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Microglia, the resident macrophages of the mammalian

central nervous system, migrate to sites of tissue damage

or infection and become activated. Although the persistent

secretion of inflammatory mediators by the activated cells

contributes to the pathogenesis of various neurological

disorders, most activated microglia eventually undergo

apoptosis through the process of activation-induced cell

death (AICD). The molecular mechanism of AICD, how-

ever, has remained unclear. Here, we show that Daxx and

mammalian Ste20-like kinase-1 (MST1) mediate apoptosis

elicited by interferon-c (IFN-c) in microglia. IFN-c upregu-

lated the expression of Daxx, which in turn mediated the

homodimerization, activation, and nuclear translocation

of MST1 and apoptosis in microglial cells. Depletion of

Daxx or MST1 by RNA interference also attenuated IFN-c-

induced cell death in primary rat microglia. Furthermore,

the extent of IFN-c-induced death of microglia in the brain

of MST1-null mice was significantly reduced compared

with that apparent in wild-type mice. Our results thus

highlight new functions of Daxx and MST1 that they are

the key mediators of microglial cell death initiated by the

proinflammatory cytokine IFN-c.
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Introduction

Microglia are the resident immune cells of the central nervous

system. In the resting state, these cells have an immunosur-

veillance role (Liu and Hong, 2003). In response to infection

or brain injury, however, they migrate to the affected region

of the central nervous system, where they proliferate and

become activated (Streit et al, 1999). Activated microglia

eventually undergo apoptosis by a process known as activa-

tion-induced cell death (AICD) (Kennedy et al, 1972;

Takeuchi et al, 2006; Mayo et al, 2008). Although the precise

mechanism underlying microglial activation is not fully un-

derstood, cytokines such as interferon (IFN)-g secreted by

local inflammatory cells mediate the activation process

(Neumann, 2001; Hanisch and Kettenmann, 2007; Pocock

and Kettenmann, 2007). Activated microglia secrete neuro-

trophic factors, thereby promoting the survival of neurons,

but they also secrete cytotoxic mediators such as nitric oxide

(NO) and cytokines such as TNF-a and IL-1b that induce

inflammation and neurotoxicity (Streit et al, 1999). Indeed,

activated microglia have been shown to be active participants

in the pathogenesis of neurodegenerative disorders (Block

and Hong, 2005; Block et al, 2007; Rogers et al, 2007). It is

therefore important that the population of activated microglia

be strictly regulated, with removal of the activated cells by

AICD being thought to be an efficient mechanism for the

protection of neurons against their deleterious effects.

Cytotoxic factors such as NO and proinflammatory cytokines

released from activated microglia have been shown to med-

iate AICD through the regulation of apoptotic proteins in-

cluding caspases and Bcl-2 family proteins (Lee et al, 2001a;

Liu et al, 2001; Takeuchi et al, 2006; Mayo and Stein, 2007).

The molecular mechanism of AICD in microglia, however,

remains to be elucidated completely.

Mammalian STE20-like kinase-1 (MST1) is a serine–threo-

nine kinase that belongs to the family of protein kinases

related to yeast Ste20 (Creasy et al, 1996; Dan et al, 2001).

MST1 is homologous to the Drosophila Hippo kinase and it is

a key component of the Hippo signalling pathway. Most of

the components of the Hippo pathway were identified

through genetic screens for Drosophila with defects in

organ size (Justice et al, 1995; Xu et al, 1995). The Hippo/

MST kinase, when associated with scaffold protein Salvador

(WW45 in mammals), phoshorylates and activates Lats/

Warts kinase, which in turn phosphoryates the transcription

coregulator Yorkie in Drosophila and YAP in mammals (Chan

et al, 2005; Dong et al, 2007; Zhao et al, 2007; Hao et al,

2008). Phosphorylated Yorkie and YAP are exported from the

nucleus and sequestered in the cytoplasm in 14-3-3-depen-

dent and -independent manners (Dong et al, 2007; Zhao et al,

2007; Oh and Irvine, 2009). Yorkie/YAP upregulates transcrip-

tion of a number of genes associated with cell proliferation

and survival (Yagi et al, 1999; Strano et al, 2001; Huang et al,

2005). Thus, the Hippo pathway inhibits cell proliferation

and promotes apoptosis by phosphorylating and inhibiting

Yorkie and YAP (Huang et al, 2005; Zhao et al, 2007). The

overall operation of the Hippo pathway is well conserved

among mammals and Drosophila. Nevertheless, the regula-

tory mechanism of MST1 appears to be more complicated

than expected from genetic analysis of the Drosophila Hippo

pathway.
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MST1 contains a catalytic domain in the amino-terminal

region, an autoinhibitory domain in the central region, and a

coiled-coil regulatory SARAH domain in the carboxy-terminal

region (Creasy et al, 1996; Scheel and Hofmann, 2003). The

SARAH domain of MST1 mediates homodimerization

as well as heterodimerization with other SARAH-domain-

containing proteins such as WW45 and Rassf proteins

(Creasy et al, 1996; Scheel and Hofmann, 2003). MST1 is

expressed ubiquitously and regulates a variety of cellular

processes including proliferation, apoptosis, stress responses,

morphogenesis, and senescence (de Souza and Lindsay,

2004; Lehtinen et al, 2006). In particular, MST1 has been

implicated in apoptosis following chromatin condensation

and DNA fragmentation as a result of its phosphorylation of

histone H2B or other substrate proteins (Cheung et al, 2003;

Lehtinen et al, 2006; Praskova et al, 2008; Vichalkovski et al,

2008).

To gain insights into the biological functions of MST1, we

have investigated the possible role of MST1 in the apoptosis

of microglia induced by IFN-g. We now show that MST1

mediate apoptosis elicited by IFN-g in microglia. IFN-g
induces expression of Daxx, which in turn mediates homo-

dimerization and activation of MST1 and apoptosis in

microglial cells. Moreover, IFN-g-induced microglial death

in the brain was reduced in MST1-null mice, compared

with that apparent in wild-type mice. Our results thus

suggest that Daxx and MST1 are the critical mediators

of microglial cell death initiated by the proinflammatory

cytokine IFN-g.

Results and discussion

MST1 contributes to IFN-c-induced apoptosis

in microglia

Exposure of primary rat microglia to IFN-g induced the

phosphorylation of histone H2B on Ser14 in the nucleus

together with the formation of apoptotic chromatin bodies

(Figure 1A). Given that MST1 mediates the phosphorylation

of histone H2B on Ser14, which promotes chromatin conden-

sation associated with apoptosis (Cheung et al, 2003), we

investigated the possibility that MST1 might contribute to

IFN-g-induced apoptosis in microglial cells. We transfected

primary rat microglia with siRNA oligonucleotides specific for

MST1 or GFP control mRNA. IFN-g induced a marked in-

crease in the incidence of apoptosis in microglial cells trans-

fected with control siRNA, but it had no such effect in the

cells transfected with MST1 siRNA (Figure 1B). Depletion of

MST1 by RNA interference (RNAi) also prevented the IFN-g-

induced phosphorylation of histone H2B on Ser14, suggesting

that IFN-g promoted the stimulation of MST1 activity for

phosphorylating histone H2B (Figure 1C). These results thus

implicated MST1 as a key mediator of IFN-g-induced apop-

tosis in microglia.

Daxx mediates IFN-c-induced MST1 activation

in microglia

To clarify the mechanism by which IFN-g regulates MST1, we

searched for MST1-binding proteins with the use of the yeast

two-hybrid assay and a HeLa cell cDNA library. We identified
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Figure 1 Depletion of MST1 by RNA interference downregulates IFN-g-induced apoptosis in primary rat microglia. (A) Primary rat microglial
cells were incubated for 48 h in the absence or presence of IFN-g (100 U/ml), were then fixed and stained with DAPI. DAPI-stained cells were
subjected to immunostaining with antibodies to Ser14-phosphorylated histone H2B and analysed by fluorescence microscopy. Arrowheads
indicate cells with condensed nuclei. Scale bars, 10mm. (B) Primary rat microglia were transfected for 24 h with siRNA oligonucleotides
targeting GFP (control) or MST1 mRNA and were then incubated for 48 h in the absence or presence of IFN-g (100 U/ml). Apoptosis was
analysed with TUNEL method. Data in the left panel are representative of three independent experiments. Data in the right panel are the mean
of triplicate determinations±s.d. Scale bar, 100 mm. (C) Primary rat microglia transfected with GFP or MST1 siRNA oligonucleotides were
incubated in the absence or presence of IFN-g (100 U/ml) for 16 h. Cell lysates were subjected to immunoblot analysis with antibodies to Ser14-
phosphorylated histone H2B (p-H2B), to histone H2B, or to MST1.
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several proteins including WW45 and Rassf1, both of which

are known as MST-binding proteins (Khokhlatchev et al,

2002; Scheel and Hofmann, 2003; Callus et al, 2006), as

well as death-associated protein 6 (Daxx). Among the identi-

fied proteins, we focused on Daxx because IFN-g enhanced

cellular levels of Daxx in primary rat microglia (Figure 2D)

and microglial BV-2 cells (Figure 2A). Furthermore, IFN-g
promoted a physical interaction between Daxx and MST1 in

the cells (Figure 2A). IFN-g also increased MST1 activity in

BV-2 cells, with this effect being maximal at 16 h after the

onset of exposure to IFN-g, coincident with the maximal

increase in Daxx abundance (Supplementary Figure S1).

The IFN-g-induced increases in both Daxx abundance and

MST1 activity in the cells were abolished by AG490, an

inhibitor of Janus kinase-2 (Meydan et al, 1996), suggesting

an involvement of the Janus kinase-2 pathway in IFN-g-

induced Daxx expression (Supplementary Figure S2). Taken

together, these observations suggested the possibility

that Daxx might mediate IFN-g-induced MST1 activation in

microglial cells.

To examine whether Daxx affects MST1 activity, we trans-

fected 293T cells with plasmids encoding HA-MST1 and Flag-

Daxx. Ectopic Daxx increased the kinase activity of MST1 in

the transfected cells (Figure 2B). Daxx also increased MST1

activity in vitro (Figure 2C), suggesting that Daxx directly

activates MST1. It is also noteworthy that MST1 did not

phosphorylate Daxx in vitro (Supplementary Figure S3). To

examine the potential role of Daxx in IFN-g-induced MST1

activation in microglia, we transfected primary rat microglial

cells with GFP (control) or Daxx siRNA oligonucleotides.

Immunoblot analysis revealed that IFN-g treatment increased

the abundance of Daxx in the cells transfected with control

siRNA, and this effect was abolished in Daxx siRNA-trans-

fected cells (Figure 2D). Concomitantly, IFN-g increased

MST1 activity in control siRNA-transfected cells, and deple-

tion of Daxx by RNAi prevented this effect of IFN-g. Similar

results were observed in separate experiments using BV-2

cells expressing Daxx siRNA (Supplementary Figure S4).

The RNAi-mediated depletion of Daxx also abolished the

phosphorylation of histone H2B on Ser14 in primary rat

microglia (Figure 2E). Together, these results suggested that

IFN-g upregulates the expression of Daxx and that Daxx in

turn mediates the activation of MST1 in microglial cells.

Daxx physically associates with MST1, thereby

promoting the homodimerization of MST1

We next examined which domains of Daxx and MST1 are

responsible for the interaction between the two proteins.

Ectopically expressed Daxx interacted with MST1 and MST1

(421–487), but not with MST1 (1–420), in 293T cells

(Figure 3A). Consistent with these data, in vitro binding

analysis revealed that Daxx bound to MST1 and MST1

(421–487), but not to MST1 (1–420) (Figure 3B). Further-

more, Daxx induced the activation of MST1 but not that of

MST1 (1–420) (Figure 3C). Reciprocal co-immunoprecipita-

tion analysis showed that MST1 bound to Daxx (1–500) and

Daxx (1–267), but not to Daxx (268–570) (Figure 3D) or Daxx

(498–740) (Supplementary Figure S5). Consistent with these
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Figure 2 Daxx mediates IFN-g-induced MST1 activation in microglial cells. (A) BV-2 cells were left untreated or treated with IFN-g (100 U/ml)
for 16 h. Cell lysates were subjected to immunoprecipitation (IP) with either goat preimmune IgG (IgG) or anti-Daxx antibody (a-Daxx), and the
resulting precipitates were subjected to immunoblot analysis with anti-MST1 antibody. Cell lysates were also immunoblotted with antibodies to
Daxx or to MST1. (B) 293T cells were transfected for 48 h with expression vectors for HA-MST1 and Flag-Daxx. Cell lysates were subjected to
immunoprecipitation with anti-HA antibody, and the resulting precipitates were assayed for MST1 activity by immune complex kinase assay.
(C) In vitro effect of Daxx on MST1 activity. 293T cell lysates were subjected to immunoprecipitation with anti-MST1 antibody. The MST1
immunoprecipitates were incubated at 301C for 30 min in 20ml of the kinase reaction buffer in the absence or presence of hexahistidine-tagged
Daxx (His-Daxx). The precipitates were washed twice with PBS, and then assayed for the kinase activity with histone H2B as substrate. The
equal amount of the immunoprecipitates was also immunoblotted with MST1 antibody. (D) (Left) Primary rat microglia transfected with GFP
or Daxx siRNA oligonucleotides were incubated in the absence or presence of IFN-g (100 U/ml) for 16 h. Cell lysates were subjected to
immunoprecipitation with anti-MST1 antibody and the resulting precipitates were assayed for MST1 activity by immune complex kinase assay.
Cell lysates were also examined directly by immunoblot analysis with antibodies to Daxx and MST1. (Right) MST1 activity (the intensity of the
bands corresponding to histone H2B phosphorylation) was quantified by densitometry. Data are mean values±s.d. from two independent
experiments. (E) Primary rat microglia transfected with GFP or Daxx siRNA oligonucleotides were left untreated or treated with IFN-g (100 U/
ml) for 16 h, and then lysed. Cell lysates were subjected to immunoblot analysis with antibodies to Ser14-phosphorylated histone H2B (p-H2B),
to histone H2B, or to Daxx.
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binding data, ectopically expressed Daxx or Daxx (1–500)

increased MST1 activity whereas Daxx (498–740) did not

(Figure 3E).

Homodimerization of MST1 contributes to the mechanism

of MST1 activation (Creasy et al, 1996; Glantschnig et al,

2002). Given that Daxx binds to MST1 (421–487) that in-

cludes the SARAH domain, which mediates MST1 homodi-

merization (Creasy et al, 1996; Scheel and Hofmann, 2003),

we examined whether Daxx might regulate the homodimer-

ization of MST1. We thus transfected Daxx�/� mouse

embryonic fibroblasts (MEFs) with plasmids encoding

Daxx, Flag-MST1, and HA-MST1, and subjected the cells to

co-immunoprecipitation analysis. Flag-MST1 was associated

with HA-MST1 only in the Daxx�/� MEF cells reconstituted

with Daxx (Figure 4A). In comparison, Flag-MST1 did not

form a complex with HA-MST1 (1–420) even in the cells

reconstituted with Daxx (Figure 4B). Together, these results

suggested that Daxx is indispensable for MST1 homodimer-

ization, and that the SARAH domain of MST1 is required for

the Daxx-dependent homodimerization of MST1.
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We next examined the effects of Daxx and its various

fragments on the homodimerization and kinase activity of

MST1 in Daxx�/� MEFs by transfection experiments. MST1

homodimerization was detected in Daxx�/� MEFs reconsti-

tuted with Daxx, Daxx (1–500), or Daxx (1–267), but not

in those expressing Daxx (498–740) (Figure 4C). The extent

of MST1 homodimerization was smaller in Daxx�/� MEFs

expressing Daxx (1–267) than in those expressing Daxx or

Daxx (1–500). The kinase activity of Flag-MST1 was mark-

edly increased in the Daxx�/� cells reconstituted with Daxx

or Daxx (1–500), but not in those expressing Daxx (498–740).

Daxx (1–267) also increased the kinase activity of Flag-MST1

in the transfected cells, but this effect was not as pronounced

as that of Daxx or Daxx (1–500). Together, these results

implicated MST1 homodimerization in the mechanism by

which Daxx activates MST1. WW45 and Rassf proteins have

been shown to interact with MST1 and thereby to regulate

MST1-mediated signalling (Khokhlatchev et al, 2002; Callus

et al, 2006; Oh et al, 2006; Lee et al, 2008). However, ablation

of the WW45 or Rassf1 genes did not affect the Daxx-induced

activation of MST1 in MEFs (Supplementary Figure S6),

suggesting that neither WW45 nor Rassf1 is involved in the

Daxx-mediated activation of MST1. It is also noteworthy that

RNAi-mediated depletion of Rassf5 did not affect IFN-g-

induced MST1 activation in BV-2 cells (Supplementary

Figure S7). Daxx has been found to interact with the pro-

myelocytic leukaemia protein PML (Ishov et al, 1999; Zhong

et al, 2000). Indeed, our co-immunoprecipitation data re-

vealed that PML associated with Daxx in BV-2 cells

(Supplementary Figure S8A). Noticeably, IFN-g treatment

increased the abundance of PML as well as Daxx in the

cells, thereby enhancing the binding between Daxx and

PML. However, PML did not associate with MST1 in the

cells regardless of IFN-g treatment. Immunoblot analysis with

phospho-MST1 antibody also indicated that RNAi-mediated

knockdown of PML did not affect the IFN-g-induced activa-

tion of MST1 in BV-2 cells (Supplementary Figure S8B).

Daxx has also been shown to form homodimers (Song and

Lee, 2003). Indeed, we detected the homodimerization of

either Daxx or Daxx (1–500) by co-immunoprecipitation

analysis with Daxx�/� MEFs (Figure 5A). In contrast, Daxx

(1–267) (Figure 5A) or Daxx (498–740) (Supplementary

Figure S9) did not appear to undergo homodimerization.

These observations are consistent with the idea that the

homodimerization of Daxx is crucial for its promotion of

the homodimerization and activation of MST1. We further
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antibodies to Flag, to HA, or to Daxx. (C) Daxx�/�MEFs were transfected for 48 h with vectors encoding Flag-MST1, HA-MST1, and HA-tagged
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tested this possibility with the use of the mutant Daxx (K630/

631A), in which both Lys630 and Lys631 are replaced by

alanine. Daxx (K630/631A) bound to MST1, as did wild-

type Daxx (Figure 5B), but the mutant protein did not form

homodimers efficiently (Figure 5C). We then compared the

effects of Daxx and Daxx (K630/631A) on the homodimeriza-

tion and kinase activity of MST1 in Daxx�/� MEFs trans-

fected with the appropriate vectors. In contrast to the effects

of Daxx, Daxx (K630/631A) did not induce the homodimer-

ization or activation of MST1 (Figure 5D).

Daxx promotes the nuclear translocation of MST1

MST1, which contains two nuclear export signal (NES) con-

sensus sequences near the COOH-terminus, is localized in the

cytoplasm of resting cells as a result of its NES-dependent

nuclear exclusion (Ura et al, 2001a). Given that Daxx resides

primarily in the nucleus (Ishov et al, 1999), we examined

whether Daxx might affect the subcellular localization of

MST1 after transfecting COS-7 cells with vectors for Flag-

MST1 and various HA-tagged Daxx variants. Confocal micro-

scopy revealed that full-length Daxx, Daxx (1–500), and Daxx

(498–740) were present in the nucleus, whereas Daxx (K630/

631A) was present mostly in the cytoplasm (Figure 6A). The

cytoplasmic localization of MST1 was not changed in the

cells expressing Daxx (K630/631A) or Daxx (498–740). In

contrast, MST1 was colocalized with Daxx or Daxx (1–500) in

the nucleus. These results suggested that the nuclear locali-

zation and MST1-binding ability of Daxx are required for its
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promotion of the nuclear translocation of MST1 from the

cytoplasm.

Given that Daxx induced the nuclear translocation of

MST1 in COS-7 cells, we examined whether the activation

of MST1 by the IFN-g-Daxx signalling pathway might be

detected in the nucleus of microglial cells. IFN-g induced an

increase in the amount of MST1 in the nucleus in BV-2 cells

expressing control siRNA but not in those expressing Daxx

siRNA (Figure 6B). Moreover, immunoblot analysis with

antibodies specific for MST1 phosphorylated on Thr183 (the

active form of MST1) revealed that IFN-g induced the activa-

tion of MST1 present in the nucleus, but not of that in the

cytosol, in the cells expressing control siRNA. This effect of

IFN-g was abolished in the cells expressing Daxx siRNA.

Furthermore, IFN-g induced an increase in the phosphory-

lated form of histone H2B in the nucleus in BV-2 cells

(Figure 6C). These effects of IFN-g were not apparent in the

cells expressing Daxx siRNA. These results thus suggested

that IFN-g-induced upregulation of Daxx expression

promotes the MST1-mediated phosphorylation of histone

H2B in the nucleus of microglial cells.

Daxx and MST1 mediate IFN-c-induced apoptosis

in microglia

Given that MST1 functions in IFN-g-induced apoptosis and

that Daxx mediates IFN-g-induced MST1 activation in micro-

glial cells, we examined whether Daxx-dependent MST1

activation contributes to IFN-g-induced apoptosis in micro-

glia. IFN-g induced a marked increase in the incidence of

apoptosis in primary rat microglia (Figure 7A) and BV-2 cells

transfected with control GFP siRNA (Figure 7B), but this

effect was suppressed by RNAi-mediated depletion of either

Daxx (Figure 7A and B). As shown in Figures 1C and 2E, IFN-g
also induced the phosphorylation of histone H2B in rat primary

microglia transfected with control siRNA, and again this effect

was attenuated in cells transfected with either Daxx or MST1

siRNAs. Together, these results suggested that Daxx and MST1

mediate IFN-g-induced apoptosis in microglia.
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Finally, we examined the effects of IFN-g on microglia

of MST1 knockout mice. IFN-g increased the abundance of

Daxx in primary microglia from both wild-type and MST1�/�

mice (Figure 7C). The MST1-deficient microglia, however, did

not exhibit the IFN-g-induced phosphorylation of histone

H2B (Figure 7C) and apoptosis (Figure 7D) that were appar-

ent in wild-type cells. Noticeably, IFN-g did not induce

expression of Daxx, MST1 activation, or apoptosis in astrocytes

from wild-type mice (Supplementary Figure S10). IFN-g-
induced apoptosis in microglial cells from wild-type mice

was not affected significantly by a pan-caspase inhibitor

z-VAD-fmk (Supplementary Figure S10B).

We also investigated the effect of IFN-g on the viability of

microglia in vivo. Microglial induction of Daxx was observed

in the brain of mice by immunohistochemistry 1 day after

IFN-g injection (Supplementary Figure S11). The induced

Daxx was present mainly in the nucleus of microglia

(Figure 7E). We then examined the viability of microglia in

the brain of wild-type or MST1-null mice 2 days after IFN-g
injection. Immunohistochemical staining with antibody to

the microglial marker Iba-1 revealed that IFN-g induced a

marked decrease in the number of microglia in the brain of

wild-type mice (Figure 7F). In contrast, this effect of IFN-g
was not apparent in the brain of MST1-null mice.
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In response to tissue injury or inflammatory stimuli,

microglia become activated and subsequently produce

both neurotrophic and neurotoxic substances (Streit et al,

1999; Liu and Hong, 2003). Persistent activation of microglia

for extended periods of time may result in irreversible da-

mage to neurons and contribute to the pathogenesis of

neurological disorders (Block and Hong, 2005; Block et al,

2007; Rogers et al, 2007). It is therefore important that the

promotion of inflammatory processes beneficial to tissue

integrity by activated microglia be terminated in a timely

manner, with one such means of termination being AICD.

Our results now show that both Daxx and MST1 are key

mediators of microglial cell death induced by the proinflam-

matory cytokine IFN-g. Additionally, the MST1-mediated

phosphorylation of histone H2B observed in IFN-g-treated

microglia implicates that this phosphorylation might be an

integral part of the mechanism for the MST1-mediated cell

death of microglia, given that MST1 promotes chromatin

condensation associated with apoptosis by means of the

Ser14 phosphorylation of histone H2B (Cheung et al, 2003).

Aside from histone 2B, it is also equally possible that the

components of the Hippo pathway may be involved in the

mechanism of the MST1-mediated microglial cell death. NO

is one of the players mediating AICD in microglia (Lee et al,

2001a, b; Mayo and Stein, 2007; Khazaei et al, 2008).

Therefore, it is intriguing to understand the mechanistic

link between MST1 and NO in IFN-g-induced microglial cell

death. In this regard, it is noticeable that siRNA-mediated

depletion of MST1 did not affect the IFN-g-induced NO

production (Supplementary Figure S12), suggesting that

MST1 signalling is not involved in IFN-g-induced NO produc-

tion in microglia. These data also implicate that NO may not

be involved in the signalling events downstream of MST1 in

IFN-g-induced cell death in microglia. With these findings,

one may propose that MST1 and NO mediate IFN-g-induced

microglial cell death through independent mechanisms. We

do not rule out, however, another possibility that NO may act

upstream of MST1 in the processes of IFN-g-induced micro-

glial cell death. Under certain conditions, MST1 has been

reported to promote apoptotic events through the upregula-

tion of the stress-induced protein kinases including JNK and

p38 kinase (Graves et al, 1998; Ura et al, 2001b). However,

either SP600125 (a JNK inhibitor) or SB203580 (a p38

inhibitor) did not inhibit IFN-g-induced apoptosis in BV-2

cells (Supplementary Figure S13), suggesting that JNK or p38

kinase are not involved in the MST1-mediated apoptosis in

microglia. Regardless of the upstream and downstream fac-

tors of MST1 responsible for IFN-g-induced microglial cell

death, our findings suggest that Daxx and MST1 may serve as

new targets for the development of novel therapeutic agents

for neurodegenerative disorders associated with neuroinflam-

mation. It is also noteworthy that the IFN-g-induced increases

in Daxx expression as well as MST1 activation are also

apparent in primary alveolar macrophages (Supplementary

Figure S14).

The molecular mechanisms of MST1 regulation have re-

mained largely unclear, with caspase-mediated cleavage hav-

ing been the best characterized such mechanism (Graves

et al, 2001; Cheung et al, 2003). Caspase-mediated cleavage

of MST1 has been thought to liberate the NH2-terminal kinase

domain from the NES located in the regulatory COOH-

terminal region, resulting in translocation of the kinase

domain into the nucleus and consequent phosphorylation

of nuclear substrates such as histone H2B (Ura et al,

2001a). It has been also thought that, if MST1 becomes

activated by a cleavage-independent mechanism, the intact

MST1 remains in the cytoplasm and phosphorylates its

cytoplasmic substrates (Radu and Chernoff, 2009). This

scenario is now challenged by our present data, indicating

that Daxx induces both the nuclear translocation of intact

MST1 and its activation in the nucleus. Our findings thus

provide new insight into the regulation of MST1 and thus into

how MST1 influences a variety of cellular events including

cell proliferation and differentiation as well as apoptosis and

morphogenesis.

Materials and methods

Antibodies and reagents
Rat monoclonal anti-HA antibody was obtained from Roche Applied
Science, Mannheim, Germany. Mouse monoclonal antibodies to
Flag and to a-tubulin as well as rabbit monoclonal antibody to HA
were from Sigma (St Louis, MO). Rabbit polyclonal antibodies to
MST1 and to Thr183-phosphorylated MST1 were from Cell Signaling
(Boston, MA), and rabbit monoclonal anti-histone H2B antibody
was from Upstate Biotechnology (Lake Placid, NY). Mouse
monoclonal and goat polyclonal antibodies to Daxx as well as
rabbit polyclonal antibodies to Ser14-phosphorylated histone H2B
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Rabbit polyclonal antibodies to Iba-1 were from Wako (Osaka,
Japan), and OX-42 antibodies to CD11b were from Serotec (Oxford,
UK). Murine and rat IFN-g were purchased from PeproTech (Rocky
Hill, NJ). Caspase inhibitor (z-VAD-fmk) and AG490 were from
Calbiochem (San Diego, CA).

Cell culture and DNA transfection
Murine microglial BV-2, human embryonic kidney 293T, monkey
kidney COS-7 cells, as well as MEFs (Ishov et al, 1999) derived from
Daxx�/� mice were cultured under a humidified atmosphere of 5%
CO2 at 371C in DMEM supplemented with 10% FBS. For primary
culture of rat microglia, single cells were prepared from the cerebral
cortex of 1-day-old Sprague-Dawley rats (Orient, Seoul, Korea) by
trituation in minimal essential medium (GIBCO) supplemented with
10% FBS and 2 mM glutamine. The cells were plated in 75 cm2

T-Flasks (SPL Life Sciences, Seoul, Korea) and incubated for 14
days, after which the flasks were gently shaken and the cells were
isolated by filtration through a cell strainer with a pore size of 70mm
(Falcon). The cells were then plated in 60 mm culture dishes
(1�105 cells/dish) for experiments. The quality of primary micro-
glia was checked with immunostaining with antibody to the
microglial marker Iba-1. More than 95% of the cells in primary
cultures were Iba-1-positive cells. For DNA transfection, BV-2, 293T,
and MEF cells were plated in 100 mm dishes at 1�106 cells/dish,
grown for 48 h, and transfected with appropriate vectors with the
use of Lipofectamine 2000 (Invitrogen). Primary rat microglial cells
were transfected with indicated siRNA oligonucleotides with
Hiperfect (Qiagen).

Plasmids
The pME18S vector containing cDNA for Flag-tagged MST1 was
kindly provided by S Yonehara (Kyoto University, Japan). The
pET-23b/MST1 (K59R) vector was described previously (Oh et al,
2006). To generate a plasmid encoding MST1 with an NH2-terminal
HA tag, we subcloned MST1 cDNA into the pHM6 vector (Roche)
with the use of PCR. The pRK5/Flag-Daxx, pET-28a/Daxx,
pcDNA3/HA-Daxx, and pcDNA3 vectors encoding various deletion
mutants of Daxx were kindly provided by S Kim (Seoul National
University, Korea).

Immune complex kinase assay
Cells were lysed in a lysis buffer (Ryoo et al, 2004), and assayed for
MST1 activity by immune complex kinase assay with histone H2B
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as substrate, as previously described (Park et al, 2001; Ryoo et al,
2004).

Co-immunoprecipitation analysis
Co-immunoprecipitation was performed as described previously
(Cho et al, 2003). In brief, cell lysates were centrifuged at 12 000 g
for 20 min at 41C, and the resulting supernatants were incubated at
41C first for 2 h with the indicated antibodies and then for 1 h in the
presence of protein G-conjugated Sepharose beads (Amersham
Bioscience). The immunoprecipitates were subjected to immuno-
blot analysis with the indicated primary antibodies, and immuno-
reactive bands were visualized with horseradish peroxidase-
conjugated secondary antibodies (Amersham Bioscience) and
enhanced chemiluminescence reagents (Pierce).

In vitro binding assay
Full-length and deletion mutants of Daxx were translated in vitro in
the presence of [35S]methionine with the use of a Quick Coupled
TnT kit (Promega). The 35S-labelled proteins were incubated for 2 h
at 41C with bacterially expressed hexahistidine-tagged MST1 in a
binding buffer (Cho et al, 2003), after which Ni-NTA beads (Qiagen)
were added to the reaction mixture. Bead-bound proteins were
washed three times with a washing buffer (50 mM Hepes, pH 7.5,
150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, and 0.1% Tween
20), and eluted from the beads with a solution containing 50 mM
sodium phosphate buffer (pH 8.0), 300 mM NaCl, and 250 mM
imidazole. Eluted 35S-labelled proteins were detected by SDS–PAGE
and a Fuji BAS 2500 phosphoimager.

RNAi
The target sequences for MST1 or Daxx siRNAs were selected with
the use of the siRNA target finder program of Ambion (http://
www.ambion.com). They included 50-AATCGGACCTGCAGGAGA
TAA-30 for mouse MST1 siRNA as well as 50-AACAGGCGCATTGAA
CGGCTC-30 for mouse Daxx siRNAs. BV-2 cells were transfected
with pSuper-retro (Oligoengine) vectors for mouse Daxx or MST1
siRNAs or with a control vector for GFP siRNA with the use of
Lipofactamine, and stable transfectants were selected with the use
of puromycin (3mg/ml). Heterogeneous populations of the stable
transfectants were used to avoid clonal variation. The siRNA
duplexes specific for rat MST1 and Daxx mRNAs were synthesized
chemically by Invitrogen and targeted to the sequences
50-AATCGGACCTGCAGGAGATAA-30 and 50-AAGATGAAGCAGCTGC
TCAGC-30 (Lin et al, 2004), respectively; the GFP control siRNA was
targeted to the sequences 50-GTGCAAGTGCAAACCAGACTT-30.
Primary rat microglia were transfected with the siRNA duplexes
with the use of Hiperfect (Qiagen).

Preparation of the nuclear and cytosolic fractions
BV-2 cells were trypsinized, washed with cold PBS twice, and
suspended in buffer A (10 mM Hepes, pH 7.9, 0.1 mM EDTA,
0.1 mM EGTA, 10 mM KCl, 1 mM dithiothreitol, and 0.5 mM
phenylmethylsulfonyl fluoride). After swelling on ice for 10 min,
cells were solubilized by 0.1% Nonidet P-40 in buffer A and were
then subjected to microcentrifugation at 6000 r.p.m. for 45 s. The
supernatant (cytosolic fraction) was separated from the pellets. The
pellets were subsequently washed twice with cold buffer B (0.32 M
sucrose, 3 mM CaCl2, 2 mM magnesium acetate, 0.1 mM EDTA,
10 mM Tris–HCl, pH 8.0, 1 mM dithiothreitol, and 0.5 mM phenyl-
methylsulfonyl fluoride) and centrifuged at 12 000 g at 41C for
1 min. The resulting pellets were resuspended in cold buffer C
(20 mM Hepes, pH 7.9, 1 mM EDTA, 1 mM EGTA, 400 mM NaCl,
1 mM dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride),
with vortexing every 10 min for a total of 40 min, and then
centrifuged at 12 000 g at 41C for 15 min. The supernatant (nuclear
fraction) was separated from the insoluble parts.

Apoptosis assay
BV-2 cells were trypsinized, incubated with annexin V-FITC and
propidium iodide (PI), and analysed by flow cytometry (FacsCali-
bur, Becton-Dickinson) with CellQuest software (BD Biosciences)
for the detection of apoptotic cells (annexin V-positive, PI-negative).
Primary rat microglia was incubated with TUNEL reaction mixture
(Cho et al, 2003) for apoptosis analysis and then stained with DAPI.
TUNEL-positive nuclei were analysed for apoptosis under Carl Zeiss
Axiovert 200 fluorescence microscope. Data were expressed as the

percentages of TUNEL-positive nuclei (the number of TUNEL-
positive nuclei/the number of DAPI-stained nuclei � 100).

Yeast two-hybrid screening
Yeast two-hybrid screening was performed according to the
manufacturer’s protocol (Clontech). In brief, mouse MST1 (K59R)
cDNA was inserted adjacent to the cDNA sequence for the DNA-
binding domain of LexA in the pLexA bait vector. About 2�106

clones of a HeLa cDNA library (Clontech) were screened in
Saccharomyces cerevisiae EGY48[p8op-lacZ]. Positive colonies were
selected in the presence of X-gal in medium without adenine, uracil,
tryptophan, and histidine, and the corresponding cDNAs were
rescued from yeast by PCR with primers Bco I (50-CCAGCTCTTGCT
GAGTGGAGATG-30) and Bco II (50-GACAAGCCGACAACCTTGATTG
GAG-30). The DNA sequences of the resulting PCR products were
determined with the use of the Bco I primer.

Stereotaxic injection in mouse brain
In vivo experiments with mice were performed in accordance with
the approved protocols and guidelines of the Korea University
Ethics Review Committee for animal experiments. IFN-g (2000 U) or
PBS was injected stereotaxically into the cerebral cortex of 8- to 12-
week-old wild-type or MST1-null mice (Oh et al, 2009). The mice
(body mass of B30 g) were anaesthetized by intraperitoneal
injection of a mixture of zoletil (75 mg/kg) and rompun (5 mg/kg)
and were then positioned on a Kopf stereotaxic apparatus (model
900; David Kopf Instruments, Tujunga, CA). The stereotaxic
coordinates for the cortex were anterior–posterior, þ 1.1 mm;
medial–lateral, ±1.0 mm; and dorsal–ventral, �1.5 mm. The
stereotaxic injection was performed at a rate of 0.2ml/min, with
the use of a microinjection autopump and a 10-ml Hamilton
microsyringe filled with 1.5ml of IFN-g or PBS.

Immunohistochemistry
Mice were perfused transcardially with PBS and then with 3%
paraformaldehyde. The brain was removed from the cranium,
postfixed for 1 day, washed with PBS, and then immersed in 30%
sucrose solution. The tissue was sectioned coronally at a thickness
of 30mm with a microtome, and every sixth serial section was
selected and processed for immunostaining. The sections were fixed
in 3% paraformaldehyde, washed with PBS, and incubated for
10 min in a solution containing 3% H2O2 and 0.25% Triton X-100 at
room temperature, and then for 1 h with 10% horse serum. For
microglia immunohistochemistry, the sections were incubated
overnight at 41C with rabbit antibodies to Iba-1 or to CD11b, for
2 h with biotin-conjugated goat antibodies to rabbit IgG, and for 1 h
with avidin–biotin–peroxidase complex (Vector Laboratories).
The sections were finally exposed to 3,30-diaminobenzidine tetra-
hydrochloride dehydrate (Sigma), mounted on gelatin-coated
slides, and examined with a bright-field microscope (Olympus).
For Daxx immunohistochemistry, the sections were immunostained
with goat anti-Daxx and rabbit anti-Iba-1 antibodies, then with
Alexa 546-conjugated anti-goat and Alexa 488-conjugated anti-
rabbit secondary antibodies (Invitrogen), followed by nuclear
staining with DAPI (5mg/ml). The fluorescent images were
visualized with Olympus BX51 microscope equipped with Olympus
DP70 digital camera.

Statistical analysis
Data are presented as means±s.d. or s.e.m. ANOVA and the
Student–Newman–Keuls test were used for multiple comparisons.
A P-value of o0.05 was considered statistically significant.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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