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Abstract

Neuroinflammation has been acknowledged as a primary factor contributing to the pathogenesis of neurodegenerative disease.
However, the molecular mechanism underlying inflammation stress-mediated neuronal dysfunction is not fully understood.
The aim of our study was to explore the influence of mammalian STE20-like kinase 1 (Mstl) in neuroinflammation using
TNFa and CATH.a cells in vitro. The results of our study demonstrated that the expression of Mstl was dose-dependently
increased after TNFa treatment. Interestingly, knockdown of Mst1 using siRNA transfection significantly repressed TNFo-
induced neuronal death. We also found that TNFa treatment was associated with mitochondrial stress, including mitochon-
drial ROS overloading, mitochondrial permeability transition pore (mPTP) opening, mitochondrial membrane potential reduc-
tion, and mitochondrial pro-apoptotic factor release. Interestingly, loss of Mstl1 attenuated TNFa-triggered mitochondrial
stress and sustained mitochondrial function in CATH.a cells. We found that Mst1 modulated mitochondrial homeostasis and
cell viability via the JNK pathway in a TNFa-induced inflammatory environment. Inhibition of the JNK pathway abolished
TNFa-mediated CATH.a cell death and mitochondrial malfunction, similar to the results obtained via silencing of Mstl.
Taken together, our results indicate that inflammation-mediated neuronal dysfunction is implicated in Mst1 upregulation,
which promotes mitochondrial stress and neuronal death by activating the JNK pathway. Accordingly, our study identifies
the Mst1-JNK-mitochondria axis as a novel signaling pathway involved in neuroinflammation.
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Introduction

Neurodegenerative disease, a life-threatening nervous sys-
tem disorder, affects millions of people worldwide. Parkin-
son’s disease, Huntington’s disease and Alzheimer’s disease
are the most common types and affect several body activi-
ties, including balance, movement, and breathing. Due to the
poor regeneration of neurons, neurodegenerative disease is
incurable, but treatment may help to improve symptoms and
increase mobility. At the molecular level, neuroinflammation
is a widely acknowledged risk factor involved in the develop-
ment and progression of neurodegenerative disease [1]. In
addition, central nervous system cells have been reported to

4 Chizi Geng
lingtao3651 @sina.com

Neurology Department, Beijing Luhe Hospital, Capital
Medical University, Beijing, China

be the main effector cells for neuroinflammatory procession.
Excessive inflammation evokes oxidative stress via mito-
chondria-induced ROS overloading. Subsequently, excessive
oxidative injury mediates neuronal dysfunction and death,
contributing to the loss of functional cells in the central
nervous system. Moreover, during the inflammation process,
inflammatory cells are overactivated in immune cells and
generate pro-inflammatory cytokines such as TNF-a, IL-1p,
and IL-6. These inflammatory factors have been shown to
play pivotal roles in neuron death. Although many studies
have attempted to determine the molecular features of the
initial signals of neuroinflammation, the upstream mediator
of inflammation-mediated neuronal dysfunction has not been
fully described.

Mammalian STE20-like kinase 1/2 (Mstl) is a primary
component of the Hippo pathway that is involved in cell
growth, proliferation, death and tumorigenesis. Early stud-
ies have identified Mstl as a key regulator of cell death via
modulating BCL2-related apoptosis [2]. Subsequent studies
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further demonstrated that Mst1 activation is linked to gas-
tric cancer death [3], colorectal cancer apoptosis [4], and
prostate cancer repression. In the central nervous system,
Mst1 upregulation is noted in acute brain reperfusion stress
[5], human Huntington’s disease brain [6], and rat pilocar-
pine epilepsy [7]. In addition, increased Mst1 promotes neu-
ronal dysfunction by inducing neuron death [8], disturbing
mitochondria-dependent energy metabolism [9], impairing
neuronal stem cell proliferation [10], and exacerbating ROS-
mediated oxidative injury [11]. However, the role of Mstl in
inflammation-related neurodegenerative disease has not been
reported. Notably, a recent study demonstrated that Mst1 is
activated by subarachnoid hemorrhage and contributes to
early brain injury by augmenting NF-kB-mediated inflam-
matory injury, supporting the pro-inflammatory property of
Mstl in the central nervous system [12]. Based on this, we
performed experiments to determine whether Mstl is also
activated by inflammation-related neurodegenerative disease
and participates in inflammation-mediated neural death.

Mitochondria have been reported to be potential down-
stream targets of Mstl. In hyperglycemic stress, increased
Mstl facilitates retinal pigmented epithelial cell apopto-
sis [13] and cardiomyocyte death [14] via inducing mito-
chondrial dysfunction. In addition, in gastric cancer, Mstl
overexpression is associated with tumor cell apoptosis via
activating mitochondrial oxidative injury and bioenergetic
disorder [15]. Moreover, mitochondrial dynamics [16],
mitochondrial autophagy [17], and mitochondrial calcium
balance [18] are also modulated by Mstl in various disease
models. In the present study, we explored whether Mstl
inhibition could attenuate mitochondrial stress and thus
sustain neuronal survival in inflammation-related neurode-
generative disease.

JNK, a stress-activated protein kinase, responds to sev-
eral endogenous and/or exogenous stressors, such as DNA
breakage, oxidative stress, inflammation and infection. JNK
has been implicated as a central player that affects anxi-
ety and depression in the hippocampus [19]. In addition, in
subarachnoid hemorrhage rats, JNK inhibition could attenu-
ate early brain injury and neuronal apoptosis via repressing
P53 phosphorylation and mitochondrial apoptosis activation
[20]. More importantly, the relationship between JNK acti-
vation and neuroinflammation progression has been estab-
lished. From a therapeutic point of view, intracellular anti-
inflammatory and antioxidant pathways could be activated
via downregulation of the JNK pathway in the postmortem
frontal cortex of subjects with major depression [21]. From
the perspective of physiology and pathology, the INK path-
way potentiates the inflammatory response by interacting
with Nrf2 [22] and the NF-xB pathway [23]. Along with
the well-documented regulatory effects of JNK on mito-
chondrial function and cell death, it is very important to
illuminate whether the JNK pathway is controlled by Mstl
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and then modulates mitochondrial stress and neuronal viabil-
ity in the setting of neuroinflammation. Overall, the aim of
our study was to explore the pathogenetic action of Mstl in
inflammation-induced neuronal death with a focus on JNK-
mediated mitochondrial stress.

Materials and Methods
Cell Culture and Treatments

Mouse CATH.a cells (ATCC® CRL-11179™) were cultured
in high-glucose DMEM (Gibco, Grand Island, NY, USA)
containing 10% FBS (Gibco, Grand Island, NY, USA). After
the cells reached 80% confluence, different doses of TNF«
were added into the medium for 12 h based on a previous
report [24].

Cell Viability and TUNEL Staining

MTT assay was used to observe the cellular viability. Cells
were seeded onto a 96-well plate, and the MTT was then
added to the medium (2 mg/mL; Sigma-Aldrich). Sub-
sequently, the cells were cultured in the dark for 4 h, and
DMSO was added to the medium. The OD of each well
was observed at A490 nm via a spectrophotometer (Epoch
2; BioTek Instruments, Inc., Winooski, VT, USA) [25].
TUNEL assay, cells were fixed in 4% paraformaldehyde
at room temperature for 30 min. After that, a TUNEL kit
(Roche Apoptosis Detection Kit, Roche, Mannheim, Ger-
many) was used on the slices according to the instructions.
Finally, the sections were amplified to x400; the apoptotic
cells in at least 10 fields were randomly chosen. The apop-
totic index was the proportion of apoptotic cells to total cells
according to a previous study [26].

Flow Cytometry Analysis for ROS

Cell suspensions were collected. The liquor (50xg, digested
two times) was collected, centrifuged for 2 min with the
supernatant removed, supplemented with the ROS probe
DHE, incubated at room temperature for 10 min, centri-
fuged, and washed with PBS [27]. The cells were resus-
pended by adding binding buffer (1X) in the dark; then, the
cells were incubated at room temperature for 30 min and
filtered with a nylon mesh (40 um well). The ROS produc-
tion was measured by fluorescence-activated cell sorting
(FACS) [28].

Enzyme-Linked Immunosorbent Assay (ELISA)

Cellular glutathione (GSH), glutathione peroxidase (GPx)
and SOD were measured via ELISA assay according to the
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manufacturer’s instructions. Cellular lactate production in
the medium was measured via a lactate assay kit (#K607-
100; BioVision, Milpitas, CA, USA) according to a previous
study. The cancer glucose uptake rate was detected via a
glucose absorption assay kit (#K606-100; BioVision) [29].

Detection of Mitochondrial Membrane Potential
and mPTP Opening

Mitochondrial membrane potential was measured with JC-1
assays (Thermo Fisher Scientific Inc., Waltham, MA, USA;
Catalogue No. M34152). Cells were treated with 5 mM JC-1
and then cultured in the dark for 30 min at 37 °C. Subse-
quently, cold PBS was used to remove the free JC-1, and
DAPI was used to stain the nucleus in the dark for 3 min at
37 °C. The mitochondrial membrane potential was observed
under a digital microscope (IX81, Olympus). In the mPTP
opening assay, cells were cultured and then incubated with
calcein-AM/CoCl, staining for 25 min at 37 °C in the dark
[30]. Subsequently, the cells were washed with PBS three
times to remove the free calcein-AM/CoCl,. The change
in fluorescence intensity was measured by a fluorescence
microscope according to the previous study. Then, the mPTP
opening was measured [31].

qRT-PCR

TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
was used to isolate total RNA from cells. Subsequently, the
Reverse Transcription kit (Kaneka Eurogentec S.A., Sera-
ing, Belgium) was applied to transcribe RNA (1 pg in each
group) into cDNA at room temperature (~25 °C) for 30 min
[32]. The gPCR was performed with primers using SYBR™
Green PCR Master Mix (Thermo Fisher Scientific, Inc. cat.
no. 4309155) [33]. The primers used in the present study
were as follows: Mstl, forward, 5S’GCGCGCAGTGCAATG
TTAAAAGGGCAT 3’; reverse, S’ ACGCGTAACAGTCTA
CAGCCATGGTCG 3'; and GAPDH forward, 5’GACATG
CCGCCTGGAGAAAC 3’ and reverse, 5" AGCCCAGGA
TGCCCTTTAGT 3.

Transfection

The siRNA against Mstl and the pDC315-Mst1 vector were
obtained from GenePharm (Shanghai, China). Meanwhile,
transfection was performed using Lipofectamine 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) following the
manufacturer’s instructions [34]. After 6 h, the cells were
transferred to complete growth medium, and 48 h later, the
cells were harvested and used for further experiments. The

siRNA knockdown efficiency and overexpression efficiency
were confirmed via western blotting [35].

Western Blotting

Total protein was extracted by RIPA (R0010, Solarbio
Science and Technology, Beijing, China), and the protein
concentration of each sample was detected with a bicin-
choninic acid (BCA) kit (20201ES76, Yeasen Biotech
Co., Ltd, Shanghai, China). Deionized water was added
to generate 30-ug protein samples for each lane. A 10%
sodium dodecyl sulphate (SDS) separation gel and con-
centration gel were prepared [36]. The following diluted
primary antibodies were added to the membrane and
incubated overnight: Bcl2 (1:1000, Cell Signaling Tech-
nology, #3498), Bax (1:1000, Cell Signaling Technol-
ogy, #2772), pro-caspase3 (1:1000, Abcam, #ab13847),
cleaved caspase3 (1:1000, Abcam, #ab49822), cyt-c
(1:1000; Abcam; #ab90529), Tom20 (1:1000, Abcam,
#ab186735), INK (1:1000; Cell Signaling Technology,
#4672), p-JNK (1:1000; Cell Signaling Technology,
#9251), Mstl (1:1000, Cell Signaling Technology, #3682)
overnight at 4 °C. The membranes were washed 3 times
with phosphate-buffered saline (PBS) (5 min each time),
supplemented with horseradish peroxidase (HRP)-marked
second antibody (1: 200, Bioss, Beijing, China), oscil-
lated and incubated at 37 °C for 1 h. After incubation,
each membrane was washed 3 times with PBS (5 min for
each time) and reacted with enhanced chemiluminescence
(ECL) solution (ECL808-25, Biomiga, CA, USA) at room
temperature for 1 min; then, the extra liquor was removed,
and the membranes were covered with preservative film
[37]. Each membrane was observed with an X-ray machine
(36209ES01, Qian Chen Biological Technology Co. Ltd.,
Shanghai, China) to visualize the protein expression.
GAPDH was used as the internal references. The relative
protein expression was the ratio of the grey value of the
target band to the inner reference band.

Immunofluorescence

Cells were plated on glass slides in a 6-well plate at a
density of 1x 106 cells per well. Subsequently, cells were
fixed in ice-cold 4% paraformaldehyde for 30 min, per-
meabilized with 0.1% Triton X-100, and blocked with
2% gelatine in PBS at room temperature [38]. The cells
were then incubated with the primary antibodies: cyt-c
(1:1000; Abcam; #ab90529), p-JNK (1:1000; Cell Sign-
aling Technology, #9251), Mstl (1:1000, Cell Signaling
Technology, #3682) overnight at 4 °C. After being washed
with PBS, the cells were incubated with secondary anti-
body and DAPI (1:1000 dilution in PBS) for 1 h at room
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temperature. Images were obtained using a fluorescence
microscope [39].

Statistical Analysis

All experimental data were analyzed using SPSS Statis-
tics software 19.0 (SPSS Inc., Chicago, IL, USA, 2006).
Repeated measures analysis of variance (ANOVA) was
used to compare the escape latency among groups. Other
data were compared using one-way ANOVA. Data are
presented as the mean + SEM. A value of p<0.05 was
considered significant.
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Results

TNFa Reduces Cell Viability in CATH.a Cells
via Upregulation of Mst1

To mimic the inflammation microenvironment, TNFa was
added into the medium of cultured CATH.a cells. Then, cell
viability was measured using the MTT assay. As shown in
Fig. 1a, compared with the control group, TNFa treatment
progressively reduced cell viability in a dose-dependent
manner. Consistent with this observation, the cell death
index, as assessed via an LDH release assay (Fig. 1b), was
also increased in a dose-dependent manner after exposure to
TNFa treatment. These data indicate that TNFa treatment
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Fig.1 Mstl is activated by TNFa and contributes to CATH.a cell
death. a Different doses of TNFa were added to the medium of cul-
tured CATH.a cells, and then the viability of the cells was deter-
mined via MTT assay. b ELISA was used to evaluate the content of
LDH in the medium, and this parameter was used to evaluate cell
death in response to different doses of TNFa. ¢ RNA was isolated
from TNFa-treated CATH.a cells, and the transcription of Mstl was
detected. d, e Proteins were isolated from TNFa-treated CATH.a
cells, and the expression of Mstl was measured using western blot
analysis. f TNFa-treated CATH.a cells were treated with two inde-
pendent siRNAs against Mstl. Then, qPCR was used to evaluate the
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knockdown efficiency of each Mstl siRNA. g, h TUNEL staining for
apoptotic cells. The number of apoptotic CATH.a cells was measured
in response to TNFa treatment. In addition, siRNA against Mstl was
used to knockdown Mstl expression in TNFa-treated CATH.a cells.
i, j Proteins were isolated from TNFa-treated CATH.a cells, and the
expression of cleaved caspase-3 was measured using western blot
analysis. k ELISA was used to measure the changes in caspase-3
activity. siRNA against Mstl was used to knockdown Mstl expres-
sion in TNFa-treated CATH.a cells. *p<0.05 vs. control group;
#p<0.05 vs. TNFa + si-ctrl group
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induces inflammatory injury in CATH.a cells. To determine
the molecular mechanism by which TNFa evokes CATH.a
cell damage, Mstl transcription and expression were deter-
mined. As shown in Fig. lc, the transcription of Mstl was
rapidly upregulated upon TNFa treatment. In addition, the
expression of Mstl was also increased in response to TNFo
stress (Fig. 1d, e), indicating that inflammatory injury could
be regarded as the upstream regulator of Mstl in CATH.a
cells in vitro. Considering that the minimal fatal concen-
tration of TNFa is 5 ng/mL, this concentration was used
in the following experiments. To determine whether Mstl
was involved in TNFa-mediated neuronal death, two inde-
pendent siRNAs against Mst1 were transfected into CATH.a
cells in vitro. The knockdown efficiency of Mst1 siRNA was
confirmed via qPCR (Fig. 1f). Then, TUNEL staining was
performed to observe the cell death ratio in Mst1-silenced
cells. As illustrated in Fig. 1g, h, compared to the control
group, TNFa markedly elevated the number of TUNEL-
positive CATH.a cells, whereas Mstl knockdown signifi-
cantly repressed the rate of TUNEL" cells, indicating that
Mstl knockdown reversed CATH.a cell viability under an
inflammatory microenvironment. Western blotting was
used to analyze the expression of pro-apoptotic proteins.
Compared with the control group, TNFa elevated the con-
tent of cleaved caspase-3 (Cle.caspase-3) in CATH.a cells
(Fig. 11, j), an effect that was accompanied by an increase in
caspase-3 activity (Fig. 1k). Interestingly, loss of Mst1 pre-
vented caspase-3 activation and upregulation, reconfirming
that TNFa-mediated CATH.a cell death could be inhibited
by Mstl knockdown.

Knockdown of Mst1 Prevents TNFa-Activated
Mitochondrial Apoptosis

Mitochondria, a potential downstream effector of inflam-
matory injury, are apoptotic triggers via the release of pro-
apoptotic factors that translocate from mitochondria into
the cytoplasm [40, 41]. Previous studies have found that
mitochondrial apoptosis could be activated by Mst1 upreg-
ulation in a cardiac reperfusion model, in gastric cancer
and in hyperglycemia-treated retinal pigmented epithelial
cells [42]. In the present study, experiments were con-
ducted to explore whether Mstl-modulated CATH.a cell
death is facilitated by mitochondrial apoptosis. The first
molecular feature of mitochondrial apoptosis is the release
and translocation of cyt-c from mitochondria into the cyto-
plasm/nucleus [43]. Western blot analysis demonstrated
that the expression of mitochondrial cyt-c (mito cyt-c) was
rapidly reduced in response to TNFa, an effect that was
accompanied by an elevation of cytoplasmic cyt-c (cyto
cyt-c) and nuclear cyt-c (nuclear cyt-c) (Fig. 2a—d). Inter-
estingly, Mstl knockdown prevented mito cyt-c down-
regulation and inhibited the accumulation of cyto cyt-c

and nuclear cyt-c. In addition, an immunofluorescence
assay also illustrated that the expression of nuclear cyt-c
was rapidly increased in TNFa-treated CATH.a cells and
was reduced to near-normal levels with Mstl knockdown
(Fig. 2e, f). These results indicated that mitochondrial
pro-apoptotic factor release could be repressed by Mstl
knockdown.

At the molecular level, mitochondrial permeability
transition pore (mPTP) opening has been identified as a
primary factor promoting mitochondrial pro-apoptotic fac-
tor release [44]. In the present study, we found that TNFa
treatment elevated the opening rate of mPTP in CATH.a
cells, whereas Mst1l knockdown blocked TNFa-mediated
mPTP opening.

After translocating into the cytoplasm/nucleus, cyt-c
activates caspase-9, and the latter elevates the activity of
caspase-3 [45]. In the current study, caspase-9 activity was
rapidly increased in TNFa-treated cells and was reduced to
near-normal levels with Mst1 knockdown (Fig. 2h). In addi-
tion to caspase-9 activation, the level of Bax was upregu-
lated, whereas Bcl-2 expression decreased in response to
TNFa treatment (Fig. 2j, k). However, Mstl knockdown
reversed Bcl-2 expression and repressed Bax upregulation
(Fig. 2j, k). Overall, the above data support that Mst1 inhibi-
tion blocked the mitochondrial apoptosis pathway in TNFa-
treated CATH.a cells.

Mst1 Knockdown Maintains Mitochondrial Function
in an Inflammatory Microenvironment

Next, experiments were performed to analyze the role of
Mstl in mitochondrial function under inflammatory stress.
As shown in Fig. 3a, b, compared to the control group, the
mitochondrial membrane potential was reduced in TNFa-
treated CATH.a cells, as assessed by JC-1 staining. How-
ever, Mstl knockdown sustained mitochondrial potential in
CATH.a cells, as evidenced by the increased ratio of red-
to-green fluorescence intensity (Fig. 3a, b). In addition to
mitochondrial membrane potential reduction, we also found
that mitochondrial ROS production was elevated in TNFo-
treated CATH.a cells, indicative of mitochondrial oxidative
injury under inflammatory stress (Fig. 3c, d). However,
Mstl knockdown attenuated mitochondrial ROS overload-
ing, as assessed via flow cytometry (Fig. 3¢, d). Moreover,
ELISA was used to detect changes in cellular antioxidants.
The levels of SOD, GSH, and GPX were rapidly down-
regulated in response to TNFa (Fig. 3e—g). However, Mst1
knockdown reversed the content of SOD, GSH and GPX
in TNFa-treated cells (Fig. 3e—g). Together, the above data
indicate that TNFa-mediated mitochondrial oxidative injury
and mitochondrial membrane potential reduction could be
reversed by Mstl knockdown.
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Fig.2 Mitochondrial apoptosis

Lo . & g C
is activated by TNFa via Mst1. ‘ 1.25 2 250 ol
Yy Q o= ]
a—d Proteins were isolated from & &$$\9 é& IS 1.00 £ 2.00
A & &Y &% 075 g 150
TNFa-treated CATH.a cells, (o ‘5“ ‘ o é 0.50 5 e ##
and the exprs:ssion of cyt-c was Tom 20 -— — ‘E’ % 0.25 f-;} 0.50
measured using western blot . 0.00 < 0.00
analysis. Tom-20 is the loading mito cyt-c S - - ‘i O“ & \
control for cytoplasmic cyt-c, cytocyt-c [H — © o %\@ %
and histone H3 is the loading = &é} o) § Ol
control for nuclear cyt-c. e, GAPDH =] S E
f Immunoﬂuorescence? assay Histone H3 | s S S § 3.00 D hd ) Es 3.00 *
for cyt-c. The expression of T & 2.50 < Z 250
nuclear cyt-c was determined nuclear cyt-c | gy () W $ %(5)8 # o # ° f’é %(5)8 -
to reflect the translocation of % 1.00 &3 100
cyt-c from the cytoplasm into 5 838 ; é ggg
the nucleus. g mPTP opening = DD ED D g
X X S & a0
was determined via ELISA. Z ox(}'é&é@e éz@‘" g C}x 3 ‘i‘@ > @
siRNA against Mst1 was used $§° o | §°’ & &
to knockdown Mst1 expres- < G <
sion in TNFa-treated CATH.a TNFo+ TNFa+ TNFa+ 2
e Ctrl . . . s 40 *
cells. h Caspase-9 activity was si-cont sil-Mstl  si2-Mstl ® 3.0
measured in CATH.a cells *opm g ;0
under TNFa treatment and/or & 1'0 #oo#
Mstl knockdown. i-k Proteins & 0'0
were isolated from TNFa- I
& 6 RN
treated CATH.a cells, and then C é@ ANod
the expression of Bad/Bcl2 was é& x%‘\ &
measured using western blot S
analysis. *p <0.05 vs. control H
group; *p <0.05 vs. TNFa+ si- = 30
ctrl group = 25
$= 20
g 15
22 10
« >
O 05
& 0.0
&
&
4 & .
I O ] 51
S &Y £
B — D s 2 1.50 # 20
. ! . 5 (1)23 # E 0
% 0. 20
Bcl2 — L am— — ‘g 0.00 20
GAPDH [ o‘.\,&\& xS
& & &

The JNK Pathway is Activated by Inflammatory
Injury via Mst1

Subsequently, experiments were conducted to determine the
downstream molecular signaling that involves Mst1-medi-
ated cell death and mitochondrial stress. Previous studies
have identified the JNK pathway as a potential target of Mstl
in several disease models [46, 47]. In the present study, we
investigated the influence of Mstl on the JNK pathway in
TNFa-treated CATH.a cells. As shown in Fig. 4a—c, com-
pared to the control group, the INK pathway was activated
by TNFa treatment, as evidenced by increased p-JNK
expression in TNFa-treated CATH.a cells. Interestingly,
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loss of Mstl inhibited TNFa-mediated JNK phosphorylation
(Fig. 4a—c), indicating that JNK pathway activation is modu-
lated by Mstl. To further demonstrate whether Mst1 was the
upstream activator of the JNK pathway, adenovirus-loaded
Mstl was transfected into normal CATH.a cells to perform
an Mstl gain-of-function assay, and then the expression of
p-JNK was determined. As shown in Fig. 4a—c, compared to
the control group, Mstl overexpression (Mst1-OE) signifi-
cantly increased the expression of p-JNK, substantiating the
necessity of Mstl to activate the JNK pathway in CATH.a
cells. Subsequently, an immunofluorescence assay was used
to observe changes in p-JNK and Mstl in CATH.a cells.
As shown in Fig. 4d—f, compared with that in the control
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group, the expression of Mstl was increased, which was
followed by an increase in the level of p-JNK. Interestingly,
Mst1 knockdown inhibited whereas Mst1-OE increased INK
levels in CATH.a cells, suggesting that Mst1 is required for
JNK pathway activation under the TNFa-mediated inflam-
mation response.

Mst1-Activated Mitochondrial Apoptosis
is Dependent on the JNK Pathway

Although the JNK pathway is controlled by Mstl, it remains
unknown whether the JNK pathway is involved in Mst1-
modulated mitochondrial stress in CATH.a cells. To deter-
mine the role of the JNK pathway on cell viability and mito-
chondrial function, a JNK pathway blocker (SP600125) was
added to the TNFa-treated cells. Then, mitochondrial func-
tion was determined. As shown in Fig. 5a, b, compared to
the control group, mitochondrial cyt-c release was activated
by TNFa treatment; this effect could be reversed by Mstl
knockdown. Interestingly, inhibition of the JNK pathway

Qé‘
&

also prevented cyt-c translocation into the nucleus (Fig. 5a,
b), indicating that mitochondrial pro-apoptotic factor leak-
age was associated with JNK pathway activation (Fig. 5a, b).
In addition, the mPTP opening rate was rapidly increased in
TNFa-treated cells and was reversed to near-normal with
Mstl knockdown or SP600125 treatment (Fig. 5¢), indi-
cating that JNK inhibition disturbed TNFa-induced mPTP
opening. To that end, TNFa-mediated cellular antioxidant
downregulation could be reversed by Mstl knockdown, a
result that was similar to that in cells with JNK inhibition
(Fig. 5d—f). Therefore, the above data indicate that mito-
chondrial stress could be ameliorated via inhibiting the JNK
pathway under a TNFa-mediated inflammatory response.

Inhibition of JNK Sustains Cell Survival
Lastly, experiments were performed to verify whether the
JNK pathway was also associated with cell death induced

by TNFa treatment. First, the MTT assay demonstrated that
TNFa-mediated CATH.a cell death could be reversed by
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Fig.4 Increased Mstl promotes
activation of the JNK pathway.
a—c Proteins were isolated from
TNFa-treated CATH.a cells,
and the expression of p-JNK
was measured using western
blot analysis. SP600125 was
used to inhibit the activation

of p-JNK induced by TNFa.
siRNA against Mstl was used
to knockdown Mstl expres-
sion in TNFa-treated CATH.a
cells. d—f Immunofluorescence
assay for Mst1 and p-JNK.

The fluorescence intensities of
Mstl and p-JNK were recorded.
SP600125 was used to inhibit
the activation of p-JNK induced
by TNFa. siRNA against Mstl
was used to knockdown Mst1
expression in TNFa-treated
CATH.a cells. *p<0.05 vs.
control group; *p <0.05 vs.
TNFa +si-ctrl group; ®p <0.05
vs. TNFa +si-Mst1 group

Fig.5 The JNK pathway is
involved in TNFa-mediated
mitochondrial apoptosis. a, b
Immunofluorescence assay for
cyt-c translocation. SP600125
was used to inhibit the activa-
tion of p-JNK induced by
TNFa. siRNA against Mstl
was used to knockdown Mstl
expression in TNFa-treated
CATH.a cells. ¢ mPTP opening
was determined via ELISA.
d-—f Cellular oxidative stress
was evaluated by analyzing the
concentration of antioxidants,
including SOD, GSH and GPX.
*p <0.05 vs. control group;
#p<0.05 vs. TNFo +si-ctrl

group
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Mstl knockdown (Fig. 6a). Moreover, blockade of the INK
pathway also maintained cell viability. This finding was fur-
ther supported by observing the number of TUNEL-positive
cells. As shown in Fig. 6b, ¢, compared with that in the
control group, the percentage of TUNEL-positive CATH.a
cells was increased in response to TNFa treatment, where
Mstl knockdown and/or JNK inhibition also repressed the
ratio of TUNEL-positive CATH.a cells, reconfirming that
the JNK pathway was involved in inflammation-mediated
cell death. In addition, western blot analysis demonstrated
that the expression of cleaved caspase-3 was upregulated
after TNFa treatment and was reduced to near-normal levels
with Mstl knockdown and/or JNK inhibition (Fig. 6d, e).
A similar result was also obtained by analyzing the activity
of caspase-9 (Fig. 6f). Overall, the above data indicate that
the JNK pathway, for which Mstl is a signaling molecule,
plays an essential role in inflammation-mediated CATH.a
cell death.

Discussion

Neurodegenerative disorder affects millions of people world-
wide, and neuroinflammation has been acknowledged as a
primary factor contributing to the pathogenesis of neurode-
generative disease. At the molecular level, inflammation is a
complex biological response of the central nervous system to
harmful stimuli [48]. Excessive neuroinflammation is associ-
ated with necrotic and apoptotic neuronal cell death, which

Fig.6 Cellular apoptosis is
modulated by the JNK path-
way. a Cellular viability was

determined via MTT assay. g }(2,8 e
SP600125 was used to inhibit 5 80

the activation of p-JNK induced 4 23

by TNFa. siRNA against Mstl E 2

was used to knockdown Mstl = oW A
expression in TNFa-treated ¢ &é,t“\ &QQQ}\ &QQ:Q\W
CATH.a cells. b, ¢ TUNEL CERVI
staining for apoptotic cells. The

number of apoptotic CATH.a B Ctrl +T511\_Ith‘:1

cells was measured in response
to TNFa treatment. d, e Proteins
were isolated from TNFa-
treated CATH.a cells, and the
expression of cleaved caspase-3
was measured using western
blot analysis. f ELISA was
used to measure the changes

in caspase-9 activity. *p<0.05
vs. control group; *p <0.05 vs.
TNFa +si-ctr]l group

TUNEL DAPI

Merged

TUNEL
positive cells (%)
w
[—)

contributes to long-lasting cognitive impairment and motor
dysfunction due to functional cell death [49]. In the cur-
rent study, we found that Mst1 activation would be a novel
therapeutic target to control the progression of neuroinflam-
mation and inflammation-mediated neuronal death. Our data
illustrated that both Mst1 expression and neuronal apoptosis
were significantly elevated in response to TNFa and that
knockdown of Mstl attenuated TNFa-mediated neuronal
apoptosis. In addition, we also found that TNFa-mediated
neuronal death was accompanied by mitochondrial stress,
including mitochondrial oxidative stress, mPTP opening
and mitochondrial apoptosis. Furthermore, we provided
ample data to support the necessary role played by the INK
pathway in TNFa-mediated neuronal dysfunction and mito-
chondrial stress. The JNK pathway was activated by TNFa
via Mstl, and inhibition of the JNK axis abolished TNFa-
mediated neuronal dysfunction and mitochondrial stress
in vitro. Altogether, our data identify Mst1-JNK-mitochon-
drial stress as a new signaling pathway that participates in
the progression of neuroinflammation-mediated neuronal
death and mitochondrial malfunction. To our knowledge,
this is the first study to elucidate the role of the Mst1-JNK-
mitochondria cascade in inflammation-mediated neuronal
stress. In addition, our findings indicate that Mst1 and mito-
chondrial stress might be applied as therapeutic targets for
the development of new generation treatment agents against
neurodegenerative disorders.

Mstl plays a critical role in regulating cell prolifera-
tion, migration, survival and differentiation. The biological
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function of Mstl in the central nervous system has been
widely reported. For example, neuron death, spine synapse
development, neuronal migration, axon outgrowth, and
dendrite growth have been found to be regulated by the
Mstl-Hippo pathway [50-53]. In addition, several physi-
ological processes are also affected by Mstl, such as oxi-
dative stress [54], cytoskeletal balance [55], mitochondrial
fission [56], mitophagy [57], proinflammatory cytokine
release, and IFN-y-mediated immune response [58]. Accord-
ingly, Mst1 has well-characterized roles in the regulation of
various biological functions in the central nervous system.
Howeyver, the exact actions of Mstl on neuroinflammation-
induced neurodegenerative disease have not been explored.
Our current study determined that the inflammatory environ-
ment was the upstream trigger of Mstl and that increased
Mstl was closely linked to neuronal death. This finding fur-
ther enriches the regulatory mechanism of Mstl in central
nervous system diseases. More importantly, given the potent
effects of Mstl on various pathophysiological biological
processes, approaches to affect Mst1 activity would signifi-
cantly broaden the horizon on potential targets for therapy
to treat neuronal diseases.

Recently, mitochondria have been identified as key
participants in initiating inflammatory injury, function-
ing as signaling path-forms and/or downstream effectors.
Mitochondria are also the primary targets of several anti-
inflammatory therapeutic tools. For example, intracerebral
hemorrhage-induced secondary brain injury is associated
with an excessive inflammatory response due to mitochon-
drial dysfunction. In addition, in traumatic brain injury, the
NLRP3 inflammasome induces mitochondrial dysfunc-
tion and further amplifies the pro-inflammatory response
via the release of pro-apoptotic factors into the cytoplasm.
Moreover, mitochondrial dysfunction and cellular energy
metabolism disorder have been acknowledged as factors in
the pathogenesis of Huntington’s disease, a severe autosomal
dominant neurodegenerative disorder. In the present study,
our results also found that mitochondrial damage occurred as
a consequence of neuroinflammation due to increased Mstl1.
Mitochondrial oxidative stress, pro-apoptotic factor release
and mPTP opening were noted in TNFa-treated cells. Mito-
chondrial stress may work together to exacerbate neuronal
dysfunction. However, loss of Mst1 sustained mitochondrial
function, and mitochondrial protection may help neurons
survive under inflammatory conditions. Accordingly, our
results provide key insights into the molecular features of
mitochondrial stress in neuroinflammation and describe the
upstream mediator and downstream event following mito-
chondrial dysfunction. Therefore, therapeutic interventions
that control mitochondrial quality may provide a novel
method to treat neuroinflammation.

However, there are several limitations in the present study.
First, only cell experiments were performed in the current

@ Springer

study, and animal studies are necessary to validate our find-
ings. Second, although we observed Mstl upregulation in
response to neuroinflammation, the molecular mechanism
by which inflammation elevates the expression/transcription
of Mstl remains unknown. Together, our results highlight
new functions of the Mst1-JNK pathway and mitochondrial
stress that are the key mediators of neuroinflammation-medi-
ated neuronal dysfunction.
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