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  Abstract   Recent insight has been made regarding the biological role(s) for 
selenoprotein K (SelK) in humans and other organisms. Suggested functions for 
mammalian SelK include protection against oxidative stress in cardiomyocytes, 
regulation of endoplasmic reticulum (ER) stress in HepG2 cells, and facilitation of 
calcium fl ux in immune cells during receptor-mediated activation. The data support-
ing these functions as well as other aspects of SelK are summarized in this chapter.      

    26.1   Introduction 

 Selenoprotein K (SelK) was one of several novel human selenoproteins identifi ed 
by the Gladyshev laboratory in the landmark 2003 study in which members of the 
human selenoproteome were revealed  [  1  ] . Since then, progress has been slow in 
elucidating the biological role or roles of SelK in humans or other species. However, 
some recent in vitro and in vivo data have provided key insights into SelK function. This 
chapter will cover various aspects of SelK in terms of expression patterns, structural 
features, and biological functions.  

    26.2    Drosophila  SelK 

 Prior to the “discovery” of the mammalian SelK gene and protein in 2003, some 
experimental data had been obtained pertaining to the SelK ortholog in  Drosophila , 
dSelK (also called dSelG or G-rich). The fi rst published report involving dSelK 
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identifi ed the gene encoding this 110 amino acid protein  [  2  ] . Similar to its mammalian 
counterpart, dSelK contains one Sec residue near the C-terminus. In addition, this 
report described a cysteine-paralog encoded by a gene only 320 base pairs (bp) from 
the gene encoding the Sec-containing dSelK. Using in situ hybridization, the mRNA 
for dSelK was found to be expressed ubiquitously in embryos throughout develop-
ment. It was unclear how much in situ signal was attributable to dSelK vs. its 
cysteine paralog. Still, these data are consistent with those presented in a subse-
quent study using RNAi to inhibit expression of dSelK in developing embryos, 
which found that dSelK expression was necessary for normal embryonic develop-
ment in  Drosophila   [  3  ] . Interestingly, dSelK was not as important as dSelH for 
maintaining antioxidant status in embryos. Topological studies in  Drosophila  dem-
onstrated that the Sec residue in dSelK was located in the cytoplasm, making it a 
type III transmembrane protein (N-terminus in lumen with no N-terminal signal 
peptide)  [  4  ] . In addition to this important revelation, this study also identifi ed dSelK 
as a Golgi-localized protein, although whether it also localized to adjacent endo-
plasmic reticulum (ER) is not clear from the data. Of course, there are fundamental 
differences between insect and mammalian biology and SelK may carry out quite 
different functions in these different species. More comparisons to features of 
mammalian SelK are described below.  

    26.3   Tissue Distribution and Subcellular 
Localization of SelK in Mice 

 Based on Northern blot analysis, expression of SelK mRNA was suggested to be 
relatively high in the heart  [  5  ] . However, real-time RT-PCR data published by our 
laboratory demonstrated that SelK mRNA expression levels are more widely dis-
tributed throughout tissues, with particularly high levels detected in spleen and testes 
 [  6  ] . Analyses of SelK protein expression in our laboratory subsequently demon-
strated the highest expression in immune cells and lymphoid tissues  [  7  ] , which is 
consistent with immunohistochemical survey of human tissues  [  8  ] . To our knowl-
edge, this is the fi rst selenoprotein exhibiting enriched expression in immune cells 
or tissues. Interestingly, increasing the dietary Se intake to above-adequate levels in 
mice (from 0.25 to 1.0 ppm Se) increased western blot detection of SelK in nearly 
all tissues examined, with the exception of heart  [  7  ] . The relative abundance of 
SelK in different tissues is shown in Fig.  26.1 .  

 Overexpression of GFP-tagged SelK resulted in its localization to the ER  [  5  ] , while 
other data have suggested that SelK may also localize to the plasma membrane  [  1  ] . 
Immunofl uorescence data from our laboratory involving primary immune cells sup-
port the notion that SelK is predominantly localized to the ER  [  7  ] , and we have not 
observed any pattern of SelK staining that refl ects plasma membrane localization. 
However, it may be that only small amounts of SelK are transported to the plasma 
membrane or subcellular localization may differ between tissues or cell types. Also, 
regions of the ER come very close to the plasma membrane (within 10–25 nm) that 
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are commonly referred to as puncta  [  9  ] , and SelK may be localized to these regions. 
Puncta provide microenvironments in which key signaling events occur between 
the ER and the plasma membrane, particularly during Ca 2+  infl ux and activation of 
T cells and other immune cells  [  10  ] . Whether SelK resides in puncta or is distrib-
uted throughout ER membranes proximal or distal to plasma membranes has yet to 
be determined. However, it is tempting to speculate that SelK may be integral in the 
ER membrane and enriched in puncta, providing it the opportunity to interact with 
plasma membrane-proximal proteins. This certainly is consistent with the functional 
data described in more detail below linking SelK with ER Ca 2+  fl ux during immune 
cell activation. 

 SelK is localized to the ER, but how does it get there? The amino acid sequence 
of SelK contains a predicted transmembrane domain, a feature found only in four 
other selenoproteins: Dio2, SelI, SelN, and SelS  [  11  ] . Cellular fractionation of 
human Jurkat T cells confi rmed the notion that SelK resides in the membrane frac-
tion  [  7  ] . But the transmembrane domain is not suffi cient for directing SelK into the 
ER membrane. Curiously, the SelK amino acid sequence contains no motifs corre-
sponding to a signal peptide or localization signals, leaving the means by which 
SelK is inserted into the ER membrane a mystery. SelK could be bound by chaper-
ones or other ER-localized proteins immediately upon translation, and guided to the 
ER membrane in this manner. Experimental confi rmation of the means by which 
SelK is localized to the ER membrane is needed.  

    26.4   Structure of SelK 

 SelK is a small (94 amino acid) protein predicted to be an integral, single-spanning 
transmembrane protein (Fig.  26.2 ). SelK amino acid sequences from human and 
mouse share 91% identity, with the Sec residue located near the C-terminus for both 
species. As mentioned above, topological studies in  Drosophila  demonstrated that 
the Sec residue resides in the cytoplasm, making dSelK a type III transmembrane 
protein (N-terminus in lumen with no N-terminal signal peptide). Presumably, 
mammalian SelK is also situated with its Sec residue in the cytosol, although this 
has not been experimentally confi rmed. The predicted molecular mass of SelK is 
10.6 kDa, but we have found that it migrates on western blots closer to 15–16 kDa. 
This is most likely due to the abundance of positively charged residues (estimated 
p I  = 10.8), because mutation of three or four positively charged amino acids to the 

  Fig. 26.1    Relative abundance of SelK in mouse tissues. Eight different mouse tissues were examined 
for assessing the relative amounts of SelK       
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neutral amino acid, alanine, causes a shift toward the predicted 10.8 kDa (our 
unpublished data). Posttranslational modifi cations that contribute to a higher molec-
ular mass cannot be ruled out, but no modifi cations have been experimentally 
confi rmed. The cytosolic region of SelK is rich in both proline and glycines. The 
region of SelK protruding into the lumen has no identifi able features, with a distinct 
absence of any Ca 2+ -binding motifs such as EF-hands, epidermal growth factor 
(EGF)-like repeats, cadherin repeats, and thrombospondin repeats. Structurally, the 
amino acid sequence of SelK provides very little clues regarding potential roles for 
either the cytosolic or luminal regions of SelK.   

    26.5   Phenotype of the SelK Knockout Mice 

    26.5.1   Development and Growth 

 As reported by our laboratory, SelK knockout (KO) mice are healthy and fertile 
with no apparent phenotype  [  7  ] . Preliminary tests involving behavior, anxiety, and 
motor skills suggested no differences between KO and wild-type (WT) mice (our 
unpublished data). Similarly, cardiac function was measured using ultrasound-based 

  Fig. 26.2    Predicted structural features of SelK. NCBI amino acid sequence (NP_064363) was 
used to predict secondary structure and domains using SOSUI system software, Mitaku group, 
Nagoya University. Predicted transmembrane domain was confi rmed using TMHMM2.0, glycosy-
lation sites were identifi ed using NetGlycate 1.0 and NetOGlyc 3.1, and phosphorylation sites 
identifi ed using NetPhos 2.0. The Sec residue is represented by U       
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echocardiography and no physiological differences were found between KO and 
WT mice. This is in contrast to the early in vitro studies suggesting an important 
protective, antioxidant function in cardiomyocytes  [  5  ] . Given the relatively high 
expression levels of SelK in immune cells and tissues, we examined the SelK KO 
mice for signs of immune system development. However, immune system develop-
ment was not affected in SelK KO mice, as the numbers of total cells and cell sub-
types were similar to WT in primary lymphoid tissues (bone marrow and thymus), 
secondary lymphoid tissues (spleen and lymph nodes), and nonlymphoid tissues 
(lung and liver)  [  7  ] . Overall, SelK does not appear to be required for growth or 
development of mice. However, studies are in progress for fully characterizing these 
mice regarding various aspects of health.  

    26.5.2   Immune System Challenges and Ca 2+  Flux 

 Despite SelK-deletion having no effect on immune system development in mice, the 
impact on the immune system became apparent when the KO mice were challenged 
with infl ammatory agents  [  7  ] . For example, treatment of the mice with a viral 
mimetic, poly(i:c), produced signifi cantly lower levels of infl ammatory chemok-
ines, such as MCP-1 and KC, and lower infi ltration of neutrophils compared to WT 
controls. KO macrophages secreted lower levels of infl ammatory cytokines, IL-6 
and TNF a , in response to poly(i:c)- or LPS-treatment. KO macrophages also exhib-
ited decreased oxidative burst upon phagocytosis through the Fc g  receptors. T cells, 
neutrophils, and macrophages showed impaired migration in response to chemotac-
tic agents. When infected with West Nile virus (WNV), SelK KO mice produced 
ineffective immune responses that failed to clear the virus, resulting in higher 
neuropathology and signifi cantly higher mortality rates. These immune cell defects 
can be explained by the decreased Ca 2+  fl ux induced in the SelK KO immune cells 
as described below.   

    26.6   Questions Regarding the Function of SelK 

    26.6.1   Is SelK an Antioxidant Enzyme? 

 One of the fi rst studies to describe a potential function for mammalian SelK was 
that of Lu et al. in which an antioxidant, cardioprotective role was proposed  [  5  ] . 
In this study, overexpression of SelK in neonatal rat cardiomyocytes was shown to 
reduce endogenous ROS produced in the cells. Furthermore, overexpression of 
SelK protected these cells from a challenge with hydrogen peroxide. Based on these 
results, the authors suggested an antioxidant role for SelK in cardiomyocytes. 
However, all of these experiments involved comparisons of overexpressed SelK to 
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overexpressed GFP, and it is possible that overexpression of any Sec-containing 
protein may shift the redox balance toward a proreducing environment. In fact, 
overexpression of other ER-localized selenoproteins, such as SelM and SelS, also 
has shown to protect against hydrogen peroxide challenge  [  12,   13  ] . Does this indi-
cate that all of these ER selenoproteins serve to mitigate oxidative stress? One must 
consider the possibility that an overabundance of nearly any selenoprotein may 
reduce ROS and this does not necessarily refl ect on the biological role of that sele-
noprotein at physiological levels. Specifi c mechanisms by which SelK may act as an 
antioxidant have not yet been described and the  Drosophila  homolog of SelK 
(dSelK) was not found to contribute to overall antioxidant potential  [  5  ] . Furthermore, 
SelK lacks defi ned redox motifs such as Cys–X–X–Sec or Cys–X–X–Ser (X is any 
amino acid) found in antioxidant selenoproteins like the GPx enzymes  [  14  ] . Thus, 
the current data do not clearly support the notion that SelK is an antioxidant enzyme 
in vivo. However, it is possible that SelK forms a complex with other proteins that 
utilize its Sec residue for its reducing capacity.  

    26.6.2   Is SelK Involved in the ER-Stress Response? 

 A recent report demonstrated a potential role for SelK in both being regulated by 
and regulating ER-stress in the HepG2 cell line  [  15  ] . SelK expression was increased 
in a dose- and time-dependent manner in response to ER-stress reagents. Decreasing 
SelK levels with siRNA induced the ER-stress marker, GRP78, with or without the 
addition of ER-stress reagents. Cell viability was slightly lower in cells with dimin-
ished SelK expression when exposed to ER-stress. Overall, in HepG2 cells there 
appears to be a relationship between SelK and ER-stress. However, cells and tissues 
from SelK KO mice show no signs of ER stress  [  7  ] . This discrepancy may be due to 
a difference of cell type or species. Alternatively, in vivo effects of deleting SelK on 
ER-stress may be alleviated by redundant or compensating systems (perhaps SelS?), 
and this redundant system may not exist in the HepG2 cells. At this point in time, it 
appears that SelK may play a role in regulating ER-stress, but its specifi c role in this 
process remains unknown and the lack of apparent ER-stress in the SelK KO must 
be explained.  

    26.6.3   Is SelK Involved in Calcium Flux from the ER? 

 Based on data from cells purifi ed from the SelK knockout mouse, there appears to 
be a specifi c role for SelK in promoting receptor-mediated Ca 2+  fl ux  [  7  ] . In three 
different types of immune cells (T cells, neutrophils, and macrophages), SelK deletion 
was shown to signifi cantly reduce receptor-mediated Ca 2+  fl ux. To illustrate the step 
at which SelK may infl uence or regulate Ca 2+  from the ER, T cell stimulation through 
the T cell receptor (TCR) receptor is shown in Fig.  26.3 . Upon TCR crosslinking 
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on the surface of T cells, the organization of puncta allows rapid association of ER 
and plasma membrane proteins, providing interactions during the Ca 2+ -dependent 
signaling crucial for their activation. While many of the early steps of T cell activa-
tion have been elucidated, other puncta-associated proteins participating in this pro-
cess have yet to be identifi ed. The predominant pathway of Ca 2+  entry in T cells 
involves inositol-1,4,5-triphosphate (IP3)-receptor mediated Ca 2+  release from the 
ER Ca 2+  store, which subsequently induces the opening of plasma membrane-
expressed store-operated Ca 2+  channels, also known as calcium release-activated 
Ca 2+  (CRAC) channels. The overall process is known as store operated Ca 2+  entry 
(SOCE)  [  16  ] . During SOCE, TCR engagement activates phosphoinositide-specifi c 
phospholipase C, which catalyzes the degradation of phosphatidylinositol-4,5-bis-
phosphate to generate IP3 and diacylglycerol (DAG). IP3 binds to the IP3 receptor, 

  Fig. 26.3    Diagram of signaling events occurring during activation of T cells. Engagement of the 
T cell receptor (TCR) activates phosphoinositide-specifi c phospholipase C (PLC g 1), which catalyzes 
the degradation of phosphatidylinositol-4,5-bisphosphate to generate inositol-1,4,5-triphosphate 
(IP3) and diacylglycerol. IP3 binds to its receptor, located on the surface of internal Ca 2+  stores, 
primarily the ER. Binding of IP3 with the IP3 receptor results in release of Ca 2+  from ER lumen 
to the cytosol, which causes oligomerization of STIM1 and subsequent translocation of STIM1 
oligomers to the plasma membrane where they interact with the pore-forming unit of Ca 2+  release-
activated Ca 2+  (CRAC) channels. CRAC channel activation results in an infl ux of extracellular 
Ca 2+ , which leads to activation of multiple signaling pathways indispensable for cellular proliferation 
and differentiation. SelK modulates the effects of IP3 receptor stimulation       
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located on the surface of internal Ca 2+  stores, primarily the ER  [  17  ] . Binding of IP3 
with the IP3 receptor results in release of Ca 2+  from ER lumen to the cytosol. The 
loss of Ca 2+  from ER causes entry of Ca 2+  through CRAC channels on the plasma 
membrane, which leads to activation of multiple signaling pathways indispensable 
for cellular proliferation and differentiation  [  18,   19  ] . SOCE is crucial not only for T 
cell activation, but also for IgE-dependent mast cell activation  [  20  ]  and for specifi c 
aspects of macrophage activation  [  21  ] .  

 Our data suggest that SelK deletion impairs SOCE in immune cells, but is this 
merely due to ER-stress? If SelK deletion caused ER stress or dysfunctional storage 
of Ca 2+  in the ER, one would expect that a Ca 2+ -mobilizing reagent such as thapsi-
gargin or ionomycin would result in decreased Ca 2+  fl ux in KO cells. However, these 
reagents produced no differences in Ca 2+  fl ux in KO compared to WT cells. Similarly, 
the defects in Ca 2+  were not mediated by ER stress in SelK KO cells due to the fact 
that ER stress markers did not differ between KO and WT cells or tissues. In fact, 
no evidence of ER stress has been detected in the KO mice. Thus, SelK deletion 
impairs Ca 2+  from ER stores through a receptor-dependent mechanism, not by dis-
rupting ER function in a general manner. This suggests SelK is an important com-
ponent of the signaling network operating between cell surface receptors and ER 
membrane receptors. Effective Ca 2+  fl ux is crucial for proper cellular responses to 
stimulation induced through a number of receptor systems including the TCR, 
chemokine receptors, Toll-like receptors, and Fc g  receptors. Our data clearly show 
that Ca 2+  fl ux induced by these receptors was impaired in KO cells compared to WT 
controls. The role of SelK in regulating immune cell activation and in vivo immune 
responses via Ca 2+  fl ux is not completely understood, but a clearer picture is emerg-
ing for SelK in this important process and is discussed in more detail below.   

    26.7   Similarities and Differences Between SelK and SelS 

 There are some important similarities between SelK and SelS. Both are transmem-
brane proteins localized to the ER membrane. Expression of both selenoproteins is 
increased in cells treated with reagents that cause ER stress  [  13,   15  ] . This may sug-
gest similar roles for SelK and SelS in mitigating ER stress. The role of SelS in ret-
rotranslocation of misfolded proteins has been experimentally demonstrated  [  22  ] , 
whereas any data showing a similar function for SelK have yet to be published. Other 
than the transmembrane domain and the Sec residue, SelK and SelS share no similar 
structural features. Also, SelK is a type III transmembrane with the Sec residue in the 
cytosol, but SelS has been suggested to be a type II transmembrane protein with the 
Sec residue in the ER lumen  [  4,   23  ] . The latter requires experimental confi rmation 
and, if indeed this proves to be true, it would be an important difference that may be 
related to the functional roles of these proteins. Perhaps the most important differ-
ence between SelK and SelS is the effect on infl ammation in the absence of either 
of these two selenoproteins. Diminished SelS expression increases infl ammatory 
cytokines, whereas SelK KO mice show no signs of increased infl ammation  [  7,   24  ] . 
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In fact, SelK KO macrophages secrete lower levels of proinfl ammatory cytokines 
upon stimulation with various infl ammatory agents. Overall, it remains to be deter-
mined whether SelK and SelS are functionally similar and/or if they have biological 
roles completely independent of each other    (Table  26.1 ).   

    26.8   Concluding Remarks 

 Overall, many questions remain pertaining to the biological role(s) of SelK. The 
low abundance of SelK throughout most tissues together with relatively higher 
expression in immune cells suggests to this author that SelK may play multiple 
roles. For example, in most tissues SelK may act to mitigate ER stress that may arise 
from misfolded proteins, viral infection, Ca 2+  imbalance, or other conditions. SelK 
is unlikely the sole protein involved in this function, as the corresponding KO mice 
and cells appear to function normally with no apparent ER stress. This is in contrast 
to the siRNA studies in HepG2 cells described above, but this must be repeated in 
other cell types and in vivo to better defi ne the role of SelK in ER stress. In addition 
to this ER stress-related function, SelK appears to serve an important role in immune 
cells to promote activation of these cells during receptor-mediated Ca 2+  fl ux. The 
data from KO mice need to be corroborated in human cells and tissues, but the 
immune system in mice clearly exhibits a dependence on SelK for optimal function.      
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