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Abstract: It has recently been established that microglial activation is involved in the pathophysiology of various
neurological and psychiatric disorders such as amyotrophic lateral sclerosis and schizophrenia. The pathological
molecular machineries underlying microglial activation and its accelerating molecules have been precisely de-
scribed in the diseased central nervous system (CNS). However, to date, the details of physiological mechanism,
which represses microglial activation, are still to be elucidated. Our latest report demonstrated that serum- and
glucocorticoid-inducible kinases (SGK1 and SGK3) were expressed in multiple microglial cell lines, and their inhibi-
tor enhanced the toxic effect of lipopolysaccharide on microglial production of inflammatory substances such as
TNFa and iNOS. In the present report, we prepared SGK1-lacked microglial cell line (BV-2) and demonstrated that
deficiency of SGK1 in microglia induced its toxic conversion, in which it took amoeboid morphology characteristic
of reactive microglia, increased CD68 expression, quickened its proliferation, and showed higher susceptibility to
ATP and subsequent cell death. Our data indicate that SGK1 plays pivotal roles in inhibiting its pathological activa-
tion, and suggest its potential function as a therapeutic target for the treatment of various disorders related to the
inflammation in the CNS.
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Introduction

Recent studies have revealed that microglia
play important roles in the function of the cen-
tral nervous system under physiological and
pathophysiological situations [1, 2]. They are
derived from myelogenous cells distinct from
other types of cells in the brain, and are sup-
posed to be responsible for the immune system
in the nervous system, in which blood-circulat-
ing immune cells are not eligible because of the
blood-brain barrier. Microglial status is sus-
tained relatively inactive under resting condi-
tions, but they still work for maintenance of
neuronal conditions and surveillance of infec-
tious invaders [1]. They are then activated when
extraordinary events take place, resulting in
production and release of reactive oxygen spe-
cies or inflammatory cytokines. These further
facilitate inflammatory responses. Indeed, an
administration of minocycline, which inhibits
microglial activity, attenuates infarct volume
induced by stroke and various symptoms of

depression in animal models [3, 4]. In addition,
the latest studies also show the impact of
microglia in systemic regulation, such as blood
pressure and body weight [5, 6], suggesting
that microglial activation is associated not only
with brain disorders but also with systemic
disorganization.

Although inflammatory responses mediated by
microglia in the brain are thus important, its
molecular mechanism remains insufficiently
understood. We recently found that SGK activi-
ty exacerbates the outcomes of ischemic brain
injury in mice [7]. We then expanded the
research of SGKs to non-neuronal cells in the
neuronal system because the roles of SGKs in
non-neuronal cells are uncertain [8]. In line with
this, we reported that SGK1 and SGK3 are
expressed in multiple microglial cell lines, and
that SGK inhibition may enhance inflammatory
responses induced by lipopolysaccharide (LPS)
[8, 9]. Because the SGK inhibitor is likely to
work on every SGK isoform [10-12], it is expect-
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ed to distinguish the role of SGK subunits. We
therefore attempt to abolish functional SGK1
using the clustered regularly interspaced palin-
dromic repeats (CRISPR)/Cas9 system to inves-
tigate its serving significances precisely. To this
end, we investigate how disruption of SGK1
may facilitate microglial activation.

Materials and methods
Reagents and antibodies

The following reagents and antibodies were
used: lipopolysaccharide (LPS, Escherichia coli
111:B4, Sigma); protease inhibitor cocktail
(Sigma); 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazoliumbromide (MTT, Wako); fluorescein
diacetate (FDA, Wako); propidium iodide (PI,
Wako); rat monoclonal antibody against CD68
(FA-11) conjugated with fluorescein isothiocya-
nate (FITC) (BioLegend); rabbit polyclonal anti-
body against actin (Sigma); rabbit polyclonal
antibodies against SGK1, SGK3, phospho-
Akt, and total Akt (Cell Signaling), GeneArt
Precision gRNA Synthesis Kit (Thermo Fischer
Scientific); Cas9 nuclease protein (Thermo
Fisher Scientific).

Cell culture

A microglial cell line BV-2 was grown in Dul-
becco’s modified eagle medium with 5% fetal
bovine serum and antibiotics.

Analyses of cellular morphology

Morphological analysis of BV-2 and the deriva-
tive was carried out by phase contrast images
obtained with a microscope (Eclipse TS100,
Nikon). Round cells were defined either as cells
with no process or as cells, the longest process
of which is shorter than the cell body diameter.
The fields were randomly selected and 35-91
cells were examined in each field.

Plasmid construction

The cellular total RNA from adult C57BL/6
mouse brain was obtained using Isogen (Ni-
ppongene) according to the manufacturer’s
protocols [8, 13]. Single-strand cDNA synthesis
was then performed using Revetrace (Funa-
koshi) according to the manufacturer’s proto-
cols. Polymerase chain reaction (PCR) was per-
formed to obtain full-length mouse SGK1 with
the above cDNA as a template. The PCR prod-

ucts were subcloned into pCMV-Tag2B (Strata-
gene). Those plasmids were transfected into
cells using NEPA21 (NEPA Gene).

Quantitative real-time PCR

RNA extraction and cDNA synthesis were car-
ried out as mentioned above. Quantitative real-
time PCR was performed to validate the expres-
sion changes of selected genes using SYBR®
Premix Ex Taq (TaKaRa) and the Thermal Cycler
Dice Real Time System (Takara) in accordance
with the manufacturer’s protocols. The PCR
amplification cycles consisted of denaturation
at 95°C for 30 s, 40 cycles of denaturation at
95°C for 5 s, and annealing/extension at 60°C
to for 30 s, followed by the detection of melt
curve, 60°C-95°C. Real-time PCR reactions
were carried out in duplicate for each sample
and the average values were applied to the
AACt method for data analysis. The primers
used were described somewhere else [8].

Knockout of SGK1 in BV-2 cells

A target sequence (5-CTTCTTGAAAGTGATCG-
GAA-3’) was designed using Thermo Fisher
CRISPR design tool (Thermo Fisher Scientific). A
guide RNA was constructed using a GeneArt
Precision gRNA Synthesis Kit (Thermo Fisher
Scientific) according to the manufacturer’s
instruction. For the transfection, 5 x 10* cells
were electroporated with 240 ng of the gRNA
and 1 pg of Cas9 nuclease protein (Thermo
Fisher Scientific) using an electroporator (1,700
V 10-msec pulse x 3, Neon™, Thermo Fisher
Scientific). After single-cell isolation, monoclo-
nal cell lines were obtained, genomic DNAs
were extracted, and target regions were ampli-
fied by PCR using primer pairs for the expected
mutation. The PCR products were inserted into
pGEM T-easy vector (Promega) and sequenced.

Proliferation assay

Cells were plated into 24-well plates at 1 x 10°
cells/well. Images of cells in randomly selected
wells comprising 9 fields per well were snapped
and those of the same fields were also obtained
at 24-h intervals using IN Cell Analyzer 6000
(GE). In the case of transfected cells, 1 x 10°
cells were transfected with 10 pg of the indi-
cated plasmids and approximately 1/10 of
those cells were placed in each well in 24-well
plates. Images were deconvoluted using De-
veloper software (GE) to recognize the cells
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Figure 1. The SGK1 gene is ablated by means of the CRISPR/Cas9 system. (A) The CRISPR/Cas9 system was
applied to BV-2 cells, and mutations in SGK1 exon 4 were obtained (see Materials and methods). The wild-type
sequence is shown with a target site (underlined) of gRNA. A protospacer adjacent motif (PAM) is shown with white
letters in a black box in the wild-type sequence. Expected cleavage site is indicated by arrowhead. Non-identical
nucleotides are shown with gray letters. The border between exon 4 and the following intron is shown by a vertical
dashed line. Dashes in the sequences represent deleted nucleotides. Those cells underwent immunoblotting using

anti-SGK1 (B) and anti-SGK3 (C) antibodies. Protein loading was monitored with actin.

morphologically and the numbers of cells were
counted.

MTT assay

MTT assay was done as described previously
[8]. MTT solution was solved in phosphate-buff-
ered saline (PBS) at a concentration of 5 mg/
ml. Cells were seeded at 5 x 10% in 24-well
plates. On the following day, cells were incubat-
ed with media (450 ul) in the presence or
absence of ATP. Up to 24 h later, 50 yl of MTT
solution was added into each well and incubat-
ed for 1 h. Media was then removed and 200 pl
of 0.04 N HCI/2-propanol was added. They
were transferred into 96-well plates and absor-
bance was measured at 570 nm with 690 nm
as a reference using a microplate reader
(Molecular Devices).

Cell death assay

FDA and PI staining was done as described pre-
viously [8]. Cells were seeded at 5 x 10* per
well in 24-well plates. On the following day, cells
were incubated with media in the absence or
presence of 1 mM ATP. For staining of live and
dead neurons, cultures were incubated with
PBS containing FDA (3 pug/ml) and Pl (5 pg/ml)
for 5 min, followed by washing with PBS. Live
(FDA-positive) and dead (Pl-positive) cells were
viewed with a fluorescence microscope (IX73,
Olympus) at excitation/emission wavelengths
of 470-495 nm/510-550 nm for FDA and 530-
550 nm/575 nm for PI.

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde in
PBS, followed by incubation with 5% horse
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Figure 2. Disruption of the SGK1 gene leads to activated features in BV-2
cells. A. Representative images of cells 24 h after being plated are shown.
Scale bar; 100 ym. Bar chart indicates the proportion of round amoeboid-
like cells. n = 9. **P < 0.01 vs SGK1** cells, Student’s t-test. B. Cells were
either untreated or treated with LPS (500 ng/ml) for 24 h, and then fixed.
CDB68 protein was visualized by immunofluorescence staining using an an-
tibody for CD68 conjugated with FITC (green). For nuclear staining, the cells
were stained with DAPI (blue). Representative images from three independent
experiments were shown. Scale bar; 50 um. C. Cells were incubated with LPS
(500 ng/ml) for 4 h. After RNA extraction and reverse transcription to synthe-
size cDNA, quantitative real-time PCR was performed to monitor iNOS expres-
sion. n = 5-8. *P < 0.05 vs SGK1** cells, Student’s t-test.

(1:2000). For DNA staining,
coverslips were incubated
with 4’,6-diamidino-2-phenyl-
indole (DAPI). Fluorescence
images were collected using
the above device and ana-
lyzed with HCImage software
(Hamamatsu).

Immunoblotting

Immunoblotting was per-
formed as described [14,
15]. Cells cultured on 35-mm
dishes or 6-well plates were
lysed in lysis buffer (50 mM
Tris-HCI, pH 7.5, 150 mM
NaCl, 1% Triton X-100, 12 yM
B-glycerophosphate, 1 uM
sodium orthovanadate, and
protease inhibitor). After cen-
trifugation at 15,000 x g at
4°C for 30 min, the lysates
were collected. The aliquots
were then mixed with Lae-
mmli sample buffer and
boiled at 95°C for 10 min.
The samples were resolved
by 10% SDS-PAGE, followed
by electrotransfer to polyvi-
nylidene difluoride membr-
anes. For visualization, blots
were probed with antibodies
against SGK1 (1:1000), SG-
K3 (1:1000), phospho-Akt
(Ser-473, 1:1000), total Akt
(1:2000) or actin (1:2000),
and detected using horse-
radish peroxidase-conjugat-
ed secondary antibodies
(1:2000; Promega) and an
ECL kit (Bio-RAD).

Statistical analysis

Data are presented as me-
ans = SEM. Differences bet-
ween groups were compared
using one-way ANOVA, or
unpaired Student’s t-test as
appropriate. Dunnett’s test

serum and 0.2% Triton X-100 in PBS at room was used to compensate for multiple experi-
temperature. The cells were then incubated mental procedures. P < 0.05 was regarded as
with anti-CD68 antibody conjugated with FITC statistically significant.
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Figure 3. Breakdown of the SGK1 gene facilitates proliferation rate. (A) Cells
were seeded and the photos of the same fields were taken every 24 h. Rep-
resentative images show cells in the same fields at day O and day 3. (B) The

3 (day) of SGK1 on morphology of
microglial cells because in-
flammation affects its con-
figuration [1, 18-20]. Up to
24 h after plating the cells,
the majority of SGK1"* cells
showed a ramified shape
with long process(es) (Figure
2A). However, most of the
SGK1” cells exhibited a rela-
tively round shape, which is
characteristic of activated
microglia (SGK17* cells; 44.4
+4.7%,n=9,vs SGK1” cells
65.5+3.9%,n=9,P<0.01,
Figure 2A).

summary graph shows the fold changes in the normalized cell numbers of the

indicated cells. n = 3-7 of independent dishes. **P < 0.01 vs SGK1** cells in
the same day, ANOVA followed by Dunnett’s test. (C) SGK1” cells were trans-
fected with SGK1-expressing vector (SGK1) or the control (mock), followed
by cell counting described in (A). n = 4. #P < 0.01 vs mock, Student’s t-test.

Results
Disruption of SGK1 in BV-2 cells

We have recently explored the presence and
the significances of SGK1 and SGK3 in microg-
lial cells [8]. To distinguish the role of SGK fam-
ily members precisely, we aimed to create
SGK1-disrupted cells from murine microglial
cell line BV-2 cells, by employing the CRIPSR/
Cas9 nuclease system [16, 17]. After targeting
aregion in exon 4, single clones were amplified
and genomic DNAs were obtained. Sequential
sequencing steps were carried out, and hetero-
zygously and homozygously edited clones were
obtained (Figure 1A). We then confirmed the
deletion of SGK1 at the protein level. Im-
munoblotting analysis of cell extracts from
these cells revealed that a ~50 kD band in
agreement with SGK1 was detected in control
BV-2 (SGK1"7") cells using anti-SGK1 antibody,
while that of SGK17 cells did not display the

We also inspected the ex-
pression levels of CD68, an
activation marker of microg-
lial cells [21, 22]. Immuno-
fluorescence analysis sh-
owed that SGK1” cells were positive for CD68
while SGK1"* cells were relatively less labelled
(Figure 2B). When cells were treated with LPS,
CD68 signals were elevated in both cells and
SGK1” cells provided more intensive signals
than SGK1”* cells did. These results suggest
that disruption of SGK1 encourages microglial
activation (Figure 2B).

The effect of SGK1 disruption on iNOS gene
expression induced by LPS

To test whether loss of SGK1 affects inflamma-
tory response, LPS-induced iNOS gene expres-
sion was determined. Basal levels of iNOS
mRNA were not different between SGK1"* and
SGK17 (SGK17* cells; 1.0 + 0.9 fold, n = 8, vs
SGK1” cells; 0.9 + 0.5 fold, n = 5, P > 0.05,
Figure 2C). Interestingly, LPS augmented iNOS
expression to a greater extent in SGK1” cells
than in SGK1"* cells (SGK1"* cells; 90.9 + 22.6
fold, n = 8, vs SGK1” cells; 196.0 + 23.7 fold, n
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Figure 4. Loss of the SGK1 gene results in vulnerability to ATP-induced dam-
age. Cells were untreated or treated with 1 mM ATP for 24 h. A. Photo images
show cells stained with fluorescein (green; for live cells) and Pl (red; for injured
cells). SGK17 cells are likely to show a greater amount of Pl-positive cells. B.
MTT values were assessed. The values of the SGK17 cells treated with ATP
were lower than those of the SGK1** cells. Taken together, these results sug-
gest SGK17 cells are more susceptible to ATP-induced cellular damage. n =
4, P < 0.01 vs SGK1** cells, Student’s t-test. C. Cells were treated with 1
mM ATP for the indicated periods. Cell lysates then underwent immunoblot-
ting analysis with phospho-Akt (Ser-473) and total Akt antibodies. Bar graph
shows the signal intensities quantified by densitometric analysis. Phospho-
Akt signals were normalized for actin, and the value of SGK1*"* cells at t =
0 was set as the basal level. n = 4-5. *P < 0.05, #P < 0.01 vs SGK1"* cells,
Student’s t-test.

cells were seeded on plates,
the fields were randomly
selected and the corresp-
onding fields were sequen-
tially examined every 24 h.
As shown in Figure 3A and
3B, SGK1” cells grew faster
than SGK1”7* cells, and the
growth rate of the SGK1v
cells was intermediate.

Although this suggests that
SGK1 slows proliferation
under normal conditions, an
off-target effect could still be
considerable at this point. To
rule out the possibility of the
off-target effect, a plasmid
expressing SGK1 was trans-
fected into SGK1” cells and
the differences of prolifera-
tion were assessed. As sh-
own in Figure 3C, the cells
with SGK1 displayed slower
proliferation compared with
the cells transfected with
mock vector. Thus, this fur-
ther supports the idea that
loss of SGK1 facilitates
proliferation.

Susceptibility to ATP-mediat-
ed cellular injury by disrup-
tion of the SGK1 gene

Activation of microglial cells
accompanies susceptibility
to various stimuli [1]. To
examine whether elimination
of SGK1 affects susceptibili-
ty of cells to stress, we decid-
ed to apply ATP. ATP is antici-
pated to be released by
surrounding cells, and high
doses of ATP cause cellular
damage, such as traumatic
orischemic injuries [19]. This

=5, compared with untreated SGK1"* cells, P <
0.05, Figure 2C). This pattern is consistent with
our previous study that an SGK inhibitor pro-
moted LPS-induced iNOS expression [8].

The effect of SGK1 disruption on proliferation

We then evaluated whether growth is influ-
enced by ablation of the SGK1 gene. After the

120

activates microglial cells, facilitating prolifera-
tion subsequently apoptosis [1, 19]. Application
of ATP to BV-2 cells resulted in damage, as
expected (Figure 4A). Of note, although SGK1”
cells were also found to be injured, a larger
number of them was likely to be damaged
(Figure 4A). We then investigated quantitative
vulnerability using MTT assay. As a result, MTT
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values of SGK1” cells treated with ATP dropped
dramatically (29.7 £ 4.1%, n = 4), while those of
SGK17* cells did so only moderately (62.6 +
1.6%, n = 4). These results thus suggest that
SGK” cells were more susceptible to ATP than
SGK17* cells (Figure 4B).

To determine the mechanism by which loss of
SGK1 augments vulnerability to ATP, we exam-
ined phosphorylation levels of Akt, because
high doses of ATP are known to repress Akt sig-
naling in microglial and other cells [23, 24]. The
basal level of phosphorylation of Akt was sig-
nificantly lower in SGK17 cells compared with
SGK17* cells (Figure 4C). Moreover, the phos-
phorylation level of Akt was restored at 2 h
after ATP administration in SGK1"* cells,
whereas the recovery in SGK17 cells was
delayed (Figure 4C). Taken together, increased
susceptibility of SGK17- cells against ATP-
induced cellular injury may be at least partly
due to lesser activity of Akt signaling.

Discussion

Considering the consequence of SGK1 in differ-
ent mammalian organs, the focus of its roles in
earlier studies has mainly been on renal func-
tion regarding Na* reabsorption in which epi-
thelial Na* channels are regulated by an E3
ubiquitin ligase Nedd4-2 [25-27]. While its
function has been uncovered less in neurobiol-
ogy, cumulative evidence shows the enroliment
of SGK1 in neuroscience, in which, for example,
neuronal SGK1 plays roles in fear retention and
working memory [28, 29]. In addition, recent
studies have further explored the roles of SGK1
in glial cells, such as astrocytes and oligoden-
drocytes [30-32]. However, few studies have
examined SGKs in microglial cells, with one
finding that SGK1 is present in a small number
of microglial cells [33].

We have recently reported the expression and
the roles of SGK1 and SGK3 in microglial
inflammatory responses [8]. However, for an
SGK inhibitor, which is expected to block activ-
ity of both SGK isoforms [10, 12], the subunit-
dependent roles were not segregated. We
showed SGK1-specific roles in microglial cells
by disruption of the SGK1 gene in this study.
We have observed enhancement of LPS-
induced CD68 and iNOS expression, amoeboid-
like morphology, growth rate, and susceptibility
to ATP stimulation in SGK17 cells, and these

incidences corresponded to the ones seen in
microglial cells activated by stimuli [1, 19, 34].
This suggests that SGK1 may take part in the
inhibition of activation and inflammation at the
basal level. Interestingly, as shown in Figure
4C, we found that depletion of SGK1 diminish-
es phosphorylation of Akt, which means that
SGK1 facilitates Akt signaling. This can explain
the mechanism by which SGK17 exhibits higher
sensitivity to ATP-induced damage. Although
the precise mechanism still needs to be deter-
mined, excess of microglial activation could be
controlled, if stimuli that upregulate SGK1
expression without side effects are adminis-
trated. SGK1 is known to be induced by gluco-
corticoids in a variety of cells from which the
name derives [25], but, unexpectedly, dexa-
methasone did not induce it in BV-2 cells (data
not shown). The inducing factors of SGK1 in
microglial cells might be different from that in
other cells as an earlier study showed that an
increase in corticosterone does not appear to
raise microglial SGK1 [35]. As well as the
molecular mechanism of SGK1-dependent
microglial activity, seeking molecules regulat-
ing SGK1 expression and whether phenomena
shown in this study can be observed in vivo
should be investigated in future.
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