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Abstract
Excessive activation of the ionotropic N-methyl-d-aspartate (NMDA) receptor has been shown to cause abnormally high 
levels of  Ca2+ influx, thereby leading to excitotoxic neuronal death. In this study, exposure of mouse primary cortical neu-
rons to NMDA resulted in the cleavage and activation of mammalian sterile 20-like kinase-1 (MST1), both of which were 
mediated by calpain 1. In vitro cleavage assay data indicated that calpain 1 cleaves out the autoinhibitory domain of MST1  
to generate an active form of the kinase. Furthermore, calpain 1 mediated the cleavage and activation of wild-type MST1, 
but not of MST1 (G339A). Intriguingly, NMDA/calpain-induced MST1 activation promoted the nuclear translocation of 
the kinase and the phosphorylation of histone H2B in mouse cortical neurons, leading to excitotoxicity. Thus, we propose 
a previously unrecognized mechanism of MST1 activation associated with NMDA-induced excitotoxic neuronal death.
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Introduction

Glutamate, the major excitatory amino acid neurotransmit-
ter in the mammalian central nerve system, exerts its cru-
cial role in development of brain circuits, synaptic activity 
and plasticity, and learning and memory through binding 
to glutamate receptors, including the N-methyl-d-aspartate 
(NMDA) receptor (NMDAR), which is permeable to cati-
ons, such as  Ca2+ and  Na+ [1, 2]. Under normal conditions, 
the action of glutamate is quickly terminated by the reup-
take of glutamate by astrocytes [3]. Under pathological 
conditions, however, glutamate causes neuronal cell death 
known as excitotoxicity [4]. In particular, when it is released 
and accumulated excessively, glutamate over-activates the 
NMDAR and consequently causes intracellular calcium 
overload, thereby activating calcium-dependent cytotoxic 
events, such as reactive oxygen species/reactive nitrogen 
species production [5], mitochondrial dysfunction [6], and 
DNA damage [7].

Many lines of evidence have shown that calpain, a cal-
cium-activated cysteine protease, plays a pivotal role in 

excitotoxicity in cortical neurons [8–11]. There are at least 
15 different types of calpains in mammals, among which 
calpain 1 (or μ-calpain) and calpain 2 (or m-calpain) are the 
classical calpains found ubiquitously in the brain [12]. At 
physiological calcium levels, calpains modulate important 
signaling pathways to control diverse behaviors of intracel-
lular proteins and organelles [13, 14]. At higher calcium 
levels, however, they are aberrantly activated and promote 
excitotoxic processes in neurons with cleaving several death-
regulating proteins, such as pro-caspase-3 [15], Src tyrosine 
kinase [8], debrin [9], p35 [10], and Bid [11]. It has been 
also reported that an endogenous calpain inhibitor reduces 
glutamate-induced excitotoxicity in murine primary neurons 
[16].

Mammalian STE20-like kinase 1 (MST1), a member 
of the class II germinal center kinase family [17, 18], has 
been shown to play a role in a variety of cellular processes, 
including cell growth, cellular stress, and tumor suppression 
[19, 20]. In particular, MST1 functions as a key mediator of 
various cell death, including IFN-γ-induced cell death in 
microglia [21], and oxidative stress-induced cell death in 
neurons [22–25]. Additionally, MST1 has been associated 
with the mechanism for ischemic stroke-induced microglial 
activation, which triggers the inflammatory reactions leading 
to neurotoxicity [26]. MST1 has been also shown to mediate 
the neurotoxicity of motor neurons in spinal cords in mouse 
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models of spinal cord injury [27] and of amyotrophic lateral 
sclerosis [28].

MST1 consists of an amino-terminal catalytic domain, 
a central autoinhibitory domain, and a carboxy-terminal 
regulatory SARAH domain (Salvador/Rassf/Hippo) [18]. 
Several mechanisms have been proposed for MST1 activa-
tion in cellular response to various stimuli. In response to 
apoptotic stimuli, active caspases can mediate MST1 activa-
tion through cleaving MST1 into a 36-kDa active fragment 
[29]. MST1 can also be activated by homo-dimerization and 
subsequent autophosphorylation [30, 31]. MST1 has been 
shown to phosphorylate histone H2B at Ser14, thereby lead-
ing to histone modification that is uniquely associated with 
apoptotic chromatin formation [32]. MST1 can also medi-
ate the phosphorylation of a transcription factor FOXO3 in 
neurons, thereby promoting neuronal cell death [22].

In order to better understand a molecular mechanism for 
excitotoxic neuronal death, we have investigated a role of 
MST1 in the NMDAR-mediated excitotoxicity in primary 
cultures of mouse cortical neurons. Here, we have found that 
calpain 1 mediates the NMDA-induced stimulation of MST1 
in cortical neurons. Furthermore, the calpain-mediated acti-
vation of MST1 facilitates the nuclear translocation of the 
cleaved form of MST1 and the phosphorylation of histone 
H2B at serine 14. Taken together, our findings suggest a 
previously unrecognized mechanism of MST1 activation 
associated with NMDA-induced excitotoxic neuronal death.

Materials and methods

Animals

MST1−/− C57BL/6 mice were described previously [33]. 
Mice were maintained at the Korea University Laboratory 
Animal Center, and all animal procedures were approved by 
the Institutional Animal Care and Use Committee of Korea 
University. CrljOri:CD1 (ICR) TP13 mice were purchased 
locally from Orient Bio (Gyeonggi-do, South Korea) and 
were immediately sacrificed for preparation of primary corti-
cal neuron culture.

Cell culture and DNA transfection

Primary cortical neuron cultures were prepared using the 
cortical region dissected from the E13 embryonic brain 
of ICR, or wild-type or MST1−/− C57BL/6 mice. Cortical 
neurons in culture dishes coated with poly-d-lysine (Sigma-
Aldrich, St. Louis, Missouri) were cultivated in Neurobasal 
medium (Thermo Fisher Scientific, Waltham, Massachu-
setts) supplemented with 1% B-27 (Invitrogen, Carlsbad, 
California), 1% fetal bovine serum, 0.5 mM glutamine, and 
25 μM β-mercaptoethanol, under a humidified atmosphere 

of 5%  CO2 at 37 °C, and the cultured cells at DIV11 were 
used for experiments. For DNA transfection, primary cul-
tures of mouse cortical neurons at DIV9 were transfected 
with indicated cDNA constructs with the use of NeuroMag 
(OZ biosciences, San Diego, California). HEK293T cells 
were transfected with indicated expression vectors with the 
use of polyethylenimine.

Plasmids, antibodies, and reagents

The pHM6/HA-MST1 was described previously [21]. The 
pHM6/HA-MST1 (G339A) and pEGFP-C1/GFP-MST1 
(G339A) mutant constructs were prepared from pHM6/HA-
MST1 and pEGFP-C1/GFP, respectively, by site-directed 
mutagenesis (Stratagene, La Jolla, California). Rabbit poly-
clonal antibodies for MST1 and for phospho-H2B (Ser14) 
were from Cell Signaling Technology (Danvers, Massachu-
setts). Mouse monoclonal antibodies for calpain 1, spectrin, 
and for GFP were from Santa Cruz Biotechnology (Dallas, 
Texas). Mouse monoclonal antibodies for tubulin and for 
Flag were from Sigma-Aldrich. MK-801 was purchased 
from Tocris (Bristol, United Kingdom). NMDA and ALLN 
were purchased from Sigma-Aldrich. BAPTA-AM was pur-
chased from A.G. Scientific, Inc. (San Diego, California).

Immune complex kinase assay

Cells were lysed with buffer A containing 1% Triton X-100, 
5 mM EGTA, 20 mM Tris–HCl (pH 7.4), 150 mM sodium 
chloride, 1 mM phenylmethylsulfonyl fluoride, 2 μg/ml apro-
tinin, 2 μg/ml leupeptin, 10 mM sodium fluoride, 12 mM 
β-glycerophosphate, and 0.5% sodium deoxycholate. Cell 
lysates were subjected to immunoprecipitation with indi-
cated antibodies, and the resulting precipitates were exam-
ined for immune complex kinase assay with myelin basic 
protein or histone 2B (New England Biolabs, Ipswich, MA, 
USA) as substrate [21, 34].

RNA interference

Primary cortical neuron cultures at DIV 9 were transfected 
with calpain 1 siRNA (Santa Cruz Biotechnology) using 
Lipofectamine RNAiMAX (Invitrogen).

In vitro calpain cleavage assay of MST1

In vitro calpain cleavage assays were performed by incubat-
ing HA-MST1 immunoprecipitates with calpain 1 (Sigma-
Aldrich) under the indicated conditions in a reaction buffer 
containing 50 mM Tris–HCl (pH 7.5), 100 mM NaCl, 2 mM 
dithiothreitol, 1 mM EDTA, and 5 mM  CaCl2. Then, the 
reaction mixtures were subjected to SDS-PAGE, followed 
by immunoblot analysis with antibody to HA.
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Immunoblot analysis

Cultured cells were lysed with ice-cold buffer A. The lysates 
were subjected to centrifugation at 12,000×g at 4 °C for 
20  min, and the resulting supernatants were subjected 
to immunoblot analysis with appropriate antibodies as 
described previously [34].

Immunostaining

Cells cultured on cover slips were fixed with 4% paraform-
aldehyde, permeabilized with 0.1% Triton-X-100, blocked 
with 10% horse serum, and incubated overnight at 4 °C with 
mouse anti-MAP2 (Santa Cruz Biotechnology) or rabbit 
anti-phospho-H2B (Ser14) antibodies (Cell Signaling Tech-
nology), as indicated. Then, the samples were incubated for 
2 h at room temperature with Texas Red-conjugated anti-
mouse or anti-rabbit secondary antibodies (Vector Labora-
tories, Burlingame, California), followed by nuclear staining 
with DAPI. The fluorescent images of the slides were exam-
ined by a Zeiss LSM 800 confocal microscope, or Olympus 
BX53 Olympus BX53 fluorescence microscope equipped 
with a DP72CCD camera.

Lactate dehydrogenase (LDH) release assay

After the indicated treatments, culture media from primary 
cortical neurons were collected and subjected to LDH assay 
with the use of a LDH-Cytotoxicity Colorimetric Assay Kit 
II (BioVision, Milpitas, California). Cytotoxicity values 
were calculated according to the manufacturer’s protocol.

Statistical analysis

Quantitative data are presented as mean ± SD. All statistical 
analyses were done using GraphPad Prism 9 (San Diego, 
California). Data were analyzed with one-way ANOVA fol-
lowed by Tukey post hoc test. P values < 0.05 were consid-
ered statistically significant.

Results

Calpain 1 mediates the NMDA‑induced cleavage 
and stimulation of MST1 in cortical neurons

In order to clarify a role of MST1 in NMDA-induced excito-
toxicity, we initially examined the kinase activity of MST1 
in primary cultures of mouse cortical neurons after NMDA 
treatment. Our results revealed that NMDA induced the stim-
ulation of MST1 activity in the cortical neurons (Fig. 1a). 
Intriguingly, NMDA treatment also resulted in the cleavage 
of MST1, and this cleavage coincided with the stimulation 

of MST1 activity. Furthermore, MK-801, an antagonist of 
the NMDAR, mitigated the effect of NMDA on both the 
stimulation and cleavage of MST1 in the cortical neurons.

Calpain, a calcium-dependent protease, has been shown to 
be a key mediator of NMDA-induced excitotoxicity [8–11]. 
We, therefore, examined whether calpain would be involved 
in the NMDA-induced cleavage of MST1 in primary corti-
cal neurons. As expected, NMDA induced the cleavage of 
spectrin, a typical natural substrate of calpain, in primary 
cortical neurons, and this effect of NMDA was blocked by a 
calpain inhibitor N-acetyl-Leu-Leu-Nle-aldehyde (ALLN) 
and a calcium chelator BAPTA-AM as well as MK-801 
(Fig. 1b). Moreover, ALLN and BAPTA-AM abolished the 
NMDA-induced cleavage and stimulation of MST1 in the 
cells. Additionally, siRNA-mediated depletion of calpain 
1 expression mitigated the NMDA-induced cleavage and 
stimulation of MST1 in the cells, compared with those of 
control siRNA-transfected cells (Fig. 1c). Taken together, 
these results suggested that calpain 1 mediates the NMDA-
induced cleavage and stimulation of MST1 in primary cul-
tures of mouse cortical neurons. Of note, Z-DEVD-fmk, a 
caspase-3 inhibitor, and Z-VAD-fmk, a pan-caspase inhibi-
tor, did not affect the NMDA-induced cleavage and stimu-
lation of MST1 in the primary cortical neurons (Fig. 1d). 
These caspase inhibitors did not prevent the NMDA-induced 
cleavage of spectrin, either.

MST1 is a natural substrate of calpain 1

Given that calpain 1 mediates the NMDA-induced cleavage 
of MST1 in primary cortical neurons, we examined whether 
MST1 might be a substrate of calpain 1. In vitro calpain 
protease assay data revealed that calpain 1 cleaved MST1, 
thereby producing a 40-kDa fragment, and this cleavage was 
blocked by ALLN (Fig. 2a). Intriguingly, calpain 1 failed to 
cleave MST1 (Δ330–339), a MST1 mutant deleted for amino 
acid residues 330–339 in the front part of the autoinhibi-
tory domain (Fig. 2b, c). Additionally, calpain 1 was found 
to cleave MST1 (Δ335–337) but not MST1 (Δ335–339) 
(Fig. S1), implicating that the amino acid residue 338 or 
339 might be essential for the calpain 1-mediated cleavage. 
Moreover, calpain 1 failed to cleave MST1Δ339, while it 
was able to cleave MST1Δ338, in in vitro cleavage assays 
(Fig. 2d). Taken together, these results suggested that the 
 Gly339 is a target site of calpain 1. We further investigated 
whether the  Gly339 is a calpain 1 cleavage site by using a 
G339A substitution mutant of MST1, MST1 (G339A), in 
which  Gly339 was replaced with alanine. Both wild-type and 
G339A mutant of MST1 were immunoprecipitated from 293 
T cells overexpressing each of the MST1 variants, and the 
resulting immunoprecipitates were examined for calpain 
1-mediated cleavage in vitro. Calpain 1 cleaved wild-type 
MST1, but not MST1 (G339A) (Fig. 2e). Furthermore, the 



 J. M. Lim et al.

1 3

15 Page 4 of 10

calpain 1-catalyzed cleavage enhanced the kinase activity of 
wild-type MST1, but not of MST1 (G339A). It is notewor-
thy that the catalytic function of MST1 (G339A) is intact, 
because hydrogen peroxide, a typical stimuli of MST1, 
induced the activation of MST1 (G339A) as well as wild-
type MST1 in transfection experiments using 293 T cells 
(Fig. S2). Together, these results suggest that  Gly339 present 
in the autoinhibitory domain is critical for calpain 1-medi-
ated cleavage and subsequent activation of MST1.

Calpain mediates the NMDA‑induced nuclear 
translocation of MST1 in primary cortical neurons

Given the presence of two nuclear export signal (NES) 
consensus sequences in the 361–370 and 441–451 amino 
acid residues of MST1 [35], calpain 1-mediated cleavage of 
MST1 at Gly339 is expected to generate a MST1 variant that 

lacks the NES sequences. Therefore, we decided to examine 
whether NMDA might promote the nuclear translocation 
of MST1 in primary mouse cortical neurons by transfect-
ing the neurons with a vector encoding GFP-tagged MST1. 
While GFP-MST1 was mostly present in the cytoplasm 
in the neurons under basal conditions, NMDA increased 
the abundance of nuclear GFP-MST1 in the cells and this 
effect of NMDA was mitigated by a calpain inhibitor ALLN 
(Fig. 3a). Noticeably, a GFP-fused form of MST1 (G339A), 
which was resistant to a calpain-mediated cleavage (Fig. 2e), 
remained mostly in the cytoplasm in the neurons even after 
NMDA treatment (Fig. 3b). Together, these results sug-
gested that the NMDA-induced calpain cleavage of MST1 
enhances the nuclear translocation of the kinase in mouse 
cortical neurons.

Given the NMDA-induced nuclear translocation of MST1 
in cortical neurons, we next examined whether NMDA 

Fig. 1  NMDA induces the 
activation and cleavage of 
MST1 in primary cultures of 
mouse cortical neurons. a, b, 
d Primary cultures (DIV11) of 
cortical neurons were treated 
with 100 μM NMDA for the 
indicated times (a) or 60 min 
(b, d) in the absence or pres-
ence of indicated chemicals 
(1 μM MK-801, 10 μM ALLN, 
100 μM BAPTA-AM, 20 μM 
Z-DEVD-fmk, and 20 μM 
Z-VAD-fmk). Cell lysates were 
immunoprecipitated with anti-
MST1 antibody, and the result-
ing precipitates were examined 
for MST1 activity by immune 
complex kinase assay with 
myelin basic protein (MBP) as 
substrate. The lysates were also 
immunoblotted directly with 
antibodies to MST1, spectrin, 
or to tubulin. c Primary cultures 
(DIV9) of cortical neurons were 
transfected with GFP (control) 
or calpain 1 siRNA. After 48 h 
of transfection, the cells were 
treated with 100 μM NMDA for 
1 h, and then immunoprecipi-
tated with anti-MST1 antibody. 
The resulting precipitates were 
examined for MST1 activity by 
immune complex kinase assay

a b

c
d
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treatment could increase the phosphorylation of histone 
2B, a well-studied nuclear substrate of MST1. MST1 has 
been shown to mediate the phosphorylation of histone 
2B at Ser14, and this phosphorylation promotes chroma-
tin condensation associated with apoptotic cell death [30, 
32, 35]. We observed that NMDA treatment resulted in the 
cleavage of MST1 as well as the phosphorylation of his-
tone 2B at  Ser14 in primary mouse cortical neurons, and 
these effects of NMDA were inhibited by either ALLN or 
MK-801 (Fig. 4a). Furthermore, genetic ablation of MST1 
abolished the NMDA-induced phosphorylation of histone 
2B in  MST1−/− primary mouse cortical neurons, while the 
phosphorylation of histone 2B in the  MST1−/− neurons was 

restored by reconstitution of the cells with wild-type MST1, 
but not with MST1 (G339A) (Fig. 4b). Together, our results 
suggested that calpain mediates the NMDA-induced nuclear 
translocation of MST1 and the  Ser14 phosphorylation of his-
tone 2B in mouse cortical neurons.

MST1 mediates NMDA‑induced excitotoxicity

Next, we examined a role of MST1 in NMDA-induced exci-
totoxic neuronal death in primary cultures of mouse cortical 
neurons. We initially examined the effect of RNAi-mediated 
depletion of MST1 expression on NMDA-induced excito-
toxicity in the cortical cells. NMDA treatment increased 

a b

c d

e

Fig. 2  MST1 is a substrate of calpain 1. a In  vitro calpain 1-cata-
lyzed cleavage assay was performed in vitro by incubating calpain 1 
(0.5 U) for 10 min at 10 °C with the HA immunoprecipitates of HA-
MST1, which had been prepared from HEK293 cells transfected with 
a vector encoding HA-MST1, in the absence or presence of 10  μM 
ALLN. Then, the reaction mixture was subjected to immunoblot anal-
ysis with antibody to HA. b A schematic diagram of MST1 with the 
kinase domain, autoinhibitory domain (AID), and SARAH domain. 
The location of amino acid residues spanning 330–339 is shown. c, 

d Calpain 1-catalyzed cleavage assay was performed as in a with 
the HA immunoprecipitates of MST1 variants [full-length MST1 
and MST1Δ330–339 (c) or full-length MST1, MST1Δ338, and 
MST1Δ339 (d)]. e Calpain 1-catalyzed cleavage assay was performed 
as in a with the HA immunoprecipitates of MST1 or MST1 (G339A) 
in the absence or presence of 10 μM ALLN. After the cleavage reac-
tions, the HA immunoprecipitates were pulled down and examined 
for MST1 activity by immune complex kinase assay with histone 2B 
(H2B) as substrate
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cytotoxicity of the cortical neurons in LDH release assays 
(Fig. S3a, b) and pyknotic nucleus formation assays (Fig. 
S3c, d), and this effect of NMDA was mitigated by RNAi-
mediated depletion of MST1. We also found that NMDA-
induced neurotoxicity was inhibited by ALLN, Z-VAD-fmk, 
or MK-801 (Fig. S4). Next, we examined the NMDA-
induced excitotoxicity in primary cultures of cortical neu-
rons obtained from either wild-type or  MST1−/− mice. 
Noticeably, genetic ablation of MST1 reduced the NMDA-
induced cytotoxicity in  MST1−/− cortical neurons, compared 
to that of wild-type cells (Fig. 5a). Collectively, our data thus 
suggested that MST1 mediates excitotoxic neuronal injury 
induced by NMDA.

Next, we examined the effect of the G339A mutation of 
MST1 on NMDA-induced excitotoxicity. We reconstituted 
 MST1−/− cortical neurons with a vector expressing recom-
binant GFP-tagged MST1 or MST1 (G339A), and then 
examined for NMDA-induced excitotoxicity by quantifying 
the formation of pyknotic nuclei. Excitotoxic treatment of 
NMDA has been shown to cause the formation of condensed 
pyknotic nuclei in the damaged neurons [36–39]. NMDA 
markedly increased nuclear condensation in  MST1−/− neu-
rons reconstituted with wild-type MST1, but not in the cells 
reconstituted with an empty vector (Fig. 5b), indicating that 
MST1 mediates NMDA-induced excitotoxicity. Moreo-
ver, the NMDA-induced nuclear toxicity was dramatically 

reduced in the cells reconstituted with MST1 (G339A), com-
pared with that of cells reconstituted with wild-type MST1. 
We also observed that NMDA-induced nuclear toxicity was 
lower in MST1 (G339A)-expressing  MST1−/− neurons, com-
pared with  MST1+/+ neurons (Fig. S5). Taken together, these 
results suggest that the G339A mutation of MST1, which 
renders it resistant to calpain 1 cleavage, mitigates NMDA-
induced excitotoxicity in primary cortical neurons.

Discussion

We have here shown that NMDA induces the stimulation of 
MST1 in the cortical neurons and that this action of NMDA 
is mediated by calpain. The calpain-mediated stimulation 
of MST1 promotes the nuclear translocation of this protein 
kinase, and thereby increases the phosphorylation of histone 
H2B as well as damaged nuclei in the neurons.

Intriguingly, NMDA treatment induces not only the stim-
ulation but also a cleavage of MST1 in mouse cortical neu-
rons. Moreover, the NMDA-induced cleavage and stimula-
tion of the kinase was abolished by a calpain inhibitor ALLN 
or by siRNA-mediated depletion of calpain 1, suggesting 
that calpain 1 is involved in the NMDA-induced cleavage 
and stimulation of MST1 in the cortical neurons. Indeed, our 
in vitro data have indicated that calpain 1 directly cleaves 

Fig. 3  Calpain mediates the 
NMDA-induced nuclear 
translocation of MST1 in 
primary mouse cortical neurons. 
Primary cultures of mouse cor-
tical neurons were transfected 
with a vector for GFP-MST1 
(a) or for either GFP-MST1 or 
GFP-MST1 (G339A) (b). After 
48 h of transfection, the cells 
were left untreated or treated 
with 100 μM NMDA for 1 h 
in the absence or presence of 
10 μM ALLN. Then, the cells 
were fixed and subjected to 
immunostaining with rabbit 
anti-MAP2 primary antibody 
and Texas Red-conjugated 
anti-rabbit secondary antibody, 
followed by DAPI staining. 
GFP-positive cells were ana-
lyzed for the nuclear localiza-
tion of GFP-tagged proteins by 
fluorescence microscopy. Scale 
bar, 10 μm. Data are mean ± SD 
of the GFP-positive neurons 
expressing nuclear GFP-MST1 
from three independent experi-
ments. *P < 0.05

a

b
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MST1 and this cleavage increases its kinase activity. The 
 Gly339 residue appears to be a critical site for the calpain 
1-mediated cleavage. Collectively, these findings strongly 
suggest that MST1 is a novel substrate of calpain 1 and that 
the calpain 1-mediated cleavage is an important mechanism 
by which NMDA induces the stimulation of MST1 in the 
cortical neurons. Given that it is located at the front part of 
the autoinhibitory domain of MST1, one may propose that 
calpain 1 mediates the cleavage of MST1 at  Gly339, thereby 
producing a catalytical active fragment of the kinase. Fur-
ther studies are needed to verify an exact cleavage site of 
MST1. Additionally, we also tested whether a caspase, such 
as caspase-3, might mediate the NMDA-induced cleavage of 
MST1 in the cortical cells, because it has been reported that 
MST1 is a substrate of caspase-3 under apoptotic conditions 
[29]. In our study, however, we found that caspase inhibitors 
do not affect the NMDA-induced cleavage and stimulation 
of MST1 in the cortical neurons.

Calpain 1 is a known mediator of glutamate-induced neu-
ronal cell death. Under excitotoxic stress, calpain 1 has been 

shown to mediate cleavage of proteins, such as Src tyrosine 
kinase [8], debrin [9], p53 [10], and Bid [11], leading to neu-
ronal cell death. In this study, our data indicate that MST1 
is a novel substrate of calpain 1, and that calpain 1-acti-
vated MST1 mediates the nuclear translocation of MST1 
and histone 2B phosphorylation at Ser14 in cortical neurons 
after NMDA treatment. Given that histone 2B phosphoryla-
tion at Ser14 contributes to chromatin condensation leading 
to cell death [32], the MST1-mediated phosphorylation of 
histone 2B may be an integral part of the NMDA-induced 
neurotoxicity in cortical neurons. It is also worthwhile to 
mention that Src tyrosine kinase, which is another substrate 
of calpain 1 [8], has been shown to be indirectly involved in 
the mechanism for MST1 activation in microglial cells under 
cerebral ischemic conditions [26]. Thus, further studies are 
needed to clarify possible additional mechanisms by which 
calpain 1 mediates MST1 activation. In any event, our find-
ings in this study have established that the MST1 functions 
as a key mediator of NMDA-induced excitotoxicity in mouse 
cortical neurons.

a

b

Fig. 4  The G339A mutation of MST1 abolishes the MST1-medi-
ated phosphorylation of histone 2B under NMDA excitotoxic stress. 
a Mouse primary cortical neurons (DIV11) were left untreated or 
treated with 100  μM NMDA for 1  h in the absence or presence of 
10 μM ALLN or 1 μM MK-801, and lysed. Cell lysates were immu-
noblotted with antibodies to phospho-histone 2B (Ser14), histone 
2B, MST1, or to α-tubulin. b  MST1−/− primary cortical neurons 
were transfected with either a GFP empty vector (GFP-EV) or a 
vector encoding GFP-tagged MST1 or MST1 (G339A). After 48  h 

of transfection, the cells were left untreated or treated with 100 μM 
NMDA for 1  h, then were fixed and subjected to immunostaining 
using rabbit anti-phospho-H2B  (Ser14) primary antibody and Texas 
Red-conjugated anti-rabbit secondary antibody, followed by nuclear 
staining with DAPI. The fluorescence images were analyzed for phos-
pho-H2B-positive cells among GFP-expressing neurons by fluores-
cence microscopy. Scale bar, 10 μm. Data are mean ± SD from three 
independent experiments. *P < 0.05
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Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00018- 021- 04103-2.
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