.; Williams-Aduja, M.A.; Akana, E.N.; Gojanovich, G.S.; Gerschenson, M.;
Urschitz, J.; Moisyadi, S.; et al. Upregulated ethanolamine phospholipid synthesis via selenoprotein I is required for effective
metabolic reprogramming during T cell activation. Mol. Metab. 2021, 47, 101170. [CrossRef]

19. Kryukov, G.V.; Castellano, S.; Novoselov, S.V.; Lobanov, A.V.; Zehtab, O.; Guigó, R.; Gladyshev, V.N. Characterization of
Mammalian Selenoproteomes. Science 2003, 300, 1439–1443. [CrossRef] [PubMed]

20. Horibata, Y.; Hirabayashi, Y. Identification and characterization of human ethanolaminephosphotransferase1. J. Lipid Res. 2007,
48, 503–508. [CrossRef]

21. Horibata, Y.; Elpeleg, O.; Eran, A.; Hirabayashi, Y.; Savitzki, D.; Tal, G.; Mandel, H.; Sugimoto, H. Ethanolamine phosphotrans-
ferase 1 (selenoprotein I) is critical for the neural development and maintenance of plasmalogen in human. J. Lipid Res. 2018, 59,
1015–1026. [CrossRef]

22. Ahmed, M.Y.; Al-Khayat, A.; Al-Murshedi, F.; Al-Futaisi, A.; Chioza, B.A.; Fernandez-Murray, J.P.; Self, J.E.; Salter, C.G.; Harlalka,
G.V.; Rawlins, L.E.; et al. A mutation ofEPT1 (SELENOI)underlies a new disorder of Kennedy pathway phospholipid biosynthesis.
Brain 2017, 140, 547–554. [CrossRef]

23. Devaux, P.F. Static and dynamic lipid asymmetry in cell membranes. Biochemistry 1991, 30, 1163–1173. [CrossRef]
24. Murate, M.; Abe, M.; Kasahara, K.; Iwabuchi, K.; Umeda, M.; Kobayashi, T. Transbilayer distribution of lipids at nano scale. J. Cell

Sci. 2015, 128, 1627–1638. [CrossRef]
25. Vance, J.E. Phospholipid Synthesis and Transport in Mammalian Cells. Traffic 2014, 16, 1–18. [CrossRef]
26. Gibellini, F.; Smith, T.K. The Kennedy pathway-De novo synthesis of phosphatidylethanolamine and phosphatidylcholine.

IUBMB Life 2010, 62, 414–428. [CrossRef]
27. Braverman, N.E.; Moser, A.B. Functions of plasmalogen lipids in health and disease. Biochim. Biophys. 2012, 1822, 1442–1452.

[CrossRef]
28. Dawaliby, R.; Trubbia, C.; Delporte, C.; Noyon, C.; Ruysschaert, J.-M.; Van Antwerpen, P.; Govaerts, C. Phosphatidylethanolamine

Is a Key Regulator of Membrane Fluidity in Eukaryotic Cells. J. Biol. Chem. 2016, 291, 3658–3667. [CrossRef]
29. Silin, V.I.; Hoogerheide, D.P. pH dependent electrical properties of the inner- and outer- leaflets of biomimetic cell membranes. J.

Colloid Interface Sci. 2021, 594, 279–289. [CrossRef] [PubMed]
30. Rubio, J.; Astudillo, A.M.; Casas, J.; Balboa, M.A.; Balsinde, J. Regulation of Phagocytosis in Macrophages by Membrane

Ethanolamine Plasmalogens. Front. Immunol. 2018, 9, 1723. [CrossRef] [PubMed]
31. Wu, Y.; Chen, K.; Xing, G.; Li, L.; Ma, B.; Hu, Z.; Duan, L.; Liu, X. Phospholipid remodeling is critical for stem cell pluripotency by

facilitating mesenchymal-to-epithelial transition. Sci. Adv. 2019, 5, eaax7525. [CrossRef]

329



Int. J. Mol. Sci. 2021, 22, 11174

32. Lebrero, P.; Astudillo, A.M.; Rubio, J.M.; Fernandez-Caballero, L.; Kokotos, G.; Balboa, M.A.; Balsinde, J. Cellular Plasmalogen
Content Does Not Influence Arachidonic Acid Levels or Distribution in Macrophages: A Role for Cytosolic Phospholipase
A2gamma in Phospholipid Remodeling. Cells 2019, 8, 799. [CrossRef]

33. Horibata, Y.; Ando, H.; Sugimoto, H. Locations and contributions of the phosphotransferases EPT1 and CEPT1 to the biosynthesis
of ethanolamine phospholipids. J. Lipid Res. 2020, 61, 1221–1231. [CrossRef]

34. Vance, J.E. Historical perspective: Phosphatidylserine and phosphatidylethanolamine from the 1800s to the present. J. Lipid Res.
2018, 59, 923–944. [CrossRef]

35. Bleijerveld, O.B.; Brouwers, J.F.; Vaandrager, A.B.; Helms, J.B.; Houweling, M. The CDP-ethanolamine Pathway and Phos-
phatidylserine Decarboxylation Generate Different Phosphatidylethanolamine Molecular Species. J. Biol. Chem. 2007, 282,
28362–28372. [CrossRef] [PubMed]

36. McMaster, C.R.; Bell, R.M. CDP-ethanolamine:1,2-diacylglycerol ethanolaminephosphotransferase. Biochim. Biophys. Acta 1997,
1348, 117–123. [CrossRef]

37. Liu, J.; Rozovsky, S. Membrane-Bound Selenoproteins. Antioxidants Redox Signal. 2015, 23, 795–813. [CrossRef] [PubMed]
38. Vance, J.E.; Vance, D.E. Does rat liver Golgi have the capacity to synthesize phospholipids for lipoprotein secretion? J Biol Chem

1988, 263, 5898–5909. [CrossRef]
39. Kuiper, G.G.J.M.; Klootwijk, W.; Visser, T.J. Substitution of Cysteine for Selenocysteine in the Catalytic Center of Type III

Iodothyronine Deiodinase Reduces Catalytic Efficiency and Alters Substrate Preference. Endocrinology 2003, 144, 2505–2513.
[CrossRef]

40. Kim, H.-Y.; Fomenko, D.E.; Yoon, Y.-E.; Gladyshev, V.N. Catalytic Advantages Provided by Selenocysteine in Methionine-S-
Sulfoxide Reductases†. Biochemistry 2006, 45, 13697–13704. [CrossRef]

41. Vance, J.E.; Tasseva, G. Formation and function of phosphatidylserine and phosphatidylethanolamine in mammalian cells.
Biochim. Biophys. Acta 2013, 1831, 543–554. [CrossRef]

42. He, H.-T.; Bongrand, P. Membrane dynamics shape TCR-generated signaling. Front. Immunol. 2012, 3, 90. [CrossRef] [PubMed]
43. Lingwood, D.; Simons, K. Lipid Rafts as a Membrane-Organizing Principle. Science 2010, 327, 46–50. [CrossRef] [PubMed]
44. Pike, L.J.; Han, X.; Chung, K.-N.; Gross, R.W. Lipid Rafts Are Enriched in Arachidonic Acid and Plasmenylethanolamine and Their

Composition Is Independent of Caveolin-1 Expression: A Quantitative Electrospray Ionization/Mass Spectrometric Analysis.
Biochemistry 2002, 41, 2075–2088. [CrossRef]

45. Fox, C.J.; Hammerman, P.S.; Thompson, C.B. Fuel feeds function: Energy metabolism and the T-cell response. Nat. Rev. Immunol.
2005, 5, 844–852. [CrossRef]

46. MacIver, N.; Michalek, R.D.; Rathmell, J.C. Metabolic Regulation of T Lymphocytes. Annu. Rev. Immunol. 2013, 31, 259–283.
[CrossRef] [PubMed]

47. Jacobs, S.R.; Herman, C.E.; MacIver, N.; Wofford, J.A.; Wieman, H.L.; Hammen, J.J.; Rathmell, J.C. Glucose Uptake Is Limiting in
T Cell Activation and Requires CD28-Mediated Akt-Dependent and Independent Pathways. J. Immunol. 2008, 180, 4476–4486.
[CrossRef]

48. Van der Windt, G.J.; Pearce, E.L. Metabolic switching and fuel choice during T-cell differentiation and memory development.
Immunol. Rev. 2012, 249, 27–42. [CrossRef]

49. Chang, J.T.; Palanivel, V.R.; Kinjyo, I.; Schambach, F.; Intlekofer, A.M.; Banerjee, A.; Longworth, S.A.; Vinup, K.E.; Mrass, P.;
Oliaro, J.; et al. Asymmetric T Lymphocyte Division in the Initiation of Adaptive Immune Responses. Science 2007, 315, 1687–1691.
[CrossRef]

50. Chisolm, D.A.; Weinmann, A.S. Connections Between Metabolism and Epigenetics in Programming Cellular Differentiation.
Annu. Rev. Immunol. 2018, 36, 221–246. [CrossRef]

51. Pawlak, M.; Ho, A.W.; Kuchroo, V.K. Cytokines and transcription factors in the differentiation of CD4+ T helper cell subsets and
induction of tissue inflammation and autoimmunity. Curr. Opin. Immunol. 2020, 67, 57–67. [CrossRef] [PubMed]

52. Fu, G.; Guy, C.S.; Chapman, N.M.; Palacios, G.; Wei, J.; Zhou, P.; Long, L.; Wang, Y.-D.; Qian, C.; Dhungana, Y.; et al. Metabolic
control of TFH cells and humoral immunity by phosphatidylethanolamine. Nature 2021, 595, 724–729. [CrossRef]

53. Wang, L.; Magdaleno, S.; Tabas, I.; Jackowski, S. Early Embryonic Lethality in Mice with Targeted Deletion of the
CTP:Phosphocholine Cytidylyltransferase α Gene (Pcyt1a). Mol. Cell. Biol. 2005, 25, 3357–3363. [CrossRef]

54. Avery, J.C.; Yamazaki, Y.; Hoffmann, F.W.; Folgelgren, B.; Hoffmann, P.R. Selenoprotein I is essential for murine embryogenesis.
Arch. Biochem. Biophys. 2020, 689, 108444. [CrossRef]

55. E Harrington, L.; Hatton, R.; Mangan, P.R.; Turner, H.; Murphy, T.L.; Murphy, K.M.; Weaver, C. Interleukin 17–producing CD4+

effector T cells develop via a lineage distinct from the T helper type 1 and 2 lineages. Nat. Immunol. 2005, 6, 1123–1132. [CrossRef]
[PubMed]

56. Gaffen, S.L.; Jain, R.; Garg, A.V.; Cua, D.J. The IL-23–IL-17 immune axis: From mechanisms to therapeutic testing. Nat. Rev.
Immunol. 2014, 14, 585–600. [CrossRef]

57. Ghoreschi, K.; Laurence, A.; Yang, X.-P.; Hirahara, K.; O’Shea, J.J. T helper 17 cell heterogeneity and pathogenicity in autoimmune
disease. Trends Immunol. 2011, 32, 395–401. [CrossRef]

58. Sakaguchi, S.; Sakaguchi, N.; Asano, M.; Itoh, M.; Toda, M. Immunologic self-tolerance maintained by activated T cells expressing
IL-2 receptor alpha-chains (CD25). Breakdown of a single mechanism of self-tolerance causes various autoimmune diseases. J.
Immunol. 1995, 155, 1151–1164. [PubMed]

330



Int. J. Mol. Sci. 2021, 22, 11174

59. Shen, H.; Shi, L.Z. Metabolic regulation of TH17 cells. Mol. Immunol. 2019, 109, 81–87. [CrossRef] [PubMed]
60. Araujo, L.; Khim, P.; Mkhikian, H.; Mortales, C.-L.; Demetriou, M. Glycolysis and glutaminolysis cooperatively control T cell

function by limiting metabolite supply to N-glycosylation. eLife 2017, 6, e21330. [CrossRef]
61. Berod, L.; Friedrich, C.; Nandan, A.; Freitag, J.; Hagemann, S.; Harmrolfs, K.; Sandouk, A.; Hesse, C.; Castro, C.N.; Bahre, H.;

et al. De novo fatty acid synthesis controls the fate between regulatory T and T helper 17 cells. Nat. Med. 2014, 20, 1327–1333.
[CrossRef] [PubMed]

62. Delgoffe, G.M.; Kole, T.P.; Zheng, Y.; Zarek, P.E.; Matthews, K.L.; Xiao, B.; Worley, P.F.; Kozma, S.C.; Powell, J.D. The mTOR
Kinase Differentially Regulates Effector and Regulatory T Cell Lineage Commitment. Immunity 2009, 30, 832–844. [CrossRef]
[PubMed]

63. Shin, B.; Benavides, G.A.; Geng, J.; Koralov, S.; Hu, H.; Darley-Usmar, V.M.; Harrington, L.E. Mitochondrial Oxidative Phosphory-
lation Regulates the Fate Decision between Pathogenic Th17 and Regulatory T Cells. Cell Rep. 2020, 30, 1898–1909. [CrossRef]
[PubMed]

64. Mansilla, M.J.; Presas-Rodríguez, S.; Teniente-Serra, A.; González-Larreategui, I.; Quirant-Sánchez, B.; Fondelli, F.; Djedovic, N.;
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Abstract: Selenium (Se) is an essential trace element that is necessary for various metabolic processes,
including protection against oxidative stress, and proper cardiovascular function. The role of Se
in cardiovascular health is generally agreed upon to be essential yet not much has been defined in
terms of specific functions. Se deficiency was first associated with Keshan’s Disease, an endemic
disease characterized by cardiomyopathy and heart failure. Since then, Se deficiency has been
associated with multiple cardiovascular diseases, including myocardial infarction, heart failure,
coronary heart disease, and atherosclerosis. Se, through its incorporation into selenoproteins, is
vital to maintain optimal cardiovascular health, as selenoproteins are involved in numerous crucial
processes, including oxidative stress, redox regulation, thyroid hormone metabolism, and calcium
flux, and inadequate Se may disrupt these processes. The present review aims to highlight the
importance of Se in cardiovascular health, provide updated information on specific selenoproteins
that are prominent for proper cardiovascular function, including how these proteins interact with
microRNAs, and discuss the possibility of Se as a potential complemental therapy for prevention or
treatment of cardiovascular disease.

Keywords: selenium; cardiovascular; heart; selenoproteins; Keshan’s Disease

1. Introduction

Selenium (Se) is an essential trace element necessary for a variety of biological func-
tions in animals, including cardiovascular function. Se deficiency has been linked to
different cardiovascular diseases, including cardiomyopathies such as Keshan’s disease
(KD) [1,2], heart failure [3,4], and myocardial infarction [5]. Although there has been
increasing evidence of the importance of Se for optimal cardiovascular function, the role
of Se in cardiovascular syndromes, particularly under dietary Se deficiency, remains only
partially understood.

The main effects of Se are manifested when it is part of the catalytic center of seleno-
proteins in the form of the amino acid selenocysteine. Se compounds obtained in the diet
are rapidly metabolized via the trans-selenation pathway or reduced in the presence of
glutathione (GSH), to allow for the production of the common intermediate, selenocysteine
(Sec) [6], an amino acid that is then incorporated into peptide chains to form selenoproteins.
Interestingly, for Sec to be used in selenoprotein translation, it needs to be decomposed
into selenide by an enzyme called selenocysteine lyase (SCLY) [7], which will then allow
for its synthesis attached to a specific tRNA, a process thoroughly reviewed elsewhere [8].
Briefly, the selenophosphate synthetase enzyme (SEPHS2) utilizes the selenide released
from SCLY to produce monoselenophosphate for Sec biosynthesis. Sec is then attached to
its tRNA and utilized in selenoprotein translation.

Overall, 25 genes encoding for selenoproteins have been found in humans, and 24
in rodents [9]. Selenoproteins are expressed in a wide range of tissues and have a variety
of functions, including curbing free radicals, controlling calcium flux, and maintaining
thyroid hormone levels [10]. Several of these selenoproteins have vital roles in the heart,
including glutathione peroxidases (GPXs) [11,12], iodothyronine deiodinases (DIOs) [13],
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thioredoxin reductases (TXNRDs) [14], selenoprotein W (SELENOW) [15], selenoprotein
P (SELENOP) [16], MsrB1 (previously known as selenoprotein R) [17], selenoprotein T
(SELENOT) [18], and selenoprotein K (SELENOK) [19]. Low Se levels disrupt the synthesis
of a subgroup of stress-induced selenoproteins, including GPX1, leading to the shortage
of one or more of these crucial proteins in the heart [3], with a potential impact on overall
cardiovascular health [20]. In fact, removal of selenoproteins by deleting Sec tRNA in the
heart and skeletal muscle resulted in sudden cardiac arrest due to increased oxidative stress
and inflammation [21]. Nevertheless, Se metabolism and the molecular mechanism by
which selenoproteins participate in and regulate heart function has not been completely
determined, particularly under Se deficiency. Therefore, a better understanding of the
molecular mechanisms behind Se and selenoproteins involvement in cardiac function is
needed to explain how Se deficiency may contribute to the development of cardiovascular
disease. As selenoproteins involvement in the heart have been reviewed previously [3,10,22],
we aim in this review to briefly cover select key selenoproteins and focus mainly on recent
studies (within the past five years), particularly the current knowledge about Se metabolism
and cardiac selenoproteins in the context of cardiovascular diseases, updating what has
been previously discussed in the literature [10,22]. We focus on the role of Se metabolism
and some selenoproteins in the heart function, its involvement in the pathogenesis of
cardiovascular diseases, and finally debate Se as a potential therapeutic or preventative
supplement for cardiovascular syndromes.

2. Methods

The following criteria were used to select references for this review:
Databases searched: Pubmed (NLM).
Keywords searched: selenium, selenium metabolism, selenium deficiency, selenopro-

teins, cardiovascular diseases, myocardial infarction, ischemia reperfusion injury, atheroscle-
rosis, oxidative stress, Keshan’s Disease, heart, cardiovascular, glutathione peroxidase,
thioredoxin reductase, iodothyronine deiodinases, microRNAs, Selenoprotein P, Selenopro-
tein T, Selenoprotein K, Selenoprotein W, selenite, selenomethionine, Selenoprotein MsrB1,
Selenoprotein S, and Selenoprotein P.

3. The relationship between Se Deficiency and Cardiovascular Health

The first evidence of Se involvement in cardiovascular function came from the dis-
covery that Se deficiency was involved in KD, a severe form of cardiomyopathy that is
sometimes fatal. It is an endemic disease, first found in Keshan County in northeast China.
KD is characterized by myocardial necrosis, calcification, and fibrosis, leading to various
clinical manifestations such as cardiogenic shock, cardiac arrhythmias, and congestive heart
failure [23]. Observations that KD shared similar morphology to white muscle disease, a
degenerative cardiac and skeletal muscle disease found in foals from Se-poor areas [24],
provided a clue that Se deficiency may play a role in KD [2]. Supporting this hypothesis,
administration of oral Se reversed Se deficiency and improved outcomes of KD [25,26].
Although there is some debate about whether Se deficiency is the primary cause of KD as
there are several additional underlying causes, it remains until now the most convincing
possibility [1,26].

Further strengthening the argument that Se is important in cardiovascular function
is that Se deficiency also contributes to the pathogenesis of other cardiomyopathies and
heart failure. A recently reported rare case of dilated cardiomyopathy in a young boy
was attributed to chronic starvation and a severe Se deficiency [27]. Notably, nutritional
support with Se supplementation resulted in the reversal of the disease. Another case
recently reported involved a malnourished woman with Se deficiency that resulted in
cardiomyopathy, with the condition being reversed by Se treatment [28].

Se deficiency also is associated with heart failure [4,29–31]. Serum Se concentrations
measured in a large European cohort of patients with worsening heart failure were low
in 70% of these patients. Low Se levels in these patients were associated with a poorer
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quality of life, impaired exercise capacity, and an inferior prognosis with worsening heart
failure [4]. Moreover, this same study demonstrated human cardiomyocytes generated from
human pluripotent stem cells (hPSCs) cultured in low Se resulted in reduced mitochondrial
function and increased reactive oxygen species (ROS), thereby showing impairment of key
metabolic processes. Despite the increasing evidence of Se involvement in the pathogenesis
of cardiovascular diseases, molecular mechanisms linking Se deficiency to cardiovascular
diseases remain to be elucidated.

Potential Mechanisms behind Se Deficiency and Cardiovascular Disease

With the likely linkage between Se and cardiovascular health, studies have been
conducted to examine the mechanism behind this association. Se has been suggested
to participate in cell survival [32–34], a role reviewed recently [35]. The key findings in
the studies connecting Se to cardiomyocyte survival is that, predominantly, Se deficiency
increased apoptosis while inhibiting autophagy in the heart. Pro-apoptotic proteins, such
as cleaved caspases-3, -8, and -9 and Bax, were upregulated, while anti-apoptotic ones,
such as BCL-2, were reduced [32–34]. Combined, these findings suggest that Se regulates
cardiomyocyte apoptosis.

Additional reports suggest a role of microRNAs (miRNAs) during Se deficiency in
sustaining cardiovascular function. MiRNAs are an emerging topic in cardiovascular
research as they have been shown to play an important role in a variety of cardiovascular
diseases. These roles include cell survival, inflammation, and curbing of oxidative stress.
Therefore, it has been hypothesized that miRNAs could also be regulating or contributing
in cardiomyopathies related to Se deficiency. Studies using miRNA array or miRNA
specific omics identified potential miRNAs that could be involved in such regulation.
One study examined miRNA expression in Se-deficient rats using an miRNA array and
found the cardiac dysfunction of the Se-deficient rat to be associated with five upregulated
microRNAs, namely, miR-374, miR-16, miR-199a-5p, miR-195, and miR-30e, as well as
three downregulated miRNAs, namely, miR-3571, miR-675, and miR-450a [36]. Another
report used microRNAome analysis to examine miRNAs in the myocardium of Se-deficient
chickens and found miR-2954 to have increased expression [37]. Bioinformatic analysis
predicted phosphoinositide 3-kinase (PI3K), a key protein regulating cell apoptosis and
autophagy, as the target gene of miR-2954. Overexpression of this miR led to autophagy
and apoptosis of myocardial cells through the regulation of the PI3K pathway. This same
microRNAome analysis also identified miR-200a-5p, and its target gene for ring finger
protein 11 (RNF11), as triggering necroptosis in cardiomyocytes [38]. RNF11 is involved
in the necroptosis pathway, a form of programmed necrosis. Knockdown of miR-200a-5p
in Se-deficient cardiomyocytes resulted in enhanced cell survival after treatment with
z-VAD-fmk, a necroptosis inducer. It is interesting to note that the miRNAs found by
these microRNAomics are mainly involved in cell death pathways. This is consistent with
the previous findings that Se deficiency leads to the increase in pro-cell death pathways.
Further investigation into the interplay between miRNAs and Se in the heart is needed to
determine how both contribute to molecular mechanisms leading to cardiomyopathy and
other cardiovascular diseases.

4. Se Metabolism in the Heart

Se is an essential trace element that supports heart function [39]. It is vital to maintain
adequate Se levels in the body as both low and excess levels of Se can have detrimental
effects to cardiovascular health. As we previously mentioned, Se deficiency has been linked
to cardiomyopathies, including KD and heart failure [3,29,40,41]. Excess Se intake, on the
other hand, may result in severe toxicity and cardiac symptoms that may be fatal [42,43].
Although it is clear that adequate Se levels maintain normal cardiovascular function, a
comprehensive understanding of the molecular mechanisms linking how Se metabolism
contributes to cardiovascular disease is still lacking. Se exists in both inorganic and organic
chemical forms, entering the food chain through plants and microorganisms via uptake by
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sulfate transporters. These forms include selenomethionine (SeMet), Sec, selenite, selenate,
and selenious acid, among others. Depending on the chemical form of Se ingested, the
Se compound may need to be either reduced (inorganic forms) or metabolized using
the trans-selenation pathway (most organic forms) before it can be incorporated into a
selenoprotein as Sec [7]. These mechanisms of Se metabolism have been demonstrated
to occur in cells that are highly dependent on Se, such as hepatocytes [44–46]; however,
they have not been determined in cardiomyocytes. Below we summarize how Se might be
metabolized in the heart and how a diet deficient in Se may contribute to the development
of several cardiovascular diseases (Figure 1). This will be discussed in greater detail in
subsequent sections.

Figure 1. Potential mechanism of how Se deficiency impacts Se metabolism and contributes to cardiovascular diseases.
Se acquired through the diet can go through the trans-selenation pathway and be directly converted to Sec, becoming
hydrogen selenide. In cases of low Se, stress-responsive selenoprotein synthesis may be affected. Those selenoproteins
with known function in the heart are shown above but it is still unknown how some of these proteins contribute to the
development of cardiovascular disease in cases of Se deficiency. Decreased levels of Se may negatively impact redox
regulation, thyroid hormone metabolism, and calcium flux while increasing atherogenesis and oxidative stress. This, in
turn, may lead to several cardiovascular diseases, including heart failure, myocardial infarction, cardiomyopathy, and
atherosclerosis. Red arrows indicate processes and proteins that are decreased while green arrows indicate processes
that are increased during Se deficiency. Black arrows point to known relationships, and dashed gray lines indicate the
relationships that have not been established yet in the heart. The “?” indicates mechanisms that have not been determined.
Se, selenium; Sec, selenocysteine; HSe–, hydrogen selenide; SEPHS2, selenophosphate synthetase 2; GPX, glutathione
peroxidase; TXNRDs, thioredoxin reductases; DIO, iodothyronine deiodinases; SELENOP, selenoprotein P; SELENOT,
selenoprotein T; SELENOK, selenoprotein K; MSRB1, methionine sulfoxide reductase B1; SELENOW, selenoprotein W.
Heart was used from Servier Medical Art (smart.servier.com).

4.1. Trans-Selenation Enzymes in the Heart

An essential component of Se metabolism is the trans-selenation pathway that pro-
duces Sec as a byproduct of selenomethionine (SeMet) metabolism [44]. There are three
main enzymes involved in this process: cystathionine beta-synthase (CBS), cystathionine
gamma-lyase (CGL), and SCLY. CGL and CBS sequentially convert selenohomocysteine
to Sec while SCLY decomposes L-Sec into L-alanine and hydrogen selenide (H2Se) in
various mammalian tissues [7]. It remains unknown whether SCLY has a similar function
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in the heart; however, CGL and CBS have both been purported to protect the heart against
ischemic damage [47,48]. We will discuss the function of these enzymes and their potential
role in the heart below.

4.1.1. Cystathionine Beta-Synthase (CBS)

CBS is the first enzyme in the transsulfuration pathway that catalyzes the conversion of
serine and homocysteine to cystathionine and H2O [49]. Functional knowledge about this
enzyme’s action in the heart is poor; however, a recent study, using a combination of sodium
thiosulfate and a CGL inhibitor, propargylglycine (PAG), to treat the rat cardiac myoblast
cell line H9C2 cells undergoing hypoxia and reoxygenation, or rat hearts undergoing
ischemia/reperfusion (I/R), revealed a partial recovery from these states [48], indicating
that CBS may play a protective role as the function of CGL was inhibited by PAG, therefore
being ruled out as a player in this protective mechanism in the heart.

4.1.2. Cystathionine Gamma-Lyase (CGL)

CGL is a sulfide (H2S)-producing enzyme with L-cysteine as its main substrate, and
therefore a member of the transsulfuration pathway that follows the methionine cycle.
In the heart, specific overexpression of CGL protected against heart failure induced by
permanent coronary ligation and significantly improved survival in mice [47]. Exogenous
H2S administration at the time of reperfusion in mice also protected against detrimental
left ventricular remodeling that can lead to heart failure, and preserved cardiac function
by attenuating oxidative stress and mitochondrial dysfunction [47]. H2S administration
also led to isoproterenol–caffeine-induced left ventricular hypertrophy in rats through
upregulation of myocardial CGL [50].

4.1.3. Selenocysteine Lyase (SCLY)

SCLY was first identified as an enzyme that decomposes L-Sec into L-alanine and
H2Se in eukaryotes [51]. Sec for SCLY decomposition is typically acquired in the diet,
produced via the trans-selenation pathway or released from selenoprotein degradation [52].
This enzyme was first purified from pig liver [51], and has been detected in several human
tissues, including the heart; however, it is found at modest levels [53], and has a relatively
unexplored role in the heart. Interestingly, one study revealed that after treating H9C2 cells
with the H2Se homologue, hydrogen sulfide (H2S), oxidative stress was significantly atten-
uated [54]. Moreover, H2S treatment increased SCLY/H2Se signaling and resulted in the
increased activity and expression of multiple selenoproteins, including GPX1 and TXNRD2.
Therefore, it is likely that SCLY plays a role in the heart, but whether it responds also to
Se deficiency, as it does in other tissues, and whether it is involved in the pathogenesis of
cardiovascular diseases, remains to be explored.

5. Selenoproteins in the Heart

Selenoprotein involvement in heart function has been well documented and reviewed
previously [3,10,22]. Therefore, as abovementioned, we will briefly cover select key seleno-
proteins and focus mainly on recent studies (within the past five years). These proteins are
discussed below:

5.1. Glutathione Peroxidases (GPXs)

GPXs neutralize reactive oxygen and nitrogen species by catalyzing the reduction
of hydrogen peroxides (H2O2) to water. There are five Sec-containing GPX enzymes
in humans: GPX1, GPX2, GPX3, GPX4, and GPX6 [55]. Of the five, GPX1 is the most
well-documented in cardiac tissues and known to be cardioprotective against I/R injury
in mice [11]. Mice lacking GPX1 exhibited increased susceptibility to I/R injury due to
increased apoptosis. GPX1 also regulates oxidative stress; hypoxia inducible factor (HIF)-
2a knockout (KO) mice exhibited increased oxidative stress that was associated with low
levels of GPX1 [56]. Interestingly, GPX1 is a stress-responsive selenoprotein, i.e., it is tightly
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regulated by Se levels. It is possible that Se deficiency may contribute to downregulate its
expression, deteriorating the heart capacity to respond to oxidative stress, contributing to
poor cell survival.

GPX3 and GPX4 are also highly expressed in the heart although their role in cardiac
tissue is not as clear as GPX1. GPX3, a mostly plasma GPX enzyme, scavenges ROS in
extracellular spaces and in the vasculature. It has been shown to protect against stroke
by regulating the bioavailability of nitric oxide [57] and was also found to be upregulated
during myocardial hypertrophy [17]. GPX4 protects cellular lipids from oxidative damage.
Although GPX4 has a crucial role in the cellular antioxidant defense, it is still unclear what
the specific mechanism in which GPX4 participates is being affected in times of cardiac
stress. In other organs, GPX4 is resistant to Se deficiency, although it is still unknown if
this is true in the heart. GPX4 overexpression in the mitochondria protected neonatal rat
cardiomyocytes against ischemic damage [58]. It has also been shown that GPX4 protects
cellular lipids from oxidative damage during hypertrophy [17]. More recently, a proteomic
study revealed that the downregulation of GPX4 exacerbates ferroptosis, a form of iron-
dependent nonapoptotic cell death, during acute myocardial infarction (MI) [59]. This
finding is supported by other studies that have revealed the ferroptosis inducer erastin to
downregulate GPX4 expression in H9C2 rat cardiac myoblasts [60]. Moreover, inhibition
of ferroptosis using another ferroptosis inhibitor, liproxstatin-1, protected hearts against
ischemic damage and restored GPX4 expression [61]. These interesting studies suggest
that increasing GPX4 expression in the heart may help prevent ferroptosis, a contributor
to myocardial infarction (MI). Inhibition of ferroptosis has been repeatedly demonstrated
to protect the heart against ischemic damage and may suggest a new role for GPX4 as
regulating cardiovascular function [62].

5.2. Iodothyronine Deiodinases (DIOs)

The main function of the DIOs is to regulate thyroid hormone levels [63]. There are
three DIO isoforms: DIO1, DIO2, and DIO3. DIO1 and DIO2 catalyze the release of outer
ring iodine from thyronine hormones to convert the prohormone thyroxine (T4) to the active
3-3’-5-triiodothyronine (T3) form, while DIO3 inactivates both T3 and T4 by removing an
inner ring iodine from the molecule. DIO2 is highly expressed in the heart as well as brown
adipose tissue and the pituitary. DIO1 is predominantly expressed in the liver, kidneys,
and thyroid, as well as many other tissues, while DIO3 is expressed in the placenta, uterus,
brain, and fetal tissues [64]. Dysregulation of thyroid hormones mainly impacts myocardial
development and differentiation, although there are indications that these hormones may
also be involved in cardiac hypertrophy and I/R injury [65,66]. Overexpression of DIO2 in
mice enhanced myocardial contractility in a pressure-overload hypertrophy model that was
accompanied by increased expression of SERCA2a and improved contractility, likely due to
increased sarcoplasmic reticulum (SR) Ca2+ uptake [65]. As thyroid hormones are known
to regulate SERCA expression in skeletal muscle [67] and heart [68], and deiodinases
control thyroid hormones, it is not surprising that upregulation of DIO2 also impacts
SERCA expression.

Thyroid hormones also attenuate cardiac remodeling after MI [66,69]. Reduced plasma
levels of these hormones, particularly T3, is associated with ventricular failure and in-
creased expression of DIO3 [70,71]. Consistent with these earlier findings, a recent report
used an infusion of 6 μg/kg/day of T3 prior to subjecting rats to I/R injury, and the T3
treatment improved cardiac function following the injury [13]. Interestingly, DIO1 and
DIO2 expression were significantly increased in the area at risk (the area around the is-
chemic injury) in rats given T3 before I/R. In the remote zone (the region distant to the
ischemic injury), DIO1 and DIO3 were downregulated in sham and rats not given T3
prior to I/R [13]. This suggests novel roles for all three isoforms of the DIOs in I/R injury.
Additionally, an interesting study that examined the regulation of an miRNAs on DIO3
revealed that miR-214 was found to be co-expressed with DIO3 in cardiomyocytes post-MI.
Fascinatingly, DIO3 expression preceded miR-214 expression in the left ventricle and locally
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suppressed the known cardioprotective effect of hormone T3. High expression of T3 sig-
nificantly reduced miR-214, suggesting a possible negative feedback loop where miR-214
controls DIO3 expression [72]. This is a potential novel area for the field to expand upon,
understanding how various miRNAs may fine-tune DIO expression and, consequently, T3
availability, in the context of cardiovascular diseases such as myocardial infarction.

5.3. Thioredoxin Reductases (TXNRDs)

In mammals, TXNRDs mainly regulate intracellular redox reactions for functions
as varied as DNA synthesis, redox status of transcription factors (e.g., NF-kB and AP-1),
immunomodulation, and regulation of apoptosis [73]. Thioredoxins are utilized by TXNRD
enzymes that use NADPH/H+ as a reducing agent to regenerate reduced thioredoxins,
which are used to reduce oxidized cysteine residues in cellular proteins. There are three
TXNRD enzymes, TXNRD1, TXNRD2, and TXNRD3, and all have well-documented roles
in cardiovascular function, such as mitigating oxidative stress in response to pressure
overload-induced hypertrophy [14] and ameliorating left ventricular remodeling [74].

Recent studies have continued to examine the impact of the thioredoxins (Trxs) and
TXNRDs in multiple cardiovascular diseases and during oxidative stress in rodent and cell
models with one study exploring what happens to selenoprotein expression after knock-
down of Trx in a Se-deficient chicken cardiomyocyte model [75]. Chicken cardiomyocytes
were given low Se (0.033 mg/kg) and treated with siRNA to knockdown thioredoxins.
By qRT-PCR, mRNA expression of several selenoproteins, including all three TXNRDs,
were significantly reduced [75], indicating that the thioredoxin levels may be important in
cardiomyocytes to regulate TXNRDs. However, no functional analysis was performed in
this study; therefore, it is unknown whether this was a maladaptive or adaptative response.
In another study, BALB/C mice were provided with excess iron to determine how iron
affects the thioredoxin system in the mouse heart [76]. It was discovered that iron overload
altered protein expression of the thioredoxin-interacting protein (TXNIP) and TXNRD1 but
that gene expression of these proteins remained unchanged. It would be interesting if the
field focused on how TXNRDs and Trxs interact when there is inadequate Se in the heart
as there are few studies focusing on how Se deficiency impacts the function of TXNRDs
and Trxs.

5.4. Selenoprotein P (SELENOP)

SELENOP is of particular interest as Se is largely bound to circulating SELENOP in
the plasma, providing Se to several tissues. Nevertheless, there are conflicting reports
in the literature as to whether SELENOP may be beneficial or detrimental to the heart.
Low SELENOP levels are associated with increased risk of mortality in acute heart failure
patients and all-cause cardiovascular mortality [77,78]. A decrease in circulating levels of
SELENOP was also associated with a greater risk of metabolic syndrome in patients with
documented cardiovascular disease [79]. Despite this clinical association, it is unclear if
SELENOP is indeed necessary to prevent cardiovascular disease, as SELENOP KO mice
subjected to I/R injury exhibited significantly reduced infarct sizes, indicating that less
tissue was damaged, and cardiac apoptosis compared to WT mice. This reduction in tissue
injury corresponded to an increase in phosphorylation of several proteins involved in the
reperfusion injury salvage kinase (RISK) pathway, such as Akt and Erk [16]. SELENOP
levels were also higher in patients with cardiogenic shock and complicating acute MI, and
thirty-day mortality was significantly higher in patients with SELENOP levels above the
75th percentile 3 days post-MI [80].

5.5. Selenoprotein T (SELENOT)

SELENOT has been shown to be involved in cardiac development, as it has showed
a dramatically increased expression following an ex vivo Langendorff I/R model. This
upregulation suggests that SELENOT may not be required when heart function is normal,
but can be activated in times of stress [18]. It was suggested that SELENOT regulates
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calcium homeostasis, and this upregulation effect may be a compensation by the heart to
protect against calcium overload-mediated cell death [81]. It should be noted that studies
analyzing SELENOT are very limited, and thus any current conclusions regarding the role
of SELENOT in I/R injury should be taken with caution.

5.6. Selenoprotein K (SELENOK)

In the heart, SELENOK was first identified to have an antioxidant effect in cardiomy-
ocytes [19]. Overexpression of SELENOK in cardiomyocytes using a recombinant aden-
ovirus system attenuated ROS and protected against oxidative stress induced by H2O2 [19].
In addition to this protein’s antioxidant capabilities, SELENOK has also been identified
as a regulator of calcium flux in immune cells [82]. In the heart, immune cells may exac-
erbate tissue damage after MI due to increased inflammation and these cells contribute
to the development of atherosclerosis. Interestingly, SELENOK itself may also play a role
in atherogenesis. SELENOK expression was detected in aortic plaques, particularly in
macrophages, and SELENOK KO animals exhibited reduced atherosclerosis as indicated
by lesion formation, which may contribute to foam cell formation and atherogenesis [83].

5.7. Selenoprotein MsrB1

The role of selenoprotein MsrB1 in cardiac health has been reviewed previously [10];
therefore, we will only provide an update here. MsrB1 reduces methionine sulfoxide, a
byproduct of ROS oxidation of methionine residues. MsrB1 was identified as a seleno-
protein highly expressed in the heart during cardiac stress after T3 and isoproterenol
treatment [17]. It is thought that MsrB1 may be upregulated as a compensatory response
to prevent oxidative damage or induced to regulate actin remodeling during myocardial
hypertrophy. Additional studies are required to assess the molecular mechanism behind
MsrB1 upregulation during hypertrophy.

5.8. Selenoprotein W (SELENOW)

Like other selenoproteins, SELENOW serves as an antioxidant [84], acting in calcium
regulation and redox regulation [85]. It may also be involved in muscle growth and
differentiation as this protein was shown to be highly expressed in proliferating myoblasts
but not differentiated ones [86]. SELENOW levels are highest in the heart, muscle, and
brain in sheep and primates, but is low in rodent hearts [87], suggesting that its role in the
heart is species-specific, potentially only in non-rodent mammals. There are few studies to
confirm this, however, SELENOW expression was increased by Se treatment in myocardial
chicken cells [15], and is therefore a cardiac selenoprotein sensitive to Se levels. Future
studies can determine if Se deficiency modulates SELENOW actions and what role this
enzyme might play in heart function.

5.9. Selenoprotein S (SELENOS)

Another selenoprotein that may be involved in cardiovascular function is SELENOS.
In Finnish and Chinese cohorts, single nucleotide polymorphisms (SNPs) were associated
with increased risk for coronary heart disease and ischemic stroke [88], as well as type
2 diabetes, which carries an increased risk of cardiovascular disease [89]. Nevertheless,
despite the association between certain SNPs and cardiovascular disease, there have not
been follow-up studies and not much is known about the role of this protein in the heart.

6. Se Supplementation for Mitigation of Cardiovascular Diseases

As mentioned before, Se plays a role in the pathogenesis and responses of several
cardiovascular diseases, including cardiomyopathy, myocardial infarction, cardiovascular
stress response, and hypertrophy, particularly under deficient intake. From early on,
Se deficiency has been implicated in KD and heart failure, and over time it was shown
that a subset of selenoproteins play vital roles during I/R injury, cardiomyopathy, and
heart failure. Excess Se has been connected to decreased cardiac output in pigs [90] and
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increased incidence of type 2 diabetes [91], a syndrome that greatly increases the risk of
cardiovascular disease [92]. Below, we will explore recent studies that investigate the effects
of Se supplementation in the context of several cardiovascular diseases.

Clinically, low Se levels are associated with higher rates of all-cause mortality due to
heart failure [4], increased rates of myocardial infarction [5], and cardiomyopathies [27,93].
It is therefore unsurprising that several studies have focused on Se supplementation to mit-
igate cardiovascular disease despite mixed results, likely due to a host of factors, including
the different pharmacokinetics of various forms of Se, the range and duration of treatment,
and whether Se was used alone or in combination with another therapy. Among the cardio-
vascular conditions that have employed Se supplementation in an attempt to mitigate the
disease pathogenesis in animal/cell models or clinically, include all-cause cardiovascular
mortality [94], peripartum cardiomyopathy [95], I/R injury [96,97], atherosclerosis [98],
and coronary heart disease [99]. More rigorous studies are needed to determine solely
the effects of Se supplementation on specific cardiovascular mechanisms and prognostic
outcomes. Moreover, studies comparing the pharmacokinetics of multiple chemical forms
of Se supplementation in heart health are lacking. We will discuss the studies so far that
have utilized Se as a supplement to mitigate various cardiovascular diseases and discuss
why their results have varied significantly.

6.1. Se Supplementation in Myocardial Infarction and I/R Injury

Se plays vital roles during MI, such as the reduction of ischemic injury and left
ventricular remodeling, likely due to decreased oxidative stress. It was recently reported
that Se deficiency was found in the majority of MI patients [5,100]. Moreover, patients with
high Se levels exhibited the lowest prevalence of cardiovascular outcomes, including MI
in an Inuit cohort in Canada [101]. This suggests that strategies aiming at Se adequacy,
such as Se supplementation in deficient individuals or populations, may mitigate ischemic
damage to the heart. Nevertheless, there have been limited mechanistic studies addressing
this possibility. Pretreatment of rats with Se prior to in vivo I/R injury led to better
cardiovascular outcomes [96]. Another study found that radioactive Se 75 in the form of
selenide targets damaged tissue after myocardial I/R injury [97]. Based on markers of cell
damage, such as neutrophil accumulation, cardiac troponin levels, and measurements of
cardiac function, it was concluded that selenide treatment in solution reduced damage
to the heart [97]. Intriguingly, this was the only inorganic form of Se that was capable of
doing so as treatment with reduced Se, oxidized Se, and selenite had no effect. As different
forms of Se have varying pharmacokinetics, besides also being absorbed differentially by
the gut microbiome [102], these differences serve as reminders when investigating whether
a particular form of Se may be suitable to use as a supplement to protect the heart from
ischemic damage.

The different pharmacokinetics of Se compounds may be one reason why Se supple-
mentation as a strategy to prevent or mitigate I/R injury has had mixed results, although
studies in this area are limited. A recent report demonstrated SeMet was effective at pre-
venting necrotic cell death in a rat H9C2 myoblasts [103]. However, SeMet only modestly
improved cardiac function and was incapable of preventing remodeling following I/R
injury in Wistar rats. Another chemical form of Se, the inorganic selenite, was used in
rats undergoing I/R injury during cardiovascular surgery. Selenite suppressed tissue
damage as indicated by markers of cardiac injury such as lactate dehydrogenase and
cardiac troponin but did not prevent the production of inflammatory cytokines such as
IL-6 and TNF-α [104]. There have been combination therapies as well, although the added
complication of mixing compounds compromises the ability to distinguish if, and which,
Se form is indeed the primary effector for improving I/R injury outcomes. One of these
tested therapies utilized aloe vera biomacromolecules conjugated with Se, finding that
pretreatment of the compound decreased infarct sizes, cardiac injury markers, and car-
diomyocyte apoptosis [105]. Clinically, a combination therapy of Se and coenzyme Q10 was
purported to have beneficial effects in preventing all-cause mortality from cardiovascular
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disease, including in those individuals with ischemic heart disease. Moreover, this effect
continued for 12 years after supplementation was stopped [94,106]. While intriguing, this
study is problematic in that the protection from Se is unclear, since the subjects were also
treated with coenzyme Q10. Therefore, studies that focus solely on the effect of Se as a
therapeutic treatment to determine if Se supplementation is cardioprotective in MI and
I/R injury are needed.

6.2. Se Supplementation in Atherosclerosis

Atherosclerosis is a disease of the arteries that develops slowly over many years
and is characterized by fat and cholesterol deposition in large and medium sized arteries.
Mechanistically, atherosclerosis develops through the increased transcytosis of low-density
lipoprotein (LDL), increased inflammation, endothelial dysfunction, and leukocyte mi-
gration into the arterial intima where mononuclear phagocytes proliferate and engulf
lipids. After enough lipids have been engulfed, these phagocytes eventually transform
into foam cells. Excessive foam cell formation results in the accumulation of cholesterol
esters, and is termed a fatty streak. In the fatty streak, lymphocytes and macrophages se-
crete inflammatory cytokines and enhance vascular smooth muscle cell (VSMC) migration
into the intima. This, in turn, thickens the arterial wall, and the fatty streak evolves into
a stable plaque. Eventually, in more advanced stages, these VSMCs proliferate, secrete
extracellular matrix proteins, and generate a fibrous cap, while the apoptotic and necrotic
cell death of foam cells produces what is termed a necrotic core [107]. Increased oxidative
stress is considered a major contributor to the development of atherosclerosis; ROS are
key mediators of inflammatory signaling pathways that lead to atherogenesis and the
formation of the fatty streak [108]. As selenoproteins are heavily involved in the protection
against oxidative stress, it is likely that Se plays a role in atherogenesis. Indeed, several
studies have previously shown in various animal models that Se supplementation prevents
atherosclerosis [109–112]. More recently, SeMet supplementation was tested in a mouse
model of atherosclerosis [98]. Apolipoprotein E-deficient (ApoE−/−) mice were placed on a
high-fat diet without supplemental Se or were given a high fat diet with 2 mg/kg of SeMet
for 6 or 12 weeks. After either 6 or 12 weeks of SeMet treatment, the study demonstrated a
significant decrease in lesion burden, which was accompanied by the formation of a more
stabilized plaque. To concur with a role of selenoproteins in this protective effect, GPX1
expression and activity were increased. Interestingly, an insertion and deletion (INDEL)
SNP in SCLY, the enzyme that catalyzes a key step in SeMet metabolism, has also been
linked with increased risk to develop atherosclerosis in Mexican-American subjects [113].

More recently, studies have focused on using engineered forms of Se such as Se
nanoparticles [114,115] and Se quantum dots [116] to determine if they prevent atheroscle-
rosis in murine and rat models of atherosclerosis. Animals treated with 50 mg/kg/day
of Se nanoparticles (SeNPs) for 8 weeks significantly attenuated vascular injury [114].
This was associated with significantly lower levels of triglycerides, total cholesterol, and
LDL-cholesterol in the serum of mice given the SeNPs. Oxidative stress, as measured
by serum malondialdehyde (MDA) levels, was significantly lower compared with the
control, and corresponded with an increase in the activity of antioxidant enzymes, GPX,
and super oxide dismutase (SOD), suggesting SeNPs may mitigate the development of
atherosclerosis, at least in a murine model. Indeed, the other study using SeNPs by the
same group demonstrated that SeNP administration for 12 weeks significantly decreased
atherosclerotic lesions in ApoE−/−mice [115]. This was again associated with a decrease
in hyperlipidemia and oxidative stress. Finally, rats or ApoE−/− mice on a high-fat diet
were treated with Se quantum dots (SeQDs) at a dose of 0.1 mg/kg/day, or a combination
of lithium chloride (LiCl) and quantum dots [116]. SeQDs protected against endothelial
dysfunction in rats, an effect associated with the inhibition of NHE1 by LiCl, a pathway
known to protect against endothelial dysfunction. In ApoE−/− mice, SeQDs decreased the
serum nitric oxide levels, attenuated endothelial dysfunction, and inhibited the formation
of atherosclerotic plaques. It is evident that, at least in rodent models, Se supplementation
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is beneficial to protect against atherosclerosis; however, it remains to be seen if this is also
true in humans, as clinical studies are currently limited. Moreover, the mechanism by
which both SeQDs and SeNPs are being processed inside the cells to exert these effects is
still undefined.

6.3. Se Supplementation in Other Cardiovascular Diseases

Aside from MI and I/R injury, Se supplementation for the prevention of other cardio-
vascular diseases, such as peripartum cardiomyopathy and coronary heart disease, has
been reported, again with mixed results. Patients with peripartum cardiomyopathy (left
ventricular ejection fraction < 45%) and Se deficiency (< 70 mg/L) were randomly assigned
to receive oral SeMet (200 μg/day) for 3 months [95]. While symptoms of heart failure were
reduced in the patients given SeMet, the percentage of left ventricular ejection fraction
(LVEF) remained similar between the control group and the Se-supplemented group. It
is unknown whether a longer course of SeMet treatment would eventually improve the
LVEF; however, the results suggest that heart failure was somewhat mitigated in the Se-
supplemented group. Similarly, there have been multiple randomized controlled trials
using different forms of Se to mitigate coronary heart disease with mixed results [99]. Meta-
analysis of these studies revealed that Se supplementation decreased serum C-reactive
protein levels and elevated GPX1, but it had no effect on mortality from coronary heart
disease, nor did it alter any lipid profiles.

7. Discussion

Since the discovery of Se involvement in Keshan’s Disease more than fifty years
ago [2,23,93], the knowledge of the involvement of Se in cardiovascular diseases has ex-
panded significantly. Se is now known to participate in a host of different cardiovascular
disorders, including myocardial infarction, heart failure, cardiomyopathies, atherosclerosis,
and coronary heart disease, as Se deficiency is associated with increased risk of these cardio-
vascular diseases [4,5,30,99,117]. Therefore, it is unsurprising that Se supplementation has
been explored as a potential therapeutic to treat several of these cardiovascular disorders
when they are linked to a deficient intake status for Se. However, assessing the benefits of
Se supplementation has proven challenging as the duration of Se treatment, dose, and the
varying pharmokinetics of different chemical forms of Se have made it difficult to assess
the therapeutic potential of Se supplementation, at least in clinical studies. Combination
studies have also played a role as many clinical studies have combined Se with another
nutritional supplement, making it problematic to determine the effects of Se alone. Ex-
perimental animal models using Se have been more successful, likely due to the ability to
control more factors, such as the environment and diet, among other factors. Due to these
complicating factors, it is still unknown whether Se supplementation can be useful as a
nutritional supplement for patients with cardiovascular disease. More rigorous studies
that focus solely on Se are needed to assess the true therapeutic potential of Se to mitigate
cardiovascular diseases, or new targets such as selenoproteins themselves.

Like Se, significant progress has been made elucidating the roles of different seleno-
proteins in the heart. Selenoproteins serve as antioxidants, regulators of oxidative stress,
controllers of calcium flux, and mediators of thyroid hormones. They may also play a
role in immune cell migration, contributing to atherogenesis [83]. However, many se-
lenoproteins are still understudied in the heart, particularly in disease situations, and it
remains unknown what these proteins are doing in these contexts. There is some evi-
dence that selenoproteins regulate/are regulated by miRNAs [38,72]—post-transcriptional
regulators of gene expression that are involved in numerous signaling pathways. The
miRNAs and their selenoprotein targets potentially provide hundreds of novel targets for
study and it is essential that we learn more about the mechanisms behind selenoprotein
and miRNA involvement in cardiovascular diseases, as they could eventually open new
avenues for therapies.
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8. Conclusions

Much has been learned about the role of selenium and selenoproteins in the heart;
however, there remains substantial work to be done, particularly in studying how sele-
nium deficiency impacts selenoproteins during disease conditions. These studies could
significantly improve our understanding of how selenium and selenoproteins work on a
molecular basis during the pathogenesis of cardiovascular diseases, and potentially lay the
foundation for the development of novel therapeutics or improved nutritional guidance.
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Abstract: The trace element selenium (Se) is an essential part of the human diet; moreover, increased
health risks have been observed with Se deficiency. A sufficiently high Se status is a prerequisite
for adequate immune response, and preventable endemic diseases are known from areas with Se
deficiency. Biomarkers of Se status decline strongly in pregnancy, severe illness, or COVID-19,
reaching critically low concentrations. Notably, these conditions are associated with an increased
risk for autoimmune disease (AID). Positive effects on the immune system are observed with Se
supplementation in pregnancy, autoimmune thyroid disease, and recovery from severe illness.
However, some studies reported null results; the database is small, and randomized trials are sparse.
The current need for research on the link between AID and Se deficiency is particularly obvious
for rheumatoid arthritis and type 1 diabetes mellitus. Despite these gaps in knowledge, it seems
timely to realize that severe Se deficiency may trigger AID in susceptible subjects. Improved dietary
choices or supplemental Se are efficient ways to avoid severe Se deficiency, thereby decreasing AID
risk and improving disease course. A personalized approach is needed in clinics and during therapy,
while population-wide measures should be considered for areas with habitual low Se intake. Finland
has been adding Se to its food chain for more than 35 years—a wise and commendable decision,
according to today’s knowledge. It is unfortunate that the health risks of Se deficiency are often
neglected, while possible side effects of Se supplementation are exaggerated, leading to disregard
for this safe and promising preventive and adjuvant treatment options. This is especially true in the
follow-up situations of pregnancy, severe illness, or COVID-19, where massive Se deficiencies have
developed and are associated with AID risk, long-lasting health impairments, and slow recovery.

Keywords: autoimmune thyroid disease; diabetes mellitus; Graves’ disease; Hashimoto thyroiditis;
infection; inflammation; long-COVID; rheumatoid arthritis; selenoprotein P; sepsis

1. Selenium and Selenoproteins

The trace element selenium (Se) is a micronutrient that is notable for several reasons,
e.g., its essentiality, high medical relevance, and unique biochemistry [1]. It is part of the
proteinogenic amino acid selenocysteine (Sec), for which an elaborate biochemical pathway
has evolved and been preserved in many species [2]. Sec is synthesized on a seryl-loaded
tRNA as a template, and it is used via one of two specific tRNA[Ser]Sec isoforms [3,4], before
being inserted during ribosomal translation into a small family of selenoproteins [5]. The
distribution of Se to different organs and tissues, as well as to the different gene transcripts
for selenoprotein biosynthesis, is hierarchically regulated and involves the two tRNA[Ser]Sec

isoforms [6–8]. Importantly, some selenoproteins are essential for life and are preferentially
synthesized; inactivation of the respective genes in mouse models turned out embryonically
lethal [9,10]. There is some overlap, but also certain distinctive differences to their roles and
essentiality in humans [11]. A growing number of inherited diseases provide evidence for
the distinctive roles played by selenoproteins in human health [12]. Hereby, the essentiality
of Se is impressively underlined, as originally highlighted in 1957 by Schwarz and Foltz
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studying liver necrosis associated with vitamin E deficiency [13]. The tissue degeneration
observed was efficiently prevented by supplemental Se [14], via increased biosynthesis
of selenoenzymes [15]. It was only recently that the tight interplay among vitamin E,
selenoproteins, and the accumulation of lipid peroxides inducing tissue degeneration and
damage was identified as a conserved and tightly coordinated mechanism of cell death,
referred to as ferroptosis [16]. These insights contribute to a better understanding of the
molecular interrelation of Se and selenoproteins with energy metabolism and damage, as
well as aging and decay, as underlying bases for the protective effects of Se in acute and
chronic diseases [17].

1.1. Model Systems, Inherited Diseases, and Hierarchical Selenium Supply

Besides being essential for embryonic development, the identified inherited diseases
with mutations in genes encoding selenoproteins or in essential factors involved in Se
metabolism provide a more refined view on the essential role of selenoproteins [18–20].
The first identified example was a central component of the biosynthesis machinery, i.e.,
the RNA-binding protein SECISBP2 involved in correctly decoding the codon UGA for
directing co-translational Sec insertion [21]. The affected children presented with an altered
thyroid hormone pattern, reduced selenoprotein levels, and delayed growth that was
not correctable by Se supplementation [22]. A more comprehensive characterization of
additional young and adult subjects with mutation in SECISBP2 indicated a spectrum of
phenotypes, many of which resemble findings known from specific mouse models, e.g.,
delayed bone development, male infertility, metabolic dysregulation, elevated stress sensi-
tivity and, importantly, disrupting effects on the immune system [23]. A detailed overview
on the immune-relevant selenoproteins and their role in lymphocyte development, immune
response, and effects on cytokine release and signaling can be found in excellent pieces of
work published elsewhere [24–30].

The strong effects observed in the human patients with inherited defects indicate the
extreme end of a spectrum of phenotypes that may result from insufficient selenoprotein
expression. Certain single nucleotide polymorphisms (SNPs) in selenoprotein genes are
associated with more subtle effects that may still be of relevance for normal development
and human health, as seen in population-wide studies [31]. This line of research can effi-
ciently study the full set of selenoprotein encoding genes along with additional components
involved in Se metabolism and biosynthesis [20,31–33]. Notably, evolutionary selection
of certain genotypes may have enabled a better adaptation to nutritional restrictions, and
render subjects less sensitive to poor supply in a Se-deficient environment [34]. A full
overview of the potential interactions between variations in Se-related genes and health
issues can be found elsewhere [35–37]. Notably, certain genotypes associate with autoim-
mune disease (AID) risk and autoantibody titers, e.g., in selenoprotein S (SELENOS) [38]
or selenoprotein P (SELENOP) [39].

Apart from genetics, the undisputed greatest influence on selenoprotein expression is
the dietary supply of the essential trace element, which varies widely around the world [40].
Under insufficient supply, the hierarchical principles that govern the targeted Se distri-
bution within the organism protect essential tissues and biochemical pathways from
deficiency [6–8]. A poor Se status of a given subject therefore does not cause an obvious
phenotype or detectable health symptoms, and usually goes unnoticed if no laboratory
analysis is conducted. Nevertheless, large analytical studies indicate that a Se supply below
the recommended intake levels is associated with increased disease risks, especially for
subjects with chronic disease, inflammation, or other predispositions [40,41]. It is time to
take this knowledge more seriously and to realize that Se deficiency is difficult to detect,
but easily avoidable. The essentiality is similar to, e.g., iodine, where population-wide
nutritional measures and suitable supplements yield remarkable positive health effects [42].
In the case of iodine, deficiencies are visible and better known. Until now, meaningful
measures to correct a poor Se supply have rarely been taken by the authorities. Finland
is a remarkable exception and decided more than three decades ago (1984) to take action,
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and to add supplemental Se systematically to the fertilizers used in agriculture [43]. This
countrywide supplementation program was successful in increasing the average Se intake
of the Finish population to a likely health-supporting level [44]. Unfortunately, a control
population is not at hand and direct health-supporting effects are difficult to be deduced,
while positive effects on animals as well as plants are recorded [45]. A sufficiently high
Se intake will improve general selenoprotein expression levels and raise the Se status in
particular in those tissues that are stringently dependent on the Se supply, i.e., those that
are low in the hierarchical supply, including liver, muscle, the gastrointestinal tract, and
the immune system [24,46]. A sufficiently high Se status supports their integrity, metabolic
activities, and responsiveness to regulatory signals, while Se deficiency compromises the
adequate functioning of these organ systems and reactive cell types.

1.2. The General Role of Se Status and Supplemental Intake for Human Health

A Se deficit alone does not lead to an obvious phenotype, but it predisposes to certain
diseases. The health risks of a relatively low Se intake become apparent in observational
or intervention studies when biomarkers of Se status are analyzed in relation to disease
prevalence and incidence. Using dietary Se intake data for deducing Se status has proven
most difficult, as the same food items vary strongly in Se content in relation to the origin
of production [40,47–51]. Among the most suitable biomarkers of Se status are total Se
concentrations in serum or plasma and circulating selenoproteins [52–56]. These biomark-
ers are applied to epidemiological or intervention studies where only small amounts of
biosamples are available. Unfortunately, only a few studies have determined the Se status
by assessing more than one biomarker, or tried to closely monitor changes in Se status
prior, during and after an intervention [41]. This constitutes a shortcoming in many fields
of nutrition research, and unfortunately also in the studies on Se in AID.

The number of well-controlled and sufficiently powered randomized control trials
(RCT) with supplemental Se is small, and the largest and most comprehensive ones have
been conducted in the USA, where a large fraction of the population exhibits a replete
Se status [57]. This is in contrast to the majority of subjects residing in other parts of the
world [58]. The fortunate situation in North America is mainly due to the high Se content in
the soils used for agriculture. The scientific strength of the large US trials for the role of Se
in human health is therefore largely restricted to the issue of pharmacological Se effects, i.e.,
questions of side effects and toxicity in sufficiently supplied subjects [41,48]. This notion is
best exemplified in the field of chemoprevention, where two large RCT with supplemental
Se have been conducted over long time-periods. In the Nutritional Prevention of Cancer
(NPC) study, roughly two thirds of the participants had a high baseline Se status [59],
whereas in the Selenium and Vitamin E Cancer Prevention Trial (SELECT) follow-up study,
almost all of the enrolled subjects were sufficiently supplied with Se [60]. Accordingly,
chemopreventive effects were observed in the small fraction of Se-deficient participants in
the lowest tertile of baseline Se in NPC only [61].

When summarizing both studies, it is inappropriate to combine the trials into one
meta-analysis, as subjects with suboptimal Se status were under-represented, i.e., around
1–2% only when the studies are aggregated (Figure 1). From today’s viewpoint, correct-
ing a Se deficit is a meaningful health-supporting measure with biochemical effects, whereas
supplementing well-supplied subjects with additional Se appears unnecessary [41,62,63]. Conse-
quently, meta-analyses on supplemental Se by combining studies that differ profoundly in
baseline Se status fail [64]. Supplementing subjects beyond their needs may be conducted
as experimental attempts of targeted therapy, e.g., in oncology, where exceedingly high
pharmacological Se dosages are studied for death-inducing effects on tumor cells [65–67].
However, no meaningful insights into the role of Se deficiency for the immune system and
AID risk can be expected from these approaches.
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Figure 1. Importance of baseline Se status for the interpretation of RCT results. Dietary intake of Se varies widely in
different parts of the world, and large parts of, e.g., the USA, are well supplied. This is in contrast to many other countries.
A saturated expression of the Se transporter selenoprotein P (SELENOP, (% of max.)) indicates a sufficiently high Se status
and corresponds to serum Se of 120–130 μg/L (broken line). As only one third of participants in the NPC study were below
this threshold and showed positive health benefits from supplemental Se, their contribution to the overall effects is diluted
and lost in meta-analyses. Positive health effects of supplemental Se can only be expected if selenoprotein expression is
affected, and studies performing substitution versus supplementation need to be distinguished.

1.3. Uneven Worldwide Clinical Research on the Role of Se for Human Health

The excursion on supplemental Se and well-controlled large RCT may seem of little
relevance to Se in AID, while in fact the knowledge and understanding of this background
is of central importance for the interpretation of the current database and the general
appreciation of Se in health and disease. It is almost impossible not to mention these two
contradictory RCT when discussing the perspectives of Se in the ambulant and clinical care
of patients. While the large and expensive SELECT study failed to achieve its primary goal
of prostate cancer prevention, its scientific quality and technical rigor was undoubtedly
of the highest order and provided insights into the human organism’s tolerance to high
Se intake. However, its relevance for the risks from Se deficiency and the importance
of correcting a pre-existent Se deficit for preserving health and reducing disease risks
is marginal. Despite these limits, these particular RCT are constantly referred to when
Se supplementation trials are planned, discussed, and neglected, analytical research is
considered and then dismissed, or when funding is applied for and then finally denied.
The failure of SELECT has not served the basic and clinical research on Se well. A thor-
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ough understanding of the reason for failure of this RCT also helps to understand why
smaller analytical and intervention studies can still be of profound scientific value, when
conducted in populations of low or moderate Se status under high scientific standards.
This is another peculiarity for Se in medicine; many important and meaningful studies are
conducted in areas with Se deficiency [68,69], which explains the uneven distribution of
collaborations on Se in AID, highlighting in particular central Europe, China, Turkey, and
Iran as exceptionally active regions (Figure 2).

Figure 2. Overview on international collaborations on a potential role of Se in autoimmune disease.
Countries with prevalent Se deficiency are particularly active in this line of research. The red lines
indicate collaborations as published in the Web of Science (accessed on 4 April, 2021), with line
thickness corresponding to the number of entries. The countries are color-coded for the number
of contributions, with Denmark, Germany, and Italy yielding highest marks (yellow). Analysis
was conducted for references matching the term “ALL = (selenium autoimmune thyroid)”, using
the ‘bibliometrix’ and ‘ggplot2’ packages in R (Version 2.1.0, R: A Language and Environment for
Statistical Computing; The R Foundation for Statistical Computing: Vienna, Austria, 2020).

The concept of “substitution” versus “supplementation” may be introduced here, with
the former indicating a targeted supply in order to correct a nutritional deficit, while the
latter indicates pharmacological supply on top of a sufficient baseline status [41,70]. The
chemopreventive effects of Se in the NPC study were restricted to the intake as substitution,
since the responsive subjects were residing in the lowest tertile of baseline Se status, where
full expression of selenoproteins was not yet achieved [71,72]. This setting is in contrast to
the unsuccessful SELECT intervention, where Se was applied on top of a sufficiently high
baseline Se status as a pharmacological supplementation [48,62]. Consequently, when we
follow the same hypothesis and assume that a Se deficit constitutes a risk factor for AID, we
need to focus on trials with Se-deficient subjects residing in areas of general poor Se supply.
The published evidence for a potential role of Se in AID needs to be interpreted with this
distinction in mind, and null results from areas with high baseline intake are unlikely of
value for this issue. Given the inconsistent Se status around the world, no coherent and
uniform guidelines from the various national expert committees on Se substitution can be
expected, and recommendations on supplemental Se will differ with good cause between
areas with low and high habitual Se intake.

2. Clinical Studies Linking Se Status and Autoimmune Diseases

Clinical studies on Se are either observational and compare Se status between dis-
eased and healthy subjects or in relation to disease severity, or trials are interventional,
supplying extra dosages like in the aforementioned RCT that used a daily supplement
of 200 μg Se, either as Se-rich yeast (NPC) or selenomethionine (SELECT). As mentioned
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above, analytical studies relying on dietary Se intake are difficult to conduct; therefore,
biomarkers of Se status are analyzed [51]. To this end, three biomarkers have achieved
high acceptance in the field, i.e., the enzymatic activity of the extracellular glutathione
peroxidase-3 (GPX3), total serum or plasma Se concentration (total Se), and the circulating
transporter selenoprotein P (SELENOP) [54,71,73]. Some analytical studies have combined
more than one biomarker (or determined Se content in hair or nails in parallel to blood),
and yielded some congruent and meaningful results [53,74]. The published large RCT
mentioned have unfortunately analyzed only one Se status biomarker.

2.1. Selenium Status and Hashimoto’s Thyroiditis

Hashimoto’s thyroiditis (HT) is a highly prevalent, renowned, and dynamic AID,
characterized by autoreactive lymphocytes invading the thyroid gland. The immune
process causes swelling, initial signs of hyperthyroidism and malaise, followed by a long
and often chronic phase of progressive gland destruction, hypothyroidism, and increasing
need for thyroid hormone replacement therapy [75]. The incidence is high and on the rise,
exhibits individual disease courses and it is more prevalent in women than in men [76].
Observational studies in the EU have indicated that Se deficiency is positively associated
with thyroid gland volume and nodule formation [77,78]. Conclusive evidence for a
causal role of Se deficiency in promoting hypothyroidism and autoimmune-related thyroid
gland damage (i.e., chronic stages of Hashimoto’s thyroiditis) has come from a large cross-
sectional study in China enrolling >6000 subjects. The participants were residing either
in a Se-deficient area (Ningshan) or in an area with moderate Se status (Ziyang) [79].
Median plasma Se concentrations differed two-fold (104 vs. 57 μg/L), i.e., from sufficient
for a saturated expression of most selenoproteins to a moderate deficiency. Accordingly,
thyroid disease prevalence was almost twice as high in the Se-deficient area of Ningshan
as compared to Ziyang (Figure 3A,B). The findings highlight that chronic Se-deficiency
enhances the risk for AID of the thyroid, despite the notion that the populations were
accustomed to their general Se supply [34]. Summarizing the different observational
studies at hand, it becomes apparent that Se deficiency is a risk factor for increased thyroid
gland volume, hypothyroidism, HT, thyroid nodules and associated health problems,
and a population-wide approach as taken in Finland would likely reduce AID incidence
and disease load in many areas of the world. Sex-specific differences in relation to the
role of Se in goiter or HT incidence were reported from a large study in Europe [77], but
were not observed in the large Chinese study [79]. Baseline iodine supply may modify
the interaction of Se and thyroid disease [80], as Se status and goiter development are
particularly interrelated under iodine deficiency [78,81]. Besides differences in the dietary
Se intake, certain acute conditions are also associated with higher Se demands or increased
Se loss, including severe disease, infection, or pregnancy. During pregnancy, increasing
amounts of Se are transferred from the mother to the growing fetus, leading to an increasing
deterioration of the pregnant woman’s Se status if the increased need is not counteracted
by additional Se intake [82,83]. The deficit may even worsen thereafter due to lactation
(Figure 3C), potentially eliciting negative health effects on both the child and mother under
limiting Se supply [84]. After pregnancy, postpartum thyroid disease (PPTD) constitutes a
frequently found AID [85], in particular for women with positive thyroid autoantibodies
(aAb). In view of the developing Se deficit in pregnancy, a highly interesting and instructive
RCT from Italy tested supplemental Se to prevent PPTD and permanent hypothyroidism
(PHT) [86]. To this end, pregnant women with or without positive TPO-aAb were enrolled
and monitored. The intervention was conducted with 200 μg of selenomethionine per day,
and it was successful [86]. The incidence of both PPTD and PHT was reduced by almost
twofold, and no side effects were noted (Figure 3D).
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Figure 3. Importance of Se deficiency as druggable risk factor for AID. (A) High thyroid disease prevalence (pathol.
Thyroid; goiter, (sub-) clinical hypothyroidism or autoimmune thyroiditis) is observed under low baseline Se intake. (B)
The population on low Se intake (Ningshan) had an almost twice-higher incidence of thyroid disease as compared to the
population with higher Se intake (Ziyang). (C) During pregnancy, Se status in the pregnant mothers decline from trimester
1 (Trim 1) to Trim 3, causing a severe Se deficit (<45 μg/L) in one-third of pregnancies in a European observational study.
(D) Supplemental Se during pregnancy was capable of suppressing the high incidence of postpartum thyroid dysfunction
(PPTD) and permanent hypothyroidism (PHT) in predisposed women ca. two-fold.

2.2. Selenium Status and Graves’ Disease

Graves’ Disease (GD), the second major AID of the thyroid gland, occurs when the
aAb mimicking thyroid-stimulating hormone (TSH) directly activates the TSH-receptor,
resulting in an overactive endocrine gland that is not controlled by negative feedback
regulation and, thus, causes clinical symptoms of hyperthyroidism [87]. Like HT, incidence
and prevalence of GD show a strong female-biased sex-specific difference [88]. The relation
between Se status and GD is more complex and less-well understood in comparison to
Se and HT [89,90], probably due to the positive effects of thyroid hormone on Se status
and hepatic SELENOP biosynthesis [91]. Interestingly, no general interrelation between
habitual Se intake and prevalence of hyperthyroidism was observed in the aforementioned
large cross-sectional study in the two Chinese provinces with different Se intake and
status [79]. However, a remarkable difference in GD prevalence was apparent when the
data were analyzed for males and females separately; male subjects only seemed to react
sensitively to Se deficits, and exhibited a higher prevalence of GD under low Se supply
as compared to men with higher baseline Se intake, while disease prevalence of women
remained largely unaffected [92]. Accordingly, the female-to-male ratio of hyperthyroidism
(mainly due to GD) was 1.6 in the Se-poor area and 4.2 in the area with higher baseline Se
intake (Figure 3B). This finding was statistically significant and completely unexpected, as
it is widely assumed that sex-specific differences in AID incidence and prevalence are rather
related to (epi-)genetic [93,94] or hormonal effects [95,96], like dysregulated X-chromosome
inactivation [97] or estrogens and estradiol receptors [98,99], but not to micronutrient
intake, again highlighting a peculiar sex-specific oddity of Se for the immune system. The
surprising notion that a particular micronutrient, such as Se, which is associated with a
number of sexual dimorphic effects in medicine and biology [7], is also strongly modifying
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the sex-specific risk for a prominent AID, opens a new and challenging perspective on the
interplay of nutrition, genetics, and AID risk. Besides a number of analytical studies that
provide a partly overlapping (but largely inconclusive) overall picture on the importance
of Se for GD, one notable RCT reported remarkable positive health effects in GD-associated
eye disease, i.e., Graves’ orbitopathy (GO). Proptosis of the eye ball and inflammatory
markers were successfully suppressed and eye motility and quality of life were strongly
improved by daily Se supplementation over six months in patients with mild GO [100]. The
positive health effects lasted beyond study termination, but the underlying mechanisms
are unknown, and the promising findings have not been replicated yet. Still, the results are
taken seriously and Se is recommended in mild GO by leading experts in the field [101,102].

2.3. Selenium Status and Type 1 Diabetes Mellitus

Type 1 diabetes mellitus (T1DM) is also known as “insulin dependent diabetes melli-
tus” or “juvenile diabetes”, and describes the autoimmune form of diabetes that mainly
develops at a young age [103], but also occurs as a slowly developing latent autoimmune
diabetes in adults (LADA) or as classical and abrupt adult-onset T1DM [104]. Disease
course involves a progressive destruction of insulin-producing pancreatic beta cells, sooner
or later necessitating insulin replacement therapy due to gland insufficiency, eventually
along with other medication [105]. It is estimated that around one in ten cases of diabetes
mellitus are due to the destructive AID, with certain population-specific differences, while
the majority are associated with insulin insensitivity of target tissue, being overweight,
and often older age, typically denoted as type 2 diabetes mellitus (T2DM) [106]. Recent
research indicates that diabetes mellitus should be categorized more precisely, as over-
lapping and distinct phenotypes and disease courses require personalized analyses and
treatment regimens [107–111]. Despite the high prevalence and rising incidence of diabetes
mellitus along with the essential role of Se for the endocrine and immune system, research
activities on Se in the AID form of diabetes (T1DM) are sparse.

This is in contrast to some knowledge on the interrelationship of Se with T2DM, where
an increased serum or plasma Se concentration is observed in many patients [112–114].
The dysregulation involves insulin resistance of liver, and its positive effect on hepatic
SELENOP biosynthesis, causing higher serum Se concentrations [41,115,116]. Conversely,
Se deficits are associated with hypoglycemia, i.e., a dysregulation of blood glucose levels
in the opposite direction [117]. In contrast to initial reports, the results from large and
well-controlled RCT indicate that Se supplementation is not causally related to T2DM
incidence, not even in Se replete populations [41,118,119]. In comparison to T2DM, the data
on Se and T1DM risk and course are few. In children, a small case-control study indicated
a slightly increased serum Se status in the pediatric patients with T1DM as compared to
controls (74 ± 8 vs. 65 ± 8 μg/L) [120]. In a larger study, an inverse relationship was
observed, which was especially pronounced in children with T1DM and poorly controlled
blood glucose, who displayed reduced serum Se and relatively low erythrocyte GPX1
activity [121]. This finding accords with a report on relatively low Se in erythrocytes of
children with T1DM [122]. A case-control analysis using siblings of diseased children
observed no difference in relation to GPX activity between T1DM and controls [123], in
agreement with a small study on adults from the UK, where plasma Se was comparable
between patients with T1DM, T2DM, and controls [124].

From these few studies, a picture emerges with two opposing forces apparently
influencing the relationship of Se with diabetes mellitus; both the autoimmune nature of
T1DM and the increased fat mass in many patients with T2DM are associated with an
activated immune system, inflammation, and increased cytokines/adipokines including IL-
1 and IL-6 [125,126]. This condition is known to impair hepatic selenoprotein biosynthesis
and SELENOP expression [127–129]. At the same time, insulin resistance and increased
glucose availability exert positive metabolic effects on hepatic SELENOP biosynthesis,
consistently in T2DM and with an age- and disease-stage dependence in T1DM, compatible
with a generally increased Se status in T2DM, and an unpredictable relationship in T1DM.
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In Finland, it was observed that the diet could influence the interrelation between Se
status and disease in T1DM. Children with T1DM had a higher Se status as compared
to age-matched controls before the nation-wide Se supplementation was in place. This
difference may have been due to a better food quality higher in Se content selected by the
patients and their well-caring parents. However, the difference in serum Se disappeared
between T1DM and control children with the population-wide supplementation and a
general increase in Se intake [130], indicating that the potential advantage of choosing
high quality food items in T1DM was crucial and decisive at times of poor Se supply, but
became dispensable in face of the universal enrichment of Finish food with Se. This notion
underlines again the particular relevance of population-wide measures for improving Se
status under poor habitual Se availability.

2.4. Selenium Status and Rheumatoid Arthritis

Rheumatoid arthritis (RA) describes a third major group of inflammatory and chronic
AID affecting primarily the joints, but eventually also spreading to remote sites including
skin, kidneys, nerve tissue, lung, heart, and other organ systems [131]. The disease activity
shows some circadian rhythm, and it can precipitate in sporadic longer-lasting waves of
increased or decreased activity in a very personalized manner. In general, RA constitutes
a constant and increasing threat to joint function, movement, quality of life, and overall
health [132]. In agreement with other AID, its prevalence is higher in women than in
men, with a disease peak in late adulthood [133]. Serum Se concentrations were found
decreased in a set of 101 patients with seropositive RA compared to controls, even among
US patients with high baseline Se concentrations exceeding the levels needed for full
expression of circulating selenoproteins (148 ± 42 vs. 160 ± 25 μg/L) [134]. In a study
on patients suffering from a rare and severe form of RA, i.e., systemic sclerosis, all three
biomarkers of Se status (GPx3, total Se, and SELENOP) were significantly decreased as
compared to controls [135]. This tendency was also reported in a meta-analysis from
2016, highlighting a relatively low Se status in patients with RA [136]. The deficiency is
obviously not restricted to the trace element Se, but can also be observed for a second
immune relevant micronutrient, i.e., zinc (Zn) [137]. In parallel, the trace element Cu seems
to be slightly elevated in serum of RA patients, consistent with the positive acute phase
reaction of liver-derived ceruloplasmin as systemic Cu transporter [138,139].

The imbalance in trace element concentrations underlines the chronic inflammatory
nature of RA and an elevation of pro-inflammatory cytokines, with IL-6 and IL-1ß likely
taking center stage for the observed effects on the micronutrient status [140,141]. Notably,
the interaction between Se deficiency and enhanced inflammation is not necessarily uni-
directional and self-limiting, but rather constitutes a vicious cycle with self-amplifying
characteristics, similar to the situation in sepsis [142]. The Se status is known to affect
NF-kB activity, and a reduced Se status will cause an up-regulation of a whole set of
inflammation-relevant genes [143]. During NF-kB activation, and in response to other
noxae, a number of intracellular stress-regulated selenoproteins are induced including
essential components affecting ER quality control mechanisms like SELENOF, SELENON,
SELENOS, SELENOT, or SELENOV [144–148]. Notably, SNPs in the promoter of SELENOS
have directly been associated with IL-6, IL1ß, and tumor necrosis factor-alpha expres-
sion in human subjects [149]. Accordingly, an interaction of SELENOS genotype and IL-1
was identified for RA risk [150]. The potential molecular interactions are supported by
recent clinical data. Anti-rheumatic treatment showed a sustained positive effect on Se
concentrations [151]. The increase was parallel to a reduction in inflammatory activity
and suppression of pro-inflammatory signaling [151]. Collectively, the chronic inflam-
matory nature of RA seems to directly impair Se metabolism, with a negative effect on
hepatic SELENOP biosynthesis and consequently a reduced serum Se status in patients as
compared to healthy controls, which closes a self-sustaining but druggable feedforward
pathway [152].
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Some pilot intervention studies with supplemental Se have been conducted, albeit
with small groups of RA patients only, short duration, and a limited monitoring of changes
in the important biomarkers of Se status. An increase in GPX activity to control levels was
observed in a six months Se supplementation trial in a group of six patients in relation to
six control subjects as early as in 1987 [153]. An RCT using 200 μg Se per day as selenized
yeast for 90 days reported an increase in serum Se concentrations and an improvement
in several parameters of RA, including quality of life [154]. However, the positive effects
were observed in both study arms and a specific health impact of the trace element ex-
ceeding the placebo effect was not detected with statistical significance. Collectively, the
clinical experience with Se in RA is very rudimentary in view of the importance and high
prevalence of this potentially devastating AID. Supplemental Se may protect from severe
disease course, in view that RA is associated with progressive Se loss, and supplemental
Se may counteract efficiently the decline. It is not known why this cost-efficient and safe
adjuvant treatment option is not explored in sufficiently sized and well-controlled RCT, as
the chronic, severe, and progressive nature of RA serves as a paradigm for an inflammatory,
most prevalent and relevant AID, which affects millions of people, in particular young and
adult women, and is responsible for many lost years of quality of life.

3. Correcting Se Deficits in Prevention and Treatment of Autoimmune Diseases

The majority of analytical studies indicate a profound Se deficit in patients with an
AID, likely linked to disease activity, ongoing inflammation, and an elevated activity of
an autoreactive immune system. It is also known that a sufficient Se supply is needed to
support and moderate the activity of immune cells and to avoid an overshooting immune
response [27,39,129,155]. Consequently, it appears plausible that a Se deficit aggravates
AID course, and supplemental Se may elicit positive health effects, contribute to the
normalization of the immune response, reduce autoreactive disease activity, and support
other therapeutic measures in an adjuvant mode.

Several supplementation studies have been conducted, albeit mostly with small num-
bers of patients and for short periods of time only. Comparing the three types of AID
mentioned above, the majority of intervention studies with supplemental Se have ad-
dressed the two autoimmune thyroid diseases, i.e., HT and GD [89,90]. Despite an initial
enthusiasm, the overall picture is ambiguous as several trials have reported positive effects,
but a number of similar studies reported no health improvements [89,90]. Negative side
effects have not been observed. At present, the major reason for these equivocal results
is unknown, as neither the nature of the most suitable selenocompound nor the optimal
treatment duration, nor best dosage have been specified. Similarly, the ideal baseline Se
status and best time for treatment initiation are not identified. The paucity of knowledge is
partly due to the small groups studied, the heterogeneous groups of patients, and a lack of
detailed monitoring of Se status at baseline, during supplementation and at study end. In
order to resolve some of these inconsistencies, two well-controlled intervention trials with
Se in patients with HT and GD, respectively, are under way and will hopefully shed some
more light on the potential efficacy of supplemental Se on disease severity and course, as
well as on the underlying reasons for the contradictory experiences. The chronic autoim-
mune thyroiditis quality of life Se trial (CATALYST) has enrolled almost 500 patients, and
the effects of supplemental Se (200 μg per day) or placebo on the disease-related quality of
life along with changes in thyroid aAb concentrations during an intervention period of one
year are evaluated [156]. The GRAves’ disease Selenium Supplementation (GRASS) trial
is of similar size and design, and primarily studies the effects of Se on anti-thyroid drug
treatment failure [157]. Importantly, both studies are conducted in Denmark, i.e., with Eu-
ropean patients of insufficient baseline Se status for full expression of selenoproteins. Until
the results from these well-designed and promising RCT are at hand, the data collectively
indicate that dosages up to 200 μg Se per day, as also used in the aforementioned large RCT
in the USA, do not harm and may reduce inflammation and autoantibody concentrations
in AID.
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4. Immune Dysfunction in Se Deficiency–Possible Molecular Mechanisms

Lymphocytes and the immune system show certain functional alterations in Se defi-
ciency and upon Se substitution, indicating that their position within the hierarchical order
of supply with the essential trace element is not at the top, where Se status is maintained
even in low supply, e.g., the endocrine or central nervous system [7,24,29]. However, Se
supply beyond the needs for saturated expression of selenoproteins shows little if any
effects on the immune system, underlining the essential role of selenoproteins and their
adequate expression for a regular functioning of lymphocytes [158]. Declining Se status
in disease or pregnancy will consequently impair regular selenoprotein biosynthesis and
regular immune system function. Accordingly, the members of the selenoprotein family
with proven relevance for lymphocyte activity along with those having a general role in
antigen processing and MHC-dependent presentation are the prime targets of Se substitu-
tion, and constitute the main culprit for immune dysfunction in Se deficiency [29,159]. The
biochemical and physiological pathways affected by suboptimal expression of particular
selenoproteins range from a poorly controlled intracellular peroxide and redox tone, fail-
ing quality control of newly synthesized proteins in the ER, impaired Ca signaling to an
excessive oxidation of cellular components and death by ferroptosis (Table 1).

Table 1. Selenoproteins with particular functions in the immune system.

Glutathione peroxidases 1, 2 (GPX1, 2) control intracellular peroxide tone [160]

Glutathione peroxidase 4 (GPX4) reduces lipid hydroperoxides, prevents
ferroptosis [161]

Iodothyronine deiodinases (DIO2, 3) regulate activity of innate immune cells [162]

Methionine-R-sulfoxide reductase
(MSRB1)

reduces oxidized Met, affects F-actin
formation [163]

Selenoprotein H (SELENOH) controls redox-sensitive transcription
and damage [164]

Selenoprotein I (SELENOI) contributes to the biosynthesis of
phospholipids [165]

Selenoprotein K (SELENOK) affects Ca-signaling and activity of
lymphocytes [166]

Selenoprotein P (SELENOP) mediates hierarchical Se supply,
indicates Se status [8]

Selenoprotein S (SELENOS) controls quality of proteins synthesized
in ER [149]

Selenoprotein T (SELENOT) controls redox state and protein quality
in ER [144]

Selenophosphate Synthetase 2
(SEPHS2) controls selenoprotein biosynthesis rate [167]

Selenoprotein 15 (SEP15, SELENOF) gatekeeper for ER exit of
immunoglobulins [168]

Thioredoxin reductases 1, 2
(TXNRD1, 2)

regenerate thioredoxin, balance
mitochondrial ROS [169]

It is at present unknown which of these immune-relevant selenoproteins respond
most sensitively to Se deficiency and constitute the rate-limiting factors for a dysfunctional
immune system under low Se supply. Besides the selenoproteins that affect lymphocyte
activity, migration, proliferation, survival, and interaction directly, a large number of
selenoproteins is involved in quality control of newly synthesized proteins in the ER
affecting correct protein folding and retrotranslocation of misfolded proteins into the
cytosol for degradation [170]. Consequently, a disease- or pregnancy-induced decline
of the Se status into a critical zone where these selenoproteins are not synthesized any
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more to the required expression levels will increase the risk for lymphocytes loosing self-
tolerance and at the same time for a widespread presentation of wrongly processed novel
autoantigens due to failing quality control in the ER. This hypothesis is compatible with
many preclinical and clinical studies on autoimmune thyroid disease [89], but lacks solid
and more comprehensive clinical data from the other prevalent autoimmune diseases, such
as RA or T1DM, as mentioned above.

5. Potential Toxicity of Supplemental Se

A critical evaluation of the role of Se in AID needs to consider the potential toxicity
of supplemental Se. The biological activity of Se as an essential trace element is mainly
exerted via its incorporation into Sec-containing selenoproteins. High Se supply in excess
of the required amounts can be toxic due to poorly characterized molecular effects [171],
and in relation to the molecular form of the selenocompound ingested and its metabolic
fate [67,172,173]. An incidence of endemic Se-related poisoning (“selenosis”) was observed
in the naturally Se-rich Enshi county in Hubei Province, China, where the Se intake peaked
to about 5000 μg per day due to the usage of stony coal of extremely high Se content [174].
In comparison, the recommended intake of Se for healthy adults in Austria, Germany, or
Switzerland ranges at 60–70 μg per day, i.e., around one percent of these amounts [175].

A second relevant risk for selenosis is encountered when using Se-containing sup-
plements that have been prepared with a lack of appropriate quality control. The conse-
quences from this type of error were impressively documented in veterinary medicine,
where wrongly formulated preparations caused several incidents of animal poisoning, e.g.,
sudden death of polo ponies upon receiving excessive amounts of supplemental Se causing
serum concentrations exceeding 1000 μg/L [176]. Similar incidences are also known from
human subjects consuming misformulated dietary supplements [177]. However, humans
seem to be relatively robust to acute Se intoxication, as most of the symptoms described
from a daily intake of pills containing 22–32 mg of Se per serving were reversible, and
luckily, no fatal course occurred [177]. Even more surprising are sporadic case reports,
e.g., from a pregnant mother taking 200 mg of Se per day (i.e., 1000-fold higher than the
commonly accepted maximal dosage used in clinical trials) during gestational weeks 7
to 12 [178]. The women lost hair and fingernails, as expected from severe selenosis, but
surprisingly gave birth at term to a healthy child [178]. These examples indicate that
supplemental Se can be toxic and even fatal, irrespective of the underlying motivation for
health-support or suicidal intention [179]. However, the dosages causing acute selenosis
are far higher than the recommended amounts applied in clinical studies or provided
by high-quality supplements, where up to 200 μg Se per serving per day proved safe,
irrespective of the selenocompound used. The health risks from chronic oversupply are
however poorly characterized, potentially due to some adaptation of the population [34].

6. Se-Deficiency as Potential Trigger of Autoimmune Disease

The hypothesis that severe Se deficiency contributes to AID risk as a trigger factor is
supported by a limited body of evidence, but appears reasonable and scientifically congru-
ent. The immune system is constantly balancing its activity for reliably recognizing self,
responding to non-self and identifying variants resulting from malignant transformation,
chemical modification, infection or mimicry [180]. A number of highly specialized immune
cells help maintain this delicate balance and prevent AID. In order to work reliably, essen-
tial vitamins and trace elements are needed, and deficiencies are established risk factors for
infections and inappropriate immune responses [181]. Several selenoproteins are known to
contribute to ER quality control, intracellular calcium signaling, and antigen presentation,
as well as to immune cell activation, suppression, proliferation, and differentiation [182].
Insufficient supply with trace elements needed interferes with these pathways, in particular
in disease and under certain demanding conditions.

Bacterial and viral infections, acute and chronic inflammation, trauma, burn injury,
childbirth, and surgical interventions are clinical conditions causing a declining Se status,
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as shown both in model systems and clinical studies alike (Figure 4A). On a molecular level,
the downregulation of hepatic SELENOP biosynthesis by pro-inflammatory cytokines
seems central for the observed decline in serum Se concentrations [183–186]. In parallel,
the specific Se transport via SELENOP to target tissues becomes disrupted, and a systemic
Se deficit may develop, in particular when baseline Se status is already low [8]. Notably,
declining Se status and increasing cytokine concentrations are closing a feed-forward
regulation, i.e., a self-amplifying loop [129,142,158]. The clinical conditions causing a
decline in Se status show a considerable overlap to potential triggers for AID development,
and both processes may be causally linked, i.e., acute Se deficiency may constitute an
as-yet poorly appreciated trigger for AID development (Table 1). A decline below a
certain threshold may tip the balance from regular lymphocyte function to disruption of
self-tolerance, triggering autoreactive processes (Figure 4B).

Figure 4. Hypothesis on Se decline into a critical zone as trigger for immune system failure, AID development, or even
death. (A) Bacterial or viral infections, acute or chronic illness, AID, surgery, liver disease, or pregnancy are associated
with a vicious cycle of inflammation, increasing cytokine levels and decreasing Se status. During and following to these
conditions, AID may develop. (B) A disease-related drop in Se status below a certain threshold into a critical concentration
range (“danger zone”) impairs regular immune system function and potentially disrupts self-tolerance, leading to AID.
(1) Under regular conditions, disease-associated Se decline is transient, recovering with time. (2) Fatal disease course is
associated with strong Se status decline and lack of its recovery. (3) Supplemental Se (+Se) reduces both the Se trough and
time spent in severe deficiency, thereby likely improving odds of convalescence. (4) The risk for dropping into the danger
zone of severe Se deficiency and immune system failure can be reduced by early Se supplementation, thereby starting on a
sufficiently high status, ideally in combination with adequate monitoring in order to provide the amounts necessary and
avoid side effects, i.e., to substitute what is needed without supplementing beyond requirement.

Among the major modifiers of this process are the baseline Se status, before and
during the early stages of disease, the severity, and course of the condition that is causing
the Se decline along with the minimal Se concentrations that are reached during the disease.
Supportive adjuvant therapy including supplemental Se will counteract the drop into the
dangerous zone of severe Se deficiency (Figure 4B). Besides potentially triggering AID
development, a severe Se deficit has been identified as mortality risk factor in severe
illness, e.g., sepsis, COVID-19, liver disease, along with other critical conditions [187–190].
Notably, a sufficiently high baseline Se status is capable of preventing an uncontrolled
and exaggerated immune response [149,191], with some sex-specific characteristics [7,129],
and high potential in the prevention of severe COVID-19 [192]. The principle of positively
affecting the immune system and decreasing inflammation by Se has just been verified
in COVID-19 with patients displaying severe acute respiratory distress syndrome, where
early supplementation was capable of restoring Se status [193].

In view that severe COVID-19 causes very strongly decreasing Se status, high mortality
risk, and newly developing autoimmunity, it may also be hypothesized that severe Se
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deficiency may be related to post-acute sequelae and long-COVID symptoms [194,195].
It will be of high importance to monitor Se status during the current pandemic in both
mildly and severely affected patients, and to delineate Se status decline and recovery to
long-term health issues including autoimmune reactions to peripheral and central antigens.
The author is convinced that supplemental Se to subjects with proven or predicted low Se
status is eliciting protective and immune supportive health benefits, both in prevention and
adjuvant therapy of the different AID and COVID-19, in particular for patients residing
in areas of low habitual Se intake. From all we know today, there is no guarantee that
supplemental Se will provide measurable health benefits to all patients, but the probability
that a subset will profit from Se when provided as substitution is high. The avoidance of
severe Se deficiency will not only reduce AID risk, but also confer some protection from
other relevant diseases, including cancer, and cardiovascular and infectious diseases. There
are no indications that Se substitution is associated with side effects if not applied as a
supplement or as a drug of excessively high dosage, in particular when well-supplied
subjects are excluded. Accordingly, the potential health benefits of supplemental Se are not
of equal relevance and importance around the world, but largely restricted to areas with
sub-optimal baseline supply, as reflected in the map shown above (Figure 2). However, even
in areas of ample supply, severe diseases, such as sepsis or COVID-19, may cause immune-
relevant Se deficiency irrespective of geography, and monitoring under such conditions
is recommended (Table 2). First, this recommendation applies to critically ill patients
in intensive care, irrespective of underlying disease. According to the aforementioned
definition of substitution versus supplementation, there is at present no scientific rationale
for Se supplementation, but substitution is mandatory in case of suspected or diagnosed
Se deficiency, both for avoiding health risks (e.g., AID) and for supporting the immune
system of an already or not-yet diseased organism.

Table 2. Inflammatory conditions associated with decreasing Se status and increasing AID risk.

Condition
Effect on Se

Status
Reference *

Effect on AID
Risk

Reference *

bacterial
infection suppression [142] enhancement [196]

viral infection suppression [187] enhancement [197]

cancer suppression [198] enhancement [199]

(poly-)trauma suppression [200] enhancement [201]

burn injury suppression [202] enhancement [203]

smoking suppression [204] enhancement [205]

surgery suppression [206] enhancement [207]

transplantation suppression [190] enhancement [208]

pregnancy suppression [82] enhancement [85]
* out of many suitable references, one is chosen for reasons of space and clarity, with an apology to the authors of
relevant studies not listed here. Admittedly, this overview is a biased selection intended to motivate and stimulate
reflection.

7. Conclusions

The trace element Se is essential for a normal functioning of the immune system, and
severe Se deficits impair immune responses and predispose to AID, as characterized best
for AID of the thyroid gland. An active immune system with elevated cytokine levels exerts
a suppressive effect on hepatic selenoprotein biosynthesis and SELENOP secretion into the
circulation, causing reduced Se metabolism and an overall suppressed Se status. An acute
or chronic severe Se deficit perturbs the immune system, irrespective of the underlying
reason (e.g., infection, pregnancy, trauma, cancer, poor nutrition, surgery). Notably, the
conditions causing low Se status overlap with known triggers for AID, and indicate a
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potential direct causal interrelation (Table 2). This interrelationship and the benefit of
supplemental Se are firmly established for the thyroid, but not yet for the other prevalent
AID, such as RA or T1DM. Consequently, avoiding severe Se deficits may reduce AID risks
and alleviate disease symptoms, both in prevention and during therapy. Should this theory
be verified by suitable RCT, the insight would be of broad medical relevance and contribute
to a better understanding, control, and reduction of the elevated postpartum, post-infection,
and post-injury AID risk. Accordingly, Se substitution is strongly recommended for chronic
or acute deficiency, whereas supplementation to healthy subjects with sufficiently high
baseline levels does not appear to be warranted.
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