The genomics of selenium: its past, present and future
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Abstract

In the last two decades, genomic analyses have enriched the study of the biology of selenium in
many ways. These include the identification of selenoproteins in prokaryotic and eukaryotic
genomes, the discovery of genetic variants that mediate humans and other vertebrates’ adaptations
to their selenium nutritional histories, and the association of specific genotypes with common and
rare human selenium disorders. We briefly review these computational, evolutionary and
association studies and their contribution to the genomics of selenium, selenocysteine and

selenoproteins in the 200" anniversary of the discovery of this trace element.
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Introduction

Selenium is an essential micronutrient, for which consumption levels in humans and other species
are closely tied to local soil levels. This trace element is utilised most notably in the manufacture
of proteins wherein a selenocysteine (sec, U) residue is found in place of cysteine. Selenocysteine
is encoded for by the UGA stop codon and translated via a specifically conserved suite of RNA
and protein machineries. Such selenoproteins number 25 in humans, with varying figures
throughout species across the three life’s domains ranging from zero to 59 (Lobanov, et al. 2009).
A myriad of species employs selenoproteins to harness the reductive and catalytic capabilities of
selenium to counter oxidative stress and, possibly, perform other less common functions (e.g. a
structural role for glutathione peroxidase 4 and perhaps for SELENOJ) (Ursini, et al. 1999;
Castellano, et al. 2005).

This review will address the history of selenoprotein and selenium-associated protein research
through genomics, with a focus on the computational identification of selenoprotein genes in
genomes, the genomic signatures of adaptation to pressures incited by changes in environmental
selenium content and the role of modern population genomics to study human disease variants
related to selenium and selenoproteins. The increased genetic resolution (from genes to genotypes)
brought by genomics to selenium research is discussed throughout.

1. Entering the genomic era

Though it was discovered by Jons Jacob Berzelius in 1817, it would take a further 140 years before
selenium was recognized as an essential micronutrient to both humans and other species,
overcoming the prevailing idea that it was only a toxic substance. What’s more, it would take until
1976 before the presence of the element was confirmed to exist within the sequence of proteins
(Cone, et al. 1976). Further analyses revealed a replacement of cysteine with the serine-derived
selenocysteine (Forstrom, et al. 1978) for certain cysteine sites in particular proteins. More so
unique was the identity of a specifically responsible codon, appraised from the cloning of the genes
glutathione peroxidase 1 and formate dehydrogenase, discovered to be TGA (or UGA in the
mRNA) (Chambers, et al. 1986; Zinoni, et al. 1986), also known as the “opal” stop codon,
cementing the position of selenocysteine as the 21st amino acid in the genetic code (Forchhammer
and Bock 1991).

This groundwork proved fundamental to the understanding of selenoprotein biochemistry,
molecular biology and genetics. Unique mechanics for the insertion of selenocysteine began to be
uncovered with the identification of a unique Sec-tRNA alongside accompanying upstream
enzymes (Forchhammer and Bock 1991). A high degree of conservation meanwhile suggested an
ancient origin for selenoproteins (Guimaraes, et al. 1996; Stadtman 1996).



Analysis of the mRNA sequences in search for a selenocysteine insertion mechanism lead to the
discovery of the SECIS (SElenoCysteine Insertion Sequence) element in prokaryotes and
eukaryotes (Zinoni, et al. 1990; Berry, et al. 1991) (Liu, et al. 1998) through acknowledgment of
a conserved secondary structure, accompanied by site-directed mutagenesis (Walczak, et al. 1996;
Berry, et al. 1997).

1.1. Transcript annotation

Laboratory bench-based screenings had been successful at identifying multiple novel
selenoproteins by the late 1990s. Indeed, twelve mammalian selenoproteins, from seven protein
families, had been discovered by 1999 using various techniques (Holben and Smith 1999), and
homologs and other related genes were being identified throughout the three domains of life
(Persson, et al. 1997; Wilting, et al. 1997; Zhong, et al. 1998; Gladyshev and Hatfield 1999).
However, as increasing amounts of genetic data were gathered, swifter computational tools
promised a more comprehensive description of the selenoproteome in different organisms.

Genetic sequences, such as those from the NCBI’'s mRNA expression sequence tag database
(dbEST) (Tugendreich, et al. 1993) were becoming approachable by computational methods that
aimed to identify selenoproteins from previously identified sequence motifs. The end of 1999 saw
two papers applying varying computational methods sequences to successfully identify
selenoproteins both de-novo and in-silico simultaneously. Lescure et al., 1999, leveraged the
dbEST database to find three new mammalian selenoproteins (SelX, SelN and SelZ, with two
spliceforms SelZf1 and SelZf2, in their original nomenclature) via an RNA secondary-structure
prediction methodology, wherein hairpin loops were identified (Lescure, et al. 1999). Meanwhile
Kryukov et al., developed SECISearch, a program that searched for thermodynamically stable
SECIS motifs within the 3> UTR of mRNA sequences, discovering two new selenoproteins dubbed
SelT and SelR, although SelX is equivalent to SelR and SelZ to SelT using their original names
(Kryukov, et al. 1999). SelR is now known as MSRB1 and SelT as SELENOT (Gladyshev, et al.
2016). Such searches were not limited to cellular life, with even viral databases being subject to
similar approaches, identifying a potential GPX in Molluscum contagium using similar
comparative techniques (Zhang, et al. 1999). The accelerating pace of DNA sequencing promised
complete genomes however, and as such new methods were needed to identify selenoprotein genes
in long genomic sequences.

1.2. Genome annotation

The first instances of the use of genomic sequences to characterise an organism’s complete
selenoproteome were Martin-Romero et al., 2001 and Castellano er al., 2001. In the first of this
works, the annotations of standard genes in the Drosophila melanogaster genome were



coordinated with the downstream presence of SECIS elements (Martin-Romero, et al. 2001). Two
novel selenoproteins were uncovered (albeit they were called G-rich and BthD, respectively). In
the second work, published in the same month, SECIS element RNA secondary structure
prediction was utilised parallel to the ab initio prediction of genes wherein a sequence possessed
a strong codon-bias past a predicted UGA selenocysteine codon, essentially capturing
misannotated stop codons along the genome (Castellano, et al. 2001). A selenoproteome size of
just three proteins was predicted for Drosophila melanogaster, with the same two predictions
being novel selenoproteins (SelG and SelH in the original designation). These selenoproteins were
shown to incorporate radioactively-labelled selenium, demonstrating the limitations of standard
gene annotations for selenoproteins in eukaryotic genomes. SelG is known as SELENOK and SelH
as SELENOH (Gladyshev, et al. 2016).

The same methods were adopted to annotate the mice, rat and human selenoproteomes, alongside
checking for conservation of selenocysteine or cysteine at predicted positions for additional
validation, expanding the human selenoproteome from 18 to 25 proteins (Kryukov, et al. 2003).
In contrast, comparative gene prediction approaches that made use of two genomes, irrespective
of their SECIS elements, were used to identify SelU in the fugu genome, a puffer fish, which
contains cysteine in mammals (Castellano, et al. 2004). One worrying limitation of such
comparative approaches is that it required the presence of Sec or Cys-containing orthologs in the
compared species. Indeed, the ab initio prediction of selenoprotein genes in the Tetraodon genome
(another puffer fish) was necessary to identify the SelJ gene, which has no counterpart in mammals
(Castellano, et al. 2005). These and other analyses (Lobanov, et al. 2007; Mariotti, et al. 2012;
Mariotti, et al. 2015) showed that the size of the selenoproteome varies widely across vertebrates,
with fishes having from 10 to 14 more selenoprotein genes than other vertebrate species. Such
variance was mirrored across non-vertebrates with the confirmation of the Caenorhabditis elegans
selenoproteome to be just one protein (Taskov, et al. 2005), with other nematode species having
none (Otero, et al. 2014) or a few more (Taskov, et al. 2005). Drosophila species have none
(Chapple and Guigo 2008) or up to three selenoproteins (Martin-Romero, et al. 2001) (Castellano,
et al. 2001). Interestingly, land plants and fungi (including the single-cell yeasts) have no
selenoproteins and use cysteine-containing proteins instead (Lobanov, et al. 2009). In contrast, the
green algae Chlamydomonas reinhardtii has 10 selenoproteins with other unicellular algae having
as many as 59, the largest eukaryotic selenoproteome to date (Gobler, et al. 2013). Other eukaryotic
species have variable number of selenoproteins (Lobanov, et al. 2009).

Prokaryote annotation also proved challenging at times (Lobanov, et al. 2006), with specialist
methodologies being adopted for the annotation of prokaryotic selenoproteomes (Kryukov and
Gladyshev 2004; Zhang and Gladyshev 2005). Most of these new selenoproteins were identified
by taking advantage of the fact that selenocysteine and cysteine are often found in homologous



positions in proteins from different species (Zhang, et al. 2005), albeit methods to identify
prokaryotic SECIS elements also proved fruitful (Zhang and Gladyshev 2005). The surge in the
environmental sequencing of prokaryotic genomes allowed these approaches to identify hundreds
of additional selenoproteins (Zhang, et al. 2005; Zhang and Gladyshev 2008), thus contributing to
today’s thorough description of the prokaryotic use of selenium in proteins (Peng, et al. 2016). The
largest selenoproteome in prokaryotes stands so far at 57 selenoproteins, in a symbiotic bacteria
(Zhang and Gladyshev 2007).

Many selenoproteomes are now annotated and some of them are available in SelenoDB (Romagne,
et al. 2014) or other specialized databases (Bekaert, et al. 2010). Most animal selenoproteomes
were originally annotated manually (Castellano, et al. 2008) but automatic methods to annotate
selenoproteins have now been developed (Mariotti and Guigo 2010; Mariotti, et al. 2013). These
methods have become increasingly important as the pace of genome sequencing has kept
increasing (Mariotti 2018), making manual annotation impractical.

1.3. Adaptation in vertebrates

The annotation of selenoproteins in multiple genomes has opened new avenues for evolutionary
enquire. For example, they have allowed to pose the question of whether natural selection has
distinctly shaped the use and regulation of selenium among the different vertebrate clades. Levels
of selenium vary hundreds-fold across lands and waters worldwide, but aquatic environments
collect land selenium (Selinus, et al. 2005), with its inorganic forms being efficiently accumulated
in phytoplankton and converted into organic forms that enter the animal diet. Vertebrates from
different environments have thus evolved with different dietary amounts of selenium. This is
important because selenium deficiency, in particular, is a potential selective factor in vertebrate
evolution. One reason for this is that the use of selenocysteine is conserved (under purifying
selection) in in vertebrates (Castellano, et al. 2009), suggesting that selenocysteine is not easily
replaced in proteins by cysteine. As a result, vertebrates rely on selenium even when this is scarce
(or toxic). A second reason is that the metabolism and homeostasis of selenium in vertebrates has
regulatory features seemingly compatible with adaptation to selenium scarcity. One of this is the
hierarchical prioritization of its supply to certain tissues and selenoproteins in the absence of
sufficient selenium in the diet (Sunde and Raines 2011). Another is the very low interpersonal
differences of selenium in liver samples compared to other trace elements (Engelken, et al. 2016),
suggesting strong selection for keeping this homeostatic system tightly in check, which is
agreeable with the context that the adequate and toxic doses are relatively close (Wilber 1980).

The question above can be addressed comparing the evolutionary forces acting on the coding
sequences of selenoprotein genes and genes involved in the regulation of selenium between clades
and to those acting on their paralogs with cysteine along the vertebrate phylogeny (Sarangi, et al.



2018). In doing so, it can be shown that the strength of natural selection has significantly changed
across vertebrate clades for genes that use or regulate selenium, while it is more constant in the
cysteine-containing genes, which use sulfur instead of selenium. Among the different vertebrate
clades, the strength of selection is unusually variable in the selenoprotein genes of teleost fishes,
suggesting a complex nutritional history in a clade where selenoprotein gene duplications abound.
In agreement, teleost fishes subfunctionalized or neofunctionalized selenoprotein genes and
maintained their capacity for selenium transport in the body (via SELENOP), which neutrally
declined for millions of years in terrestrial vertebrates.

These results are interesting as it has been previously suggested that teleost fishes have developed
greater dependence on environmental selenium, whereas other vertebrates have reduced their
reliance on it (Lobanov, et al. 2007; Lobanov, et al. 2008). Sequence patterns in selenium-related
genes in vertebrates support this hypothesis, with the essentiality of selenium in vertebrate proteins
and its environmental variation across lands and waters being a selective pressure for genes and
proteins that use or regulate this trace element, with both its deficiency in humans (White, et al.
2015) and other terrestrial vertebrates and abundance in teleost fishes having left signatures of
natural selection. Whether this is also the case in invertebrates remains unknown. Invertebrates are
particularly interesting from an adaptive point of view as a number of species have independently
lost the use of selenocysteine and employ cysteine in their proteins instead (Chapple and Guigo
2008; Otero, et al. 2014; Sadd, et al. 2015). Still, whether adaptive or neutral processes are
responsible for the loss of Sec in the different invertebrate lineages remains unclear, and further
evolutionary tests on the sequence patterns of each lineage are needed.

2. Entering the population era

The sequencing of thousands of human exomes and genomes from populations around the world
has revolutionized the study of human history (Genomes Project, et al. 2015), including the history
of human adaptations to their local environment. Such adaptations have enabled humans to settle
in the many distinct environments across the earth (Sabeti, et al. 2007), environments that provide
different levels of the micronutrients essential to the human and other species diet. Of these
essential micronutrients, selenium is atypical due to its small margin between nutritionally optimal
and potentially toxic (Wilber 1980), making its uneven environmental distribution challenging.
Diet is the main source of selenium and its intake depends on the its content in the soil on which
food is gathered, hunted or grown. Soil selenium levels depend largely on the underlying bedrock
from which they are formed, which has resulted in a patchwork of deficient, adequate and
sometimes toxic areas across the world varying hundreds-fold in their selenium levels.



2.1. Adaptation in humans

Diets around the world vary in their composition, and this variance provides scope for adaptation
to the local environment. Examples of nutrition-related adaptations include the ability to digest the
carbohydrate lactose beyond infancy due to changes in the expression of the lactase enzyme in
different dairy herding populations (Tishkoff, et al. 2007), the improved digestion of starch in
populations that have historically relied on agricultural diets (Perry, et al. 2007), and the capacity
to cope with large amounts of polyunsaturated fatty acids in the Greenland Inuit due to their
specialized animal fat-rich diet (Fumagalli, et al. 2015). These local adaptations are the result of
allele frequency changes on common variation or new mutations. Adaptations to micronutrient
deficiencies have also been proposed. For example, to iron deficiency in Europe where an iron
accumulation phenotype (homozygous mutations in the HFE iron transporter) may have become
advantageous with the introduction of farming and the subsequent lower iron content in the diet
(Beutler 2006). Similarly, some African populations living in iodine poor environments may have
adapted to its deficiency (Lopez Herraez, et al. 2009).

Human genetic variation in selenoprotein genes and other genes involved in the metabolism and
homeostasis of selenium has not been investigated on a global scale until recently, albeit patterns
of genetic variation in glutathione peroxidase 1 may be compatible with positive selection in Asia
(Foster, et al. 2006). To examine the possibility of local adaptation driving selenoprotein evolution,
coding and non-coding polymorphisms have to be uniformly ascertained across the world. Such
variation data has become available for 53 human populations (Romagne, et al. 2014). These are
ethnic populations from Africa, the Middle East, Europe, Asia, Oceania and America with distinct
selenium nutritional histories. These populations have not experienced recent migrations, making
them suitable for studies of local adaptation (Cann, et al. 2002). Thus, selenium-related genes with
unusually high levels of differentiation between populations are candidates for having experienced
adaptation to local selenium levels. Interestingly, some selenoproteins genes and genes that
regulate selenium exhibit, as a group, levels of differentiation beyond what is expected under
neutral evolution in populations likely to be under selenium deficiency (White, et al. 2015). These
populations inhabit areas of China where Keshan cardiomyopathy and Kashin-Beck
osteoarthropathy were endemic before selenium supplementation. This suggests that polygenic
adaptation has occurred recently among human populations in response to selenium deficiency.
The functional consequences of the genetic variants behind these adaptations are however unclear
but the population frequencies and function of some, when known, are seemingly compatible with
adaptation to low levels of dietary micronutrients (White, et al. 2015). In contrast, genes that
contain cysteine and are paralogous to selenoprotein genes do not show signatures of local
adaptation in these Chinese populations. Thus, selenium appears to have been important in recent



human evolution and may have helped some populations to inhabit environments that are deficient
in this element. It will be interesting to investigate population sequence data from other vertebrate
species to assess recent genetic adaptations to dietary selenium, particularly since humans started
to domesticate animals thousands of years ago (Driscoll, et al. 2009).

3. Entering the patient era

The study of thousands of healthy individuals from different human populations has allowed to
understand the functional consequences of certain genotypes in selenoprotein function and
regulation (Gudmundsson, et al. 2009; Geller, et al. 2014; Perry, et al. 2014; Zhang, et al. 2017).
More recently, the sequencing of diseased individuals has provided insights into selenoprotein
disease biology, with inferences now being made between clinical phenotypes and specific
genotypes (Dumitrescu, et al. 2005; Agamy, et al. 2010; Schoenmakers, et al. 2010; Anttonen, et
al. 2015; Schoenmakers, et al. 2016). Taken together, the study of interindividual human variation
promises to advance the study of selenium, selenocysteine and selenoprotein function and
metabolism. This variation includes single nucleotide variants, insertions and deletions, copy
number variants and others, both common and rare.

3.1.Common variants

Genetic variants between individual genomes are often shared among many other genomes in a
population. This common variation was initially described in a seminal study that provided a
catalog of single nucleotide variants in human populations and the genetic association among them
(International HapMap 2005). This association, due to linkage disequilibrium, reflects the
coinheritance of groups of single nucleotide variants (haplotypes) and their functional annotation
is needed to investigate, often using genome-wide association studies, the hereditary factors linked
to the complexity of disease. These association studies have, for example, linked common variants
in selenium-related genes with gestational duration (Zhang, et al. 2017), risk factors for multiple
cancers (Ratnasinghe, et al. 2000; Meplan and Hesketh 2012; Meplan, et al. 2012), diseases of the
heart (Alanne, et al. 2007), thyroid disease (Santos, et al. 2014) and inflammatory response
(Curran, et al. 2005). Understanding common variation may also help understand selenium
metabolism, with some variants contributing towards bodily selenium levels (Gentschew, et al.
2012; Cornelis, et al. 2015).

The study of common variation is also important because signatures of adaptation to selenium
deficiency in Chinese populations are the result of subtle frequency shifts in variants that are



common, which are currently difficult to interpret functionally. Still, a few of these variants have
known functional consequences. For example, iodothyronine deiodinase 2, an oxidoreductase that
catalyses the conversion of the iodine-dependent hormone T4 to its active form T3 in the thyroid,
has a Threonine to Alanine substitution with high population differentiation in East Asian
populations. Individuals homozygous for the Ala allele exhibit significantly lower enzyme activity
(Canani, et al. 2005). The activity of this enzyme relies on two micronutrients, selenium and iodine,
whose deficiency has been associated with Kashin—Beck disease risk in China (Yao, et al. 2011).
On the other hand, glutathione peroxidase 1, an antioxidant enzyme that reduces hydrogen
peroxide thereby protecting cells from oxidative damage, has a Proline to Leucine amino acid
change and a noncoding A to G variant in the promoter region (Hamanishi, et al. 2004) with high
population differentiation also in East Asian populations. The Leucine variant is found at lower
frequencies in East Asia than in the rest of the world (excluding America), results in 40% lower
activity than the ancestral Proline variant (Hamanishi, et al. 2004). In addition, the derived G
variant decreases 25% the transcriptional activity of the gene and is again found at lower
frequencies in East Asia than elsewhere (other than in America). The presence of the ancestral
variant conferring higher transcriptional and enzymatic activity could reflect adaptation to
selenium deficiency. Other variants in glutathione peroxidase 1 may result in differences in
subcellular distribution (Bera, et al. 2014) and changes in the concentrations of proteins which are
linked to clinically relevant phenotypes (Ekoue, et al. 2017). A combination of association studies
and explicit variant assays will describe the phenotypic impacts of common selenium-related

variants.

3.2. Rare variants

Rare variants in humans, which are population-specific and found at low frequency, are to a large
extent the result of the recent growth of human populations (Keinan and Clark 2012; Tennessen,
et al. 2012). Indeed, humans have accumulated in the last 5,000-10,000 years a large number of
rare variants, mostly in non-African populations (Fu, et al. 2013). Protein-coding variants found
at low frequency in human populations are often slightly deleterious as inferred by approaches that
measure the impact of amino acid changes on the structure or function of proteins. Among these,
there are those linked to diseases that are both rare and severe. Rare diseases, understood as those
that occur in one out of 2,000 individuals, have often a genetic basis and the annotation of the
deleteriousness of the causal mutation(s) in single-gene disorders is necessary for their diagnosis
and treatment. There are reasons to think that the sequencing of thousands of diseased individuals
will uncover new rare mutations that impact selenium-related genes, as has been already shown
for a number of them (Schweizer and Fradejas-Villar 2016). Rare and novel mutations in
Selenoprotein N are being clinically identified as contributing towards myopathy, a diagnosable
disease characterized by neuromuscular weakness, spinal rigidity and early onset respiratory



deficiency, with increasing frequency due to many individual genomes being sequenced
(Ardissone, et al. 2016), while a number of rare mutation in the biosynthesis and incorporation of
selenocysteine into proteins are responsible for a spectrum of systemic disorders due to the reduced
activity of selenoproteins in the body (Dumitrescu, et al. 2005; Agamy, et al. 2010; Schoenmakers,
et al. 2010; Anttonen, et al. 2015; Schoenmakers, et al. 2016).

Related to selenium in the diet, Kashin-Beck is a notable disease with a genetic component, with
a large body of evidence linking susceptibility to this disease with both population-specific and
selenium-related gene variants (Du, et al. 2015; Xiong, et al. 2015) alongside areas of selenium
deficiency. Thus far such associations identified have a methodological bias towards being single
nucleotide variants, so it is hoped that future genomic projects will be able to determine if other
types of mutations play a major role in selenium-related pathologies.

4. Conclusions

The genomics of selenium, selenocysteine and selenoproteins has come a long way since the first
prokaryotic and eukaryotic genomes were sequenced two decades ago. Selenoproteomes have
been described in a myriad of species, with the homology between selenocysteine and cysteine in
proteins being today the preferred method to catalog selenoproteins in new species. Still, selenium
is often not exchangeable in proteins and humans and other species have had to adapt to the levels
of selenium in their environment, where it ranges from deficient to toxic. These adaptations have
relied for the most part on common standing variation in humans but the functional consequences
of these variants remain largely unexplored. Current efforts to sequence healthy and diseased
individuals promise new insights into the role of both common and rare variants in the regulation
and deregulation of the metabolism and homeostasis of selenium. After 200 years of its discovery,
genomics is striving to catch up with the knowledge of selenium in chemistry and molecular
biology.
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