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Selenoprotein K (SELENOK), an endoplasmic reticulum (ER) resident protein, is regulated by dietary selenium
and expressed at a relatively high level in neurons. SELENOK has been shown to participate in oxidation
resistance, calcium (Ca2+) flux regulation, and the ER-associated degradation (ERAD) pathway in immune cells.
However, its role in neurons has not been elucidated. Here, we demonstrated that SELENOK gene knockout
markedly enhanced ER stress (ERS) and increased apoptosis in neurons. SELENOK gene knockout elicited

intracellular Ca®" flux and activated the m-calpain/caspase-12 cascade, thus inducing neuronal apoptosis both in
vivo and in vitro. In addition, SELENOK knockout significantly reduced cognitive ability and increased anxiety in
7-month-old mice. Our findings reveal an unexpected role of SELENOK in regulating ERS-induced neuronal

apoptosis.

1. Introduction

Selenium is an essential micronutrient that exhibits protective effects
against oxidative stress in cells [1,2]. Selenium deficiency also leads to
significant decreases in Ca®*-ATPase activity, Ca%* uptake capacity and
Ca?* uptake rate in cardiac sarcoplasmic reticulum isolated from rats
[3]. Increased dietary selenium intake enhances Ca2* flux and down-
stream cellular signaling in CD4" T cells, which dramatically affects
their activation, proliferation, and differentiation [4]. Previous studies
have shown that cognitive decline in humans is associated with a
reduction in plasma selenium levels. Moreover, the brain retains more
selenium than other tissues in a state of selenium deficiency [5], sug-
gesting the indispensable role of selenium in the brain or neurons.

The biological role of selenium is exerted mostly through its

incorporation into selenoproteins as the amino acid selenocysteine (Sec)
[6,7]. Selenoprotein K (SELENOK) is a single-pass transmembrane pro-
tein that resides in the endoplasmic reticulum (ER) membrane [8].
SELENOK contains a cytosolic domain that includes a Sec residue
located near the C-terminus. It is widely expressed in many tissues [9]
and at particularly high levels in four brain regions [10]. Previous
studies suggest that SELENOK can bind to ER-associated degradation
(ERAD) components (p97, ATPase, Derlins, and SELENOS) [11]. The
ERAD system is a quality control mechanism responsible for the
degradation of misfolded proteins that inhibits their accumulation in the
ER [12]. The accumulation of misfolded proteins in the ER triggers an
adaptive ER stress (ERS) response termed the unfolded protein response
(UPR) [13]. SELENOK is also required for palmitoylation of the Ca?t
channel protein inositol-1,4,5-triphosphate receptor (IP3R) in the ER
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membrane. Without this posttranslational modification, the function of
IP3R is impaired [14], which can lead to deficiencies in calcium flux
(Ca®") in the immune system [15]. IP3R also controls ER-mitochondria
interactions, which are essential for efficient Ca®" transfer, through the
formation of the IP3R-Grp75-VDAC complex [16,17]. SELENOK
knockout mice exhibit deficiencies in Ca?t flux in immune cells [18].
Therefore, SELENOK plays essential roles in modulating ERS and Ca®*
homeostasis in immune cells. However, whether SELENOK plays a
similar role in neurons and loss-of-function effects on neurons remain
unclear.

In this study, we found that SELENOK gene knockout induced
enhanced intracellular reactive oxygen species (ROS) production and
cellular apoptosis in Neuro-2a (N2a) mouse neuroblastoma cells.
Furthermore, SELENOK knockout increased neuronal apoptosis and
intracellular Ca%* concentrations in mice by activating the m-calpain/
caspase-12 cascade, which led to impairment of cognitive ability in
mice.

2. Materials and methods
2.1. Mice

SELENOK’" mice generated on the C57BL/6 J background were
generous gifts from the University of Hawaii. In this study, 7-month-old
C57BL/6 J mice (n = 17; 8 males and 9 females) and SELENOK’" mice (n
= 17; 8 males and 9 females) were housed in individual ventilated cages
(n = 3-4) assigned by group under a room temperature at 22 + 2 °C
under a 12 h alternating light/dark cycle with free access to food and
water. The body weight of each mouse was recorded every 2 wks.

2.2. Western blot analysis

The mice were sacrificed after the behavioral tests. The brains were
isolated and weighed. Then cortical and hippocampal tissues were
dissected from the right hemibrain. The samples were homogenized in 8
vol of Tris-buffered saline (TBS) supplemented with a protease inhibitor
mixture and phosphatase inhibitors (Roche, Basle Switzerland) and
centrifuged at 12,000xg for 0.5 h at 4 °C. Then, the supernatant was
collected, and the protein concentration of each sample was determined
using the bicinchoninic acid assay (Sigma-Aldrich). Protein samples (10
ug) were separated by 8-12% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto 0.45-pm polyvinylidene difluoride
membranes (Millipore, Massachusetts, USA), the membranes were
incubated overnight at 4 °C with primary antibodies recognizing tubulin
(ab7291, from Abcam); or BIP(from Cell Signaling Technologies 3183),
CHOP(from Cell Signaling Technologies 5554), activating transcription
factor 6 (ATF6) (from Cell Signaling Technologies 65880), Calpain2
(from Cell Signaling Technologies 2539), and Caspasel2, (from Cell
Signaling Technologies 2202); Caspase3 from Cell Signaling Technolo-
gies 9661), or p-actin(from Proteintech 66009), GAPDH(from Pro-
teintech 10494)., and then horseradish peroxidase-conjugated
secondary antibodies (anti-rabbit and anti-mouse, NeoBioscience) were
added for 1 h at 37 °C. The bands were visualized with an electrolu-
minescence kit and scanned for densitometric analysis using an imaging
system (Image Station 4000 M; Kodak) and Quantity One software (Bio-
Rad). p-Actin, tubulin and GAPDH were used as loading controls.

2.3. Culturing of N2a and SELENOK”~ N2a cells

Mouse neuroblastoma N2a cells were purchased from ATCC, and the
SELENOK gene was knocked out using the Integrated DNA Technology
approach mediated by CRISPR-Cas9 as previously described (PMID
29568366). Two SELENOK”" clonally derived cell lines named C13 and
C15 were obtained and cultured in Opti-MEM/DMEM (1:1, v/v) sup-
plemented with 6% fetal bovine serum, 100 mg/mL streptomycin and
100 U/mL penicillin at 37 °C in a humidified 5% CO2/95% air
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incubator.

2.4. Cell treatment

N2a and SELENOK”" N2a cells were plated in a 6-well plate at a
concentration of 10° cells per well. The levels of markers of ERS (BIP,
CHOP, and ATF6) and apoptosis (Calpain2, Caspasel2, and Caspase3)
were measured by Western blot analysis. To verify the effects of SELE-
NOK knock-out on ERS, ROS and calpain activity, the cells were also
treated with specific ERS inducer or inhibitor, ROS inhibitor, and Cal-
pain inhibitor respectively for 24 h. The following drugs were used: ERS
inducer tunicamycin (TM, 11 pg/mL), ERS inhibitor salubrinal (30
pmol/mL) and sodium phenylbutyrate (4-PBA, 100 pmol/mL), ROS in-
hibitor Acetylcysteine (25 pmol/mL), and calpain inhibitor Calpeptin
(2.5 pmol/mL).

2.5. Intracellular ROS level detection

Intracellular ROS levels were measured using a Reactive Oxygen
Species Assay Kit (Beyotime S0033S). ROS can oxidize nonfluorescent
DCFH-DA to fluorescent DCF; thus, fluorescence intensity was used to
reflect intracellular ROS levels. N2a and SELENOK”" N2a cells were
washed twice with PBS, then 1 mL prepared medium comprised of 10
pmol/L DCFH-DA was added, and the cells were cultured for 20 min at
37 °C in the dark. The cells were then harvested, washed with PBS,
resuspended in 500 pL PBS, and analyzed by flow cytometry.

2.6. Intracellular Ca®* level assay by flow cytometry

Intracellular Ca?" levels in N2a and SELENOK”" N2a cells were
measured by flow cytometry after labeling with Fluo-3/AM. Fluor-3
emits stronger fluorescence when it binds free Ca?*. The cultured N2a
and SELENOK”" N2a cells were digested with 0.25% trypsin, collected,
and then incubated with 5 pM Fluo-3/AM (Solarbio F8840) for 20 min at
37 °C. The cells were washed twice with HBSS, resuspended in 500 pL
PBS, and immediately analyzed by flow cytometry at an excitation
wavelength of 488 nm.

2.7. Assessment of cell apoptosis by flow cytometry

Cultured SELENOK”" cells were collected, washed twice with me-
dium without serum and antibiotics and twice with PBS, and then
resuspended in 300 pL binding buffer. The cells were cultured with
Annexin V-FITC solution for 15 min in the dark. After that, 3 pL propi-
dium iodide (PI) solution was added, and the cells were cultured for 5
min. Finally, 200 pL binding buffer was added, and the cells were
analyzed immediately by flow cytometry.

2.8. Measurement of the calpain activity by sandwich ELISA

Cultured N2a and SELENOK”" N2a cells were collected and diluted
with PBS (pH 7.2-7.4) to a concentration of 10° cells/mL. The cells were
ruptured by repeated freezing and thawing to induce the release of
intracellular components and centrifuged at 2500 rpm for 20 min. The
supernatant was collected, and the calpain activity was measured with a
Calpain ELISA Kit (MLbio, m1037795) according to the manufacturer’s
protocol.

2.9. Behavioral tests

The cognitive abilities of SELENOK”" mice were evaluated when the
mice were 7-months-old. All mice were subjected to a series of behav-
ioral tests, including the Morris water maze, fear conditioning test, open
field test and elevated plus-maze, with at least 24 h of rest between
testing sessions.
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2.10. Morris water maze

The Morris water maze, a classic test that evaluates spatial learning
and memory, is widely used to assess the cognitive abilities of mice. The
experiment was performed according to a previously published protocol
[19].

2.11. Fear conditioning

The fear conditioning test consisted of two sessions: the training
session and testing session. On the first training day, the mice were
placed in a fear box for 2 min and then subjected to a tone (A: 80 Db, 30
s) and an electrical shock (B: 0.35 mA, 2 s) 1 s before the end of the tone.
This A-B pairing was repeated four times. Twenty-four hours after the
training, the mice were returned to the original training box for a 2 min
context test session in which no tones or shocks were administered. An
altered context test and conditional stimulus test were performed for 1 h
of the correlation test. The fear box was modified as follows: the grid was
replaced with smooth plastic. a colored plastic plate was placed along
the diagonal of the box to make the rectangular box triangular, and
olfactory cues were changed, such as by putting a cup of lemon juice on
one side of the box. The mice were placed back into the fear chamber
and recorded for 180 s, and then an auditory stimulus was delivered, and
the mice were recorded for another 180 s. The freezing time of each
mouse was determined. The floor of the chamber was cleaned with 75%
ethanol solution between tests to prevent the spread of olfactory cues.

2.12. Open field test

The anxiety-related behaviors of 7-month-old SELENOK”" mice were
evaluated by the open field test. Briefly, the apparatus consisted of a
white square box (70 cm long and 50 cm high) and a data acquisition
system. The movement of each mouse was monitored by a camera
mounted on the ceiling directly above the open field box. In each test,
the mice were allowed to explore the box for 3 min, and the rearing time
and exploring time were each recorded. The floor of the box was cleaned
with 75% ethanol solution between tests to prevent the spread of ol-
factory cues.

2.13. Elevated plus-maze

The elevated plus-maze consisted of two open arms and two closed
(wall-sheltered) arms. The test relies on an animal’s natural inclination
to stay in enclosed spaces and their unconditioned fear of open spaces
and heights. In each test, the mice were allowed to explore the maze for
3 min. The movement of each mouse was monitored by a camera
mounted on the ceiling above the elevated plus-maze, and the time spent
in the closed arms (s), time spent in the open arms (s), and number of
open-arm entries were recorded to evaluate anxiety.

2.14. Statistical analysis

The data were analyzed by GraphPad Prism software. All data were
expressed as the mean + SEM. Differences were considered significant at
P < 0.05. Repeated-measured analysis of variance (ANOVA) was used to
analyze the behavioral data. ANOVA or t-test was used to analyze the
immunoblot data.

3. Results

3.1. SELENOK deficiency increases intracellular ROS levels in N2a cells
The expression levels of SELENOK were measured by Western blot

analysis (Figs. S1A, C, D) and a very low level of SELENOK expression (a

more than 91% decrease) was observed in SELENOK”~ (C13 and C15)
N2a cells and in SELENOK” “mice. Besides, the brain weight of seven-
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month-old SELENOK”" mice of significantly decreased comparing to
that of WT mice (Fig. S2). SELENOK has been reported to have antiox-
idant properties. ROS levels were significantly increased in both SELE-
NOK”" (C13 and C15) N2a cells compared to wild-type (WT)N2a cells
(Fig. 1A). These results confirmed that the SELENOK gene was effec-
tively knocked out and that SELENOK knockout resulted in an increase
in intracellular ROS levels in N2a cells.

3.2. SELENOK deficiency induces ERS and increases the intracellular free
Ca®* level

SELENOK has been reported to be involved in the regulation of ER
homeostasis [11]. Silencing of the SELENOK gene by RNA interference
significantly aggravates HepG2 cell apoptosis induced by ER stressors
[20]. Therefore, we assessed the expression levels of ERS marker pro-
teins. The levels of ATF6, BIP, and CHOP were all significantly increased
in SELENOK”" (C13 and C15) N2a cells compared with N2a(WT) cells
(Fig. 1C and D). In addition, the levels of CHOP, ATF6 significantly
increased in the cortical and hippocampal regions in 7-month-old
SELENOK”" mice (Fig. 1E-H). The ER is the major storage site for
intracellular Ca®" in cells. Significantly higher intracellular free Ca%*
levels were also observed in SELENOK”" (C13 and C15) N2a cells
compared with N2a(WT) cells (Fig. 1B).

3.3. SELENOK deficiency promoted ERS-induced N2a cells apoptosis

Severe and prolonged ERS can lead to cell apoptosis [21], which
involves activation of the caspase-12 signaling pathway [22]. Therefore,
we first assessed cell apoptosis by flow cytometry. The results indicated
that the apoptosis level was significantly increased in SELENOK”" (C13
and C15) N2a cells (Fig. 2A). M-calpain (calpain-2) has been reported to
be responsible for the cleavage of procaspase-12 to produce active
caspase-12 [23]. Cytosolic Ca®" may increase activity of calpain en-
zymes, consistent with our results showing that the activity of calpain
significantly increased in both in vitro (SELENOK™~ N2a cells) (Fi g.2I)
and in vivo (the cortex and hippocampus of SELENOK”" mice) (Fig. 2J).
Therefore, we measured the expression levels of these enzymes and
found that calpain-2, procaspase-12, active caspase-12, and active
caspase-3 levels were significant elevated in SELENOK”" (C13 and C15)
N2a cells (Fig. 2B-C). Similarly, the levels of calpain-2, procaspase-12,
active caspase-12, and active caspase-3 were also significantly increased
in the cortex (Fig. 2D and E) and hippocampus (Fig. 2F and G) of
SELENOK”" mice.

Taken together, these data suggest that SELENOK deficiency pro-
motes ERS-induced, caspase-12-dependent neuronal apoptosis both in
vitro and in vivo.

3.4. ERS inhibitors reverses SELENOK deficiency-induced ERS and
apoptosis in neurons

Cells were cultured with an ERS inhibitor (30 pM salubrinal or 100
pum 4-PBA) for 24 h, and then expressions of ERS and apoptosis marker
proteins were assessed. We found that both 4-PBA and salubrinal
treatment significantly reduced the expression levels of CHOP and cell
apoptosis in SELENOK”" (C13 and C15) N2a cells (Fig. 3A-E).

3.5. Calpain and ROS inhibitor treatment reverses SELENOK deficiency-
induced apoptosis in neurons

Cells were exposed to Acetylcysteine (25 pM/mL), a well-known
antioxidant, and then a significant reduction in ROS from SELENOK”"
(C13 and C15) N2a cells were observed (Fig. 4A). We also observed
similar phenomena after cells were treated with a Calpain inhibitor
Calpeptin, the activity Calpain also significantly reduced (Fig. 4C).
These effects also lead to the decrease of apoptosis level in SELENOK ™"
(C13 and C15) N2a cells (Fig. 4B. D).
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3.6. Behavioral tests

Since the brain weight of SELENOK”" mice was reduced, the cogni-
tive ability of those mice was evaluated. Spatial learning was evaluated
by determining the time required by the mice to find the hidden plat-
form (i.e., escape latency) in the Morris water maze test. As shown in
(Fig. 5A), there was no significant difference in escape latency between
SELENOK”" mice and WT controls. However, in the probe trials, the
number of platform location crossings and time spent in the original
platform quadrant were significantly decreased in SELENOK”~ mice
compared to WT controls at 24 h and 72 h (Fig. 5B and C). No significant
gender-related differences were found in Morris water maze test among
SELENOK™" mice (Figs. S3D-I).

In the fear conditioning test, we found that during the training

mm C57
Wl SELENOK™

o I
= &
= Cs7
EE SELENOK™
L
Hk
< S
= &

period, SELENOK”" mice exhibited a significantly longer freezing time
than WT controls, indicating that SELENOK "~ mice were more fearful of
strange environments (Fig. 5D). In the subsequent context test, there
was no significant difference in freezing time between the two groups.
However, the results of the altered context and conditional stimulus tests
indicated that the freezing time of SELENOK”" mice was significantly
shorter than that of WT controls (Fig. 5D).

The anxiety level of the mice was evaluated by the open field test and
elevated plus-maze test. In the elevated plus-maze test, the SELENOK”~
mice entered the open arm fewer times and spent less time in the open
arm than the WT controls. However, the SELENOK”" mice spent a
significantly longer time in the closed arm than control mice (Fig. 6A
and B). We found no significant differences between male and female
SELENOK”" mice in this test (Figs. S3A-C). The results of the open field
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test showed that the number of rearing was no significant difference
(Fig. 6C) but total distance traveled by the SELENOK”" mice was shorter
than that traveled by the WT controls (Fig. 6D). Altogether, these data
suggest that SELENOK gene knockout in mice causes a significant
decline in learning and memory abilities and increased anxiety.

4. Discussion
As an ER-resident selenoprotein, SELENOK has been reported to be

mainly involved in regulating the redox equilibrium and modulating
calcium flux. Overexpression of SELENOK in cultured cardiomyocytes
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Fig. 2. SELENOK deficiency promoted ERS-
induced neuronal apoptosis. (A) The effect of
SELENOK gene knockout on apoptosis in the N2a
cells, as determined by Annexin V-FITC labeling
and flow cytometry analysis (*p < 0.05, n = 3).
(B, C) Representative immunoblot analysis of
calpain-2, caspase-12, active caspase-12, and
active caspase-3 in WT and SELENOK”~ N2a cells
(*p < 0.05, **p < 0.01, n = 3). (D, E, F, G)
Representative immunoblot analysis of calpain-2,
caspase-12, active caspase-12, and active
caspase-3 in cortical (D, E) and hippocampal (F,
G) brain homogenates (*p < 0.05, **p < 0.01,
***p < 0.001 n = 7). I, J) Calpain enzyme ac-
tivity in N2a cells (I, *p < 0.01 n = 3), the
cortical and hippocampal region of 7-months old
mice (J, C57 n = 10, SELENOK” n = 9) were
measured by ELISA(*p < 0.05). The quantitative
results were normalized to B-actin, GAPDH or
a-tubulin expression.

- Cs7
B SELENOK™

- Cs7
- SELENOK-

M Cs57
M SELENOK™~

*

decreases the level of intracellular ROS and protects cells from oxidative
stress-induced toxicity. Reducing SELENOK levels in HepG2 cells im-
pairs the antioxidant ability of the cells and significantly increases
apoptosis after treatment with an ERS inducer such as TM [20,24]. In
anti-CD3-stimulated SELENOK knockdown cells, the level of calcium
homeostasis endoplasmic reticulum protein (CHERP) and the intracel-
lular free Ca?" concentration are significantly decreased [25].
SELENOK-deficiency also reduces Ca®" flux in human melanoma cells
[26]. Overexpression of SELENOK increases the cytosolic free Ca®* level
and induces apoptosis in human gastric cancer BGC-823 cells, but
overexpression of SELENOK in HEK-293 cells does not cause a
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Fig. 3. ERS inhibitor treatment reverses the increase in CHOP expression and apoptosis in SELENOK”" neurons. (A) Representative immunoblot analysis of BIP,
ATF6, and CHOP expression in WT and SELENOK”" N2a cells after treated with ERS inducer or inhibitors. Densitometric analysis of the levels of BIP (B), ATF6 (C),
and CHOP (D). E) Apoptosis levels in WT and SELENOK”" N2a cells treated by ERS inducer or inhibitors (*p < 0.05, versus N2a; (*) p < 0.05, versus C13 or C15 n

=3).

significant decrease in cell viability or apoptosis [27]. Herein, we
demonstrated that SELENOK gene knockout markedly increased intra-
cellular ROS and Ca®" levels in N2a cells (Fig. 1A and B), suggesting that
SELENOK also acts as an antioxidant and modulates Ca" levels in
neurons. The ER is important for the folding, assembling, and
post-translational modification of nascent proteins destined for secre-
tion or insertion into the cell membrane. ER homeostasis can be dis-
rupted through a variety of mechanisms including the accumulation of
misfolded proteins [28], increased levels of ROS [29], and abnormal
Ca2* signaling [30]. All of these mechanisms contribute to ERS, which
initiates the UPR involving three ERS sensor proteins: inositol-requiring
kinase 1-alpha (IREla), PKR-like endoplasmic reticulum kinase (PERK),
and ATF6. These proteins are negatively regulated by the chaperone
GRP78 (BIP) under basal conditions [31,32]. Proteins that fail to fold
properly within a certain period of time can activate the UPR and be
subjected to ERAD. It has been shown that SELENOK is a component of
the ERAD complex [33]. SELENOK has been reported to coprecipitate
with soluble glycosylated ERAD substrates and participate in their

degradation, and the SELENOK gene contains a functional ERS response
element within its promoter region. SELENOK expression can be upre-
gulated by the accumulation of misfolded proteins in the ER [11], sug-
gesting that SELENOK is essential for maintaining ER homeostasis. In
this study, we found that SELENOK gene knockout increased the levels
of the ERS marker proteins BIP, CHOP, and ATF6 in N2a cells (Fig. 1C
and D). Significant increases in CHOP and ATF6 levels were also
observed in the cortices and hippocampi of SELENOK”" mice
(Fig. 1E-H), suggesting that loss of the SELENOK gene induces ERS in
neurons.

In response to ERS, cells initiate protective responses to maintain
homeostasis, but prolonged ERS also activates cell apoptosis signaling
pathways [34]. Caspase-12 is a core player in ERS-induced apoptosis
[351.

The release of stored Ca®* from the ER can cause the activation of
caspase-12, which can then activate caspase 3, leading to apoptosis [36].
Here, we found that in addition to elevating ERS marker levels, SELE-
NOK gene knockout increased caspase-12 activity, suggesting that the
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Fig. 4. Calpain inhibitor and ROS inhibitor treatment reverses apoptosis in SELENOK”" neurons. (A) ROS levels were determined by a ROS assay kit and flow
cytometry analysis. (*p < 0.05, **p < 0.01 n = 3). (C) Calpain enzyme activity was measured by ELISA (*p < 0.05, **p < 0.01 n = 5). (B, D) Apoptosis levels were
tested by a Annexin V-FITC assay kit labeling and flow cytometry analysis. (*p < 0.05, **p < 0.01 n = 3).
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ERS-induced apoptotic pathway was activated (Fig. 2B-G). Studies have
revealed that in vitro neuronal ischemia can lead to a parallel increase in
Na™ and Ca?* levels in the cytoplasm, thereby activating caspase-12
[37]. Our observations are consistent with these views and suggest
that the subsequent increase in the cytoplasmic Ca?* level after SELE-
NOK gene knockout leads to caspase-12 activation (Fig.1B; 2B-G).
Procaspase-12 is predominantly localized in the ER and can be acti-
vated by ERS and calpain activity [22,38,39]. The expression level of
calpain-2 was also significantly increased both in vitro and in vivo
(Fig. 2B-G). We found that the calpain activity was significantly
increased in SELENOK” (C13 and C15) N2a cells and SELENOK”" mice

Fig. 5. Effect of SELENOK gene knockout in
mice on spatial learning and memory, as deter-
mined by the Morris water maze test and fear
conditioning test. (A) In hidden platform tests,
mice were tested for 4 days and the escape la-
tency of each mouse was recorded. (B, C) In the
24-h and 72-h probe trial, record the time that
the mouse swims in the target quadrant where
the hidden platform was previously placed and
the number of times the mouse crosses the posi-
tion of the platform (*p < 0.05). (D) Freezing
time was observed for the SELENOK”" mice
compared to the WT controls in fear conditioning
training, altered context test and conditional
stimulus test. All numeric data are presented as

W C57
I SELENOK™~

—k

O

Bl SELENOK™
. C57

* the group mean + SEM. A total of 17 mice were

tested per group. *p < 0.05, **p < 0.01 versus
the WT controls.

brains (Fig. 2Iand J). Calpain inhibitor (Calpeptin) significantly reduced
calpain activity and apoptosis levels in SELENOK”~ (C13 and C15) N2a
cells (Fig. 4C-D). Thus, SELENOK gene knockout might induce neuronal
apoptosis by the Ca?"-dependent calpain-caspase 12 pathway.

The data in this study indicate that SELENOK gene knockout can
induce apoptosis through the ERS pathway. CHOP plays an important
role in ERS-induced apoptosis [40]. During the initiation of the ERS
pathway, CHOP can be induced by elF2a and phosphorylated by PERK
[41]. Here, we found that salubrinal, an inhibitor of elF2a, reversed the
increase in the CHOP expression level caused by SELENOK gene
knockout (Fig. 3A-D). As a low molecular weight fatty acid, 4-PBA has



S.-Z. Jia et al.

A B
@ 150~ ok ok
=
=
L 2100
E 2
¢ B
o =~ 50
2
o
o.
&
&
< 7
&
>
C D
20+ 80+
8 7
=
5 151 E 604
K 8
“5 104 g 404
[ Q
2 ©
-g 5 S 20-
= °
P . [t
A X "
& Q*'
&
o
&

been demonstrated to inhibit ERS [42,43]. Treatment with 4-PBA also
reduced the increase in CHOP expression in neurons with SELENOK
gene knockout (Fig. 3A-D). Increased ROS levels can disrupt endo-
plasmic reticulum homeostasis and cause ERS. In this study, we found
that SELENOK gene knockout can increase the level of ROS (Fig. 1A). In
addition, both ERS inhibitors and ROS inhibitors reduced cells apoptosis
(Figs. 3E and 4B), providing further evidence to support the role of the
ERS pathway in SELENOK gene knockout-induced apoptosis.

Here, we demonstrate that SELENOK gene knockout elevated intra-
cellular Ca?* levels and activated the calpain-mediated caspase-12-
dependent apoptotic pathway in neurons both in vitro and in vivo.
Neuronal apoptosis might further lead to cognitive impairments and
anxiety in mice. The results of the behavioral tests suggested that
SELENOK gene knockout caused a significant decline in memory and
increased anxiety in mice (Fig. 5A-D; Fig. 6A-D). ERS pathway and
calpain activation are associated with many neurodegenerative diseases
including Alzheimer’s disease (AD) [44-46]. AD is a neurodegenerative
disease with neuropsychiatric symptoms such as anxiety and loss of
memory [47,48]. Our previous study revealed that the expression level
of SELENOK in 3xTg AD mice is significantly reduced [49]. Therefore,
we speculate that SELENOK plays a major role in the regulation of ER
homeostasis and exerts neuroprotective effects in vivo. Further study of
the function of SELENOK will better reveal the important biological role
of selenium and its underlying mechanism in the body.

Taken together, the data presented in this study establish a pathway
of apoptosis initiated by SELENOK gene knockout (Fig. 7). The results
demonstrate that SELENOK induces neuronal apoptosis through the ERS
pathway. Specifically, SELENOK gene knockout initiates a series of cell
death signaling events that are dependent on ERS, resulting in elevation
of intracellular Ca2* levels, activation of calpain and subsequent
caspase-12-dependent apoptosis. Investigation into the mechanisms by
which SELENOK exerts its effects in neurons may shed light on the
mechanism of the effect of selenium in the brain and in AD.

Redox Biology 47 (2021) 102154

Fig. 6. Effect of SELENOK gene knockout in mice
on anxiety, as determined by the open field test
and elevated plus-maze test. (A, B) In the
elevated plus-maze test, the times entered open
arms, time in the open arms and time in the
closed arms were showed. (C, D) Number of
rearing and total distance traveled were observed
between the SELENOK”" and the WT controls in
the open field test. All numeric data are pre-
sented as the group mean + SEM. A total of 17
mice were tested per group. *p < 0.05, **p <
0.01, ***p < 0.001 versus the control group.
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Fig. 7. Schematic model illustrating the mechanism of SELENOK gene
knockout-induced apoptosis. SELENOK gene knockout increases intracellular
Ca?* and ROS levels. This activates the ERS pathway, as evidenced by induction
of CHOP expression and activation of calpain. Calpain and CHOP activate
caspase-12, which in turn activates caspase-3, leading to DNA fragmentation
and apoptosis.
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