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Chromatin condensation is the most recognizable nuclear hallmark of apoptosis. Cleavage and activation of
MST1 by caspases induce chromatin condensation. It was previously reported that, during apoptosis, activated
MST1 induced c-Jun N-terminal kinase (JNK) activation and also phosphorylated histone H2B. However,
which of these mechanisms underlies MST1’s induction of chromatin condensation has yet to be clarified.
Here, we report that MST1-mediated activation of JNK is both essential and sufficient for chromatin conden-
sation. MST1 activation did not result in chromatin condensation in mitogen-activate protein kinase kinase 4
(MKK4)/MKK7 double knockout (MKK4/7 DKO) embryonic stem (ES) cells, which genetically lack the ability
to activate JNK. On the other hand, constitutively active JNK was able to induce chromatin condensation in
MKK4/7 DKO ES cells. In contrast, histone H2B phosphorylation did not correlate with chromatin conden-
sation in wild-type ES cells. Finally, inhibition of JNK as well as inhibitor of caspase-activated DNase blocked
chromatin condensation during Fas-mediated apoptosis of Jurkat cells. Taken together, our results indicate
that caspase-mediated cleavage of MST1, followed by MST1-mediated activation of the JNK pathway, is the
mechanism responsible for inducing chromatin condensation during apoptosis.

Apoptosis, or programmed cell death, is fundamental to
both the development and homeostasis of multicellular organ-
isms (14, 35). Apoptosis is an active process triggered by a
broad range of stimuli, including death ligands, DNA damage,
and cellular stresses. Although apoptosis-inducing stimuli are
structurally and functionally diverse, they induce a common
cell death process characterized by cell shrinkage and detach-
ment, membrane blebbing, chromatin condensation, DNA
fragmentation, and apoptotic body formation. This apoptotic
program is regulated by a proteolytic cascade mediated by the
caspase family of cysteine proteases (5, 24, 30). Caspases are
originally expressed as inactive precursors, but when a cell
receives an apoptotic stimulus, the signal induces the autopro-
teolytic activation of initiator caspases such as caspase-8 and
-9. Once activated, the initiator caspases cleave and activate
downstream effector caspases, such as caspase-3 and -6, which
in turn cleave various cellular substrates that may be activated
or inactivated (20). One of the critical substrates cleaved by
effector caspases is inhibitor of caspase-activated DNase
(ICAD). Cleavage of ICAD by caspase-3 releases the enzyme
caspase-activated DNase (CAD), which is responsible for nu-
cleosomal DNA fragmentation during apoptosis (8, 17, 18).
However, the molecular mechanisms that underlie other char-

acteristic morphologies of apoptotic cells have yet to be eluci-
dated, and the biological functions of most caspase substrates
remain unknown.

A striking hallmark of apoptosis is chromatin condensation,
in which the cell’s genomic DNA condenses to form small
particles in the nucleus. Chromatin condensation progresses in
two distinct steps: stage I involves chromatin compaction while
stage II involves DNA fragmentation (27). Because caspase
inhibitors can block chromatin condensation induced by apop-
totic stimuli, it is believed that caspase-mediated cleavage of
cellular substrates is important for one or both stages of this
process (27, 37, 39). Among caspase substrates, CAD is con-
sidered to be a key regulator of DNA fragmentation (23, 25,
38). Inhibition of CAD allows discrimination between the two
stages of chromatin condensation because loss of CAD func-
tion blocks only DNA fragmentation and not chromatin com-
paction (25, 27). The nucleus of the cell in which CAD is
inhibited assumes a morphological pattern called “peripheral
chromatin condensation,” so named because the chromatin
condenses around the periphery of the nucleus rather than
adopting the apoptotic condensation morphology that results
when both stage I and stage II are completed. These results
suggest that the digestion of nucleosomal DNA by CAD is not
connected to the induction of chromatin compaction. Thus, it
is likely that there is another caspase substrate that drives stage
I of chromatin condensation during apoptosis.

MST1 is a prominent kinase cleaved by caspases during
apoptosis (11, 16). MST1 was originally discovered as a mam-
malian homologue of the budding yeast gene STE20, which
is the mitogen-activated protein kinase kinase kinase kinase
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(MAPKKKK) enzyme of the Saccharomyces cerevisiae MAPK
cascade (4, 29). Human MST1 has two caspase cleavage sites
situated between its N-terminal kinase domain and its C-ter-
minal regulatory domain (10, 11). Once cleaved by a caspase,
MST1 becomes constitutively active (CA) and activates the
stress-response MAPK pathways mediated by p38 and c-Jun
N-terminal kinase (JNK; also called the stress-activated pro-
tein kinase) (11). We previously reported that MST1 overex-
pression induces caspase activation and apoptotic morphology
(34) and that activated MST1 translocates from the cytoplasm
to the nucleus and enhances the induction of peripheral chro-
matin condensation (33). These data suggested that MST1
might be the caspase substrate that induces chromatin com-
paction (stage I) during apoptosis. We also showed that MST1-
induced apoptotic morphology could be suppressed by expres-
sion of dominant-negative (DN) JNK (34), indicating that the
JNK pathway is the main downstream target of caspase-
cleaved MST1 during apoptosis. However, MST1 is also known
to phosphorylate histone H2B in vitro (16) and was recently
shown by Cheung et al. to directly phosphorylate Ser14 of
histone H2B in vivo (3). Cheung and colleagues therefore
hypothesized that histone H2B phosphorylation is the trigger
that induces chromatin condensation (3). To clarify which sig-
naling pathway downstream of MST1 induces chromatin con-
densation in apoptotic cells, we analyzed MST1-induced pe-
ripheral chromatin condensation in MKK4/MKK7 double
knockout (MKK4/7 DKO) embryonic stem (ES) cells that lack
function of the JNK pathway. We provide clear genetic evi-
dence that MST1-mediated activation of JNK is both essential
and sufficient for the induction of peripheral chromatin con-
densation. Furthermore, inhibition of JNK blocked peripheral
chromatin condensation during Fas-mediated apoptosis. Our
data therefore indicate that caspase-mediated cleavage of
MST1 and the resulting activation of the JNK pathway are key
elements of the mechanism by which chromatin condensation
is induced during apoptosis.

MATERIALS AND METHODS

Plasmids. Construction of the Myc-tagged CA MST1 (CA-MST1) expression
vector (pcMycMST1 containing residues 1 to 330 [pcMycMST1(1–330)]) and its
kinase-dead (KD-MST1) mutant [pcMycMST1(1–330 KD)] were described pre-
viously (34). The histone H2B-enhanced green fluorescent protein (EGFP) fu-
sion protein expression vector (pH2B-EGFP) was constructed by replacing
DsRed1 of pH2B-DsRed1 with EGFP (13, 33). For expression in ES cells, the
expression vector pCE-IRES2-EGFP was constructed by inserting the internal
ribosome entry site 2 (IRES2) sequence between the EF-1 promoter and the
EGFP sequence of pCE-EGFP, followed by insertion of the HindIII/EcoRI
fragment of pcMycMST1(1–330) (containing Myc-tagged CA-MST1) before the
IRES2 sequence to give pCE-MycMST1(1–330)-IRES2-EGFP. The KD mutant
counterpart was constructed using the same method. The EGFP sequence of
pCE-IRES2-EGFP was replaced by the histone H2B-EGFP fusion gene to con-
struct pCE-IRES2-H2B-EGFP, and CA-MST1 was also inserted into this vector
[pCE-MycMST1(1–330)-IRES2-H2B-EGFP]. The MKK7-Flag-JNK1 fragment
and its KD mutant counterpart (bearing a mutation in the JNK1 kinase domain
[32]) were subcloned from pEF-MKK7-Flag-JNK1 into pCE-IRES2-EGFP/
H2B-EGFP. DN JNK [pcFlag-JNK1(APF)] (34) and DN c-Jun [pCS2-c-Jun-
(TAM)] (32) were described previously. The construction of the cleavage-nega-
tive ICAD (ICAD-CN) has also been described previously (34). The ICAD-CN
fragment was subcloned into pIRES2-H2B-EGFP in which the EGFP sequence
of pIRES2-EGFP (Clontech) was replaced by H2B-EGFP.

Cell culture and transfections. 293T and HeLa cells were cultured in Dulbec-
co’s modified Eagle’s medium (Nissui) with 10% fetal bovine serum (FBS) in a
5% CO2 humidified atmosphere at 37°C. Cells were plated 18 h before trans-
fection at a density of 1 � 105 cells/35-mm dish. The culture medium was

changed to 2 ml of OptiMEM-I (GIBCO/Invitrogen) just prior to transfection.
Transfection was performed with FuGENE6 (Roche) for 293T cells and with
Lipofectamine 2000 (Invitrogen) for HeLa cells. In some experiments, the
caspase inhibitor Z-Asp-CH2-DCB (50 �M; Bachem) was added to the culture
medium at 3 h posttransfection.

The generation of MKK4/7 DKO ES cells has been described previously (22).
MKK4/7 DKO and wild-type (WT) E14K (parent strain) ES cells were main-
tained in Dulbecco’s modified Eagle’s medium (GIBCO/Invitrogen) containing
15% FBS and supplemented with leukemia inhibitory factor and �-mercapto-
ethanol as described previously (21). Cells were plated 18 h prior to transfection
at a density of 5 � 105 cells/35-mm dish, and transfection was carried out as
described for HeLa cells. In some experiments, Z-Asp-CH2-DCB (50 �M) was
added to the ES culture medium at 3 h posttransfection.

HL60 cells and Jurkat cells were cultured in RPMI 1640 medium (Sigma)
containing 10% FBS. HL60 cells were plated 18 h prior to apoptosis induction at
a density of 5 � 105 cells/35-mm dish and treated with 20 �g/ml etoposide to
induce apoptosis. Jurkat cells were plated 18 h prior to transfection at a density
of 5 � 105 cells/35-mm dish. Then, transfection was performed with Lipo-
fectamine 2000, and cells were cultured for 21 h prior to apoptosis induction. The
JNK inhibitor SP600125 (5 �M; Sigma) was added at the same time as apoptosis
was induced by the addition of 100 ng/ml anti-Fas antibody ([Ab] clone CH-11;
MBL Japan).

Cell lysis and histone acid extraction. For Western blotting, ES cells were
transfected with expression vectors containing the IRES2-EGFP or IRES2-H2B-
EGFP sequence (see above). For whole-cell lysis, harvested cells were lysed in a
buffer containing 150 mM NaCl, 20 mM Tris-HCl (pH 7.5), 10 mM �-glycero-
phosphate, 5 mM EGTA, 1 mM NaPPi, 5 mM NaF, 0.5% Triton X-100, 1 mM
NaVO4, 5 mM dithiothreitol, 0.5% (vol/vol) aprotinin, and 1 mM phenylmeth-
ylsulfonyl fluoride.

For the analysis of histone modifications, cells were suspended in an extraction
buffer containing 10 mM HEPES (pH 7.9), 1.5 mM MgCl2, 10 mM KCl, 0.5 mM
dithiothreitol, 1.5 mM phenylmethylsulfonyl fluoride, and 0.1% (vol/vol) phos-
phatase inhibitor cocktail 1 and 2 (Sigma). The cells were acid extracted by the
addition of a one-fifth volume of 1 N HCl and placed on ice for 30 min. The
acid-extracted lysate was centrifuged, and the supernatant was neutralized by
adding an appropriate volume of 3 N Tris base.

Both whole-cell lysates and acid-extracted lysates were boiled with Laemmli’s
sample buffer and subjected to Western blot analysis.

Western blot analysis. Proteins were fractionated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride
membrane that was then incubated in blocking solution (5% skim milk in Tris-
buffered saline [TBS]) for 1 h. The blocked membrane was incubated with
anti-c-Myc Ab (clone 9E10; Santa Cruz), anti-phospho-JNK, anti-JNK1 (which
recognizes both splicing variants of JNK1: 46 kDa and 55 kDa), anti-phospho-
c-Jun Ser63, anti-c-Jun (all from Cell Signaling Technology), anti-phospho-his-
tone H2B Ser14, or anti-histone H2B (both from Upstate) in blocking solution
for 1 h. The membrane was then washed in TBS-Tween 20 (0.05%), incubated
with anti-mouse/rabbit horseradish peroxidase-conjugated Ab (Jackson Immu-
noResearch Laboratory) for 30 min, and washed three times in TBS-Tween 20.
Proteins were visualized using Immobilon HRP (Millipore) or the SuperSignal
West Femto Kit (Pierce) and a ChemiDoc XRS system (Bio-Rad).

Nucleosomal DNA fragmentation assay. Cells were incubated in 100 �l of lysis
buffer (10 mM Tris-Cl, pH 7.5, 10 mM EDTA, 0.5% Triton X-100) for 10 min on
ice followed by microcentrifugation for 15 min at 4°C. The supernatant was
recovered and incubated first with 2 �l of RNase A (20 mg/ml) for 1 h at 37°C
and then with 2 �l of proteinase K (20 mg/ml) for 1 h at 37°C. DNA in the
supernatant was precipitated by adding 20 �l of 5 M NaCl plus 120 �l of
isopropanol and incubating overnight at �20°C. Precipitated DNA was resus-
pended in Tris-EDTA buffer and subjected to 1.6% agarose gel electrophoresis
in Tris-borate-EDTA buffer. Fractionated DNA was stained with ethidium bro-
mide and observed under UV illumination using the ChemiDoc XRS system.

Chromatin condensation assay. For confocal laser scanning microscope
(CLSM) studies, 293T cells were cotransfected with the nuclear marker expres-
sion vector pH2B-EGFP/pH2B-DsRed1, and ES cells and Jurkat cells were
transfected with expression vectors containing the IRES2-H2B-EGFP sequence.
After 24 h, cells were harvested by incubation in 5% EDTA–phosphate-buffered
saline (PBS) for 10 min at 37°C and attached to poly-L-lysine-coated coverslips by
centrifugation. Attached cells were fixed in 4% formaldehyde, and nuclear mor-
phology was visualized by H2B-EGFP/DsRed1 fluorescence using a Zeiss LSM-
510 CLSM. Cross-sectional images of each cell showing the nucleus were ob-
tained, and the percentage of nuclei showing peripheral chromatin condensation
was calculated.
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Immunohistochemistry. Etoposide-treated HL60 cells and MST1-transfected
ES cells were suspended and attached to poly-L-lysine-coated coverslips by cen-
trifugation. Attached cells were fixed in 4% formaldehyde and permeabilized
using 0.5% Triton X-100 in PBS. Permeabilized cells were treated for 1 h with
blocking solution (2% bovine serum albumin and 2% FBS in PBS) at room
temperature and incubated with rabbit anti-phospho-histone H2B Ser14 mono-
clonal Ab (Upstate) in blocking solution overnight at 4°C. Cells were washed
twice in PBS, incubated with Alexa 546-conjugated anti-rabbit secondary Ab
(Invitrogen) for 30 min, and washed twice in PBS. The fluorescent signal indi-
cating the presence of phospho-histone H2B Ser14 was visualized using a Zeiss
LSM-510 CLSM.

RESULTS

MST1 induces peripheral chromatin condensation in a
caspase-independent manner. We previously reported that
overexpression of MST1 in 293T cells induced peripheral chro-
matin condensation in the absence of an apoptotic stimulus
(33, 34), leading us to hypothesize that MST1 might act down-
stream of caspases to induce chromatin compaction. To test
this hypothesis, we introduced CA-MST1 [Myc-MST1(1–330)]
into 293T cells and investigated the effect of the caspase in-
hibitor Z-Asp-CH2-DCB on MST1-induced peripheral chro-
matin condensation. Expression of CA-MST1 induced periph-
eral chromatin condensation, as expected (Fig. 1A), and this
condensation was not affected by the addition of the caspase
inhibitor (Fig. 1B). Thus, caspase activation downstream of
MST1 is not necessary for the induction of peripheral chro-
matin condensation. This result strongly suggests that MST1 is
a downstream effector of caspases.

JNK is essential for MST1-induced peripheral chromatin
condensation. To clarify the involvement of JNK in MST1-
induced peripheral chromatin condensation, we took advan-
tage of our previously generated strain of MKK4/7 DKO ES
cells (22). These cells lack all JNK-activating MAPKKs and
cannot activate JNK in response to various cellular stimuli. It
has previously been shown that apoptotic signaling pathways in
WT ES cells are identical to those in somatic cells and that the
usual hallmark morphologies are exhibited by apoptotic ES
cells (37). To confirm that MST1 can induce peripheral chro-
matin condensation in ES cells as it does in somatic cells, we
introduced CA-MST1 into WT ES cells in the presence of
caspase inhibitor. We found that the pattern of peripheral
chromatin condensation induced in ES cells (Fig. 2A) was
strikingly similar to that in 293T cells (Fig. 1A). Next, we
introduced CA-MST1 and KD-MST1 [Myc-MST1(1–330 KD)]
into WT and MKK4/7 DKO ES cells and cultured these cells
with caspase inhibitor. When we examined JNK activation in
these cells, we found that CA-MST1 induced the phosphory-
lation of two splicing variants of JNK (approximately 46 kDa
and 55 kDa) in WT ES cells in a manner that was dependent
on MST1’s kinase activity (Fig. 2B). In contrast, even the basal
level of JNK phosphorylation was diminished in MKK4/7 DKO
ES cells, and no MST1-induced elevation in JNK phosphory-
lation was observed in response to CA-MST1 expression (Fig.
2B). In addition, MST1-induced peripheral chromatin conden-
sation was observed only when CA-MST1 was expressed in WT
ES cells and not in MKK4/7 DKO ES cells (Fig. 2C). This
chromatin condensation activity strongly correlated with the
level of JNK phosphorylation. Thus, JNK is the essential target
through which MST1 induces peripheral chromatin conden-
sation.

Activation of JNK is sufficient to induce peripheral chroma-
tin condensation. We next examined whether JNK activation
on its own was sufficient to induce peripheral chromatin con-
densation. It was recently reported that JNK1 fused to MKK7
functions as a CA form of JNK (32). We transfected MKK4/7
DKO ES cells with either the MKK7-JNK1 fusion protein or
its KD counterpart bearing a mutation in the JNK domain.
Because JNK can reportedly induce caspase activation through
proapoptotic Bcl-2 family proteins (32), we performed these
experiments in the presence of caspase inhibitor to exclude any
effects of caspase activation downstream of the MKK7-JNK1
fusion protein. We first analyzed these cells for phosphoryla-
tion and expression levels of c-Jun, a transcription factor
known to be phosphorylated and activated by JNK. Our results
showed that expression of the MKK7-JNK1 fusion protein in
MKK4/7 DKO ES cells both induced c-Jun phosphorylation
and increased c-Jun expression (Fig. 3A). Notably, expression
of the MKK7-JNK1 KD mutant did not induce c-Jun phos-
phorylation (Fig. 3A), confirming the necessity of intact JNK
function for c-Jun activation and ruling out the possibility that

FIG. 1. Expression of CA-MST1 induces peripheral chromatin
condensation in a caspase-independent manner. (A) Typical chroma-
tin condensation morphology induced by MST1 expression in 293T
cells. Control vector (Control) or CA-MST1 [Myc-MST1(1–330)] vec-
tor was transfected into 293T cells. pH2B-DsRed1 was cotransfected
as a nuclear marker. After 18 h, nuclei were examined by CLSM.
Nuclei of CA-MST1-transfected cells show the morphology typical of
peripheral chromatin condensation. (B) Peripheral chromatin conden-
sation induced by MST1 is caspase-independent. 293T cells were trans-
fected with CA-MST1 in the presence of the caspase inhibitor Z-Asp-
CH2-DCB (25 �M) or solvent alone (0.1% dimethyl sulfoxide). After
18 h, nuclei were examined by CLSM. Results shown are the mean
percentage � standard deviation of cells with nuclei showing periph-
eral chromatin condensation and are representative of three trials.
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the MKK7 domain of MKK7-JNK1 might have phosphory-
lated endogenous JNK. When we examined peripheral chro-
matin condensation in the MKK7-JNK1-transfected MKK4/7
DKO ES cells, we found that expression of the fusion protein
induced peripheral chromatin condensation in a manner de-
pendent on the kinase activity of JNK (Fig. 3B). These data
clearly show that JNK activity is sufficient to induce peripheral
chromatin condensation.

Histone H2B Ser14 phosphorylation does not correlate with
MST1-induced peripheral chromatin condensation. Histone

H2B is commonly phosphorylated at Ser14 in apoptotic cells
(1, 3). Moreover, it was recently shown that MST1 can directly
phosphorylate histone H2B Ser14 in vivo (3). These observa-
tions prompted us to determine whether MST1-mediated
phosphorylation of histone H2B Ser14 correlated with chro-
matin condensation. Because various apoptotic stimuli (includ-
ing etoposide and UV) are known to trigger substantial histone
H2B Ser14 phosphorylation in HL60 cells (3), we employed
this cell line to examine the capability of the Ab against histone
H2B phosphorylation. When we treated HL60 cells with the
DNA-damaging agent etoposide, the cells underwent apopto-
sis within several hours and showed extensive nucleosomal
DNA fragmentation (Fig. 4A). We then extracted the core
histones from HL60 cells treated with etoposide for 3 h and
noted that the phosphorylation of histone H2B Ser14 was
strongly elevated (Fig. 4B), confirming the previous report (3).
Immunofluorescent staining using a monoclonal Ab recogniz-
ing phospho-histone H2B Ser14 also showed a strong elevation
of histone H2B phosphorylation in the nuclei of etoposide-
treated HL60 cells (Fig. 4C). In contrast, when we examined
histone H2B Ser14 phosphorylation in WT ES cells in which
peripheral chromatin condensation was induced by expres-
sion of CA-MST1 in the presence of caspase inhibitor, no

FIG. 2. JNK is essential for MST1-induced peripheral chromatin
condensation in ES cells. (A) Typical chromatin condensation mor-
phology induced by MST1 expression in ES cells. Control vector or
CA-MST1 was transfected into WT ES cells in the presence of 50 �M
Z-Asp-CH2-DCB. After 24 h, nuclei were examined by CLSM. (B) Ac-
tivation of JNK by MST1 is completely abolished in MKK4/7 DKO ES
cells. WT and MKK4/7 DKO ES cells were transfected with control
vector, CA-MST1, or KD-MST1 [Myc-MST1(1–330 KD)] in the pres-
ence of 50 �M Z-Asp-CH2-DCB. After 24 h, expression levels of
MST1 (Myc) and endogenous levels of phospho-JNK (p-JNK) and
JNK1 were detected by Western blotting. (C) Peripheral chromatin
condensation is not induced by MST1 in MKK4/7 DKO ES cells. Cells
were transfected as described for panel B, and nuclei were examined
24 h later by CLSM. Results shown are the mean percentage � stan-
dard deviation of cells with nuclei showing peripheral chromatin con-
densation and are representative of three trials.

FIG. 3. JNK is sufficient for the induction of peripheral chromatin
condensation in MKK4/7 DKO ES cells. (A) Ectopic expression of
MKK7-JNK1 fusion protein activates the JNK pathway. MKK4/7
DKO ES cells were transfected with control vector, the MKK7-JNK1
fusion gene (MKK7-Flag-JNK1), or its KD mutant in the presence of
50 �M Z-Asp-CH2-DCB. After 24 h, the expression levels of the
MKK7-JNK1 fusion protein and endogenous levels of phospho-c-Jun
(p-c-Jun Ser63) and total c-Jun were detected by Western blotting.
(B) CA JNK induces peripheral chromatin condensation. MKK4/7
DKO ES cells were transfected as described for panel A, and nuclei
were examined 24 h later by CLSM. Results shown are the mean
percentage � standard deviation of cells with nuclei showing periph-
eral chromatin condensation and are representative of three trials.
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FIG. 4. Phosphorylation of histone H2B Ser14 is mediated by caspases acting downstream of MST1. (A) DNA fragmentation in HL60 cells.
HL60 cells were treated for the indicated times with 20 �g/ml etoposide to induce apoptosis, and nucleosomal DNA fragmentation was examined
by agarose gel electrophoresis. M, �/EcoT14I markers. (B) Histone H2B Ser14 phosphorylation in HL60 cells. HL60 cells were treated with 20
�g/ml etoposide for 3 h and acid extracted. Endogenous levels of phospho-histone H2B Ser14 and total histone H2B (H2B) were analyzed by
Western blotting. (C) Immunostaining of histone H2B Ser14 phosphorylation in HL60 cells. HL60 cells were treated with 20 �g/ml etoposide for
3 h and immunostained using anti-phospho-histone H2B Ser14 Ab. Levels of phospho-histone H2B were substantially increased in the nuclei of
etoposide-treated cells. (D) Histone H2B Ser14 phosphorylation in MST1-expressing ES cells. WT ES cells were transfected with CA-MST1 as
described in the legend of Fig. 2B in the presence of 50 �M Z-Asp-CH2-DCB. After 24 h, cells were acid extracted, and levels of MST1 (Myc),
endogenous phospho-histone H2B Ser14, and total histone H2B were analyzed by Western blotting. (E) Histone H2B Ser14 phosphorylation in
ES cells coexpressing MST1 and H2B-EGFP fusion protein. WT ES cells were transfected as described for panel D except that the expression
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increase in histone H2B Ser14 phosphorylation could be
detected (Fig. 4D).

To take into account the background phosphorylation of
histone H2B that naturally occurs by transfection, we per-
formed parallel experiments using a vector expressing a his-
tone H2B-EGFP fusion protein and examined the phosphory-
lation of this protein as a marker of transfection. When we
examined the phosphorylation of histone H2B-EGFP in trans-
fected, CA-MST1-expressing ES cells, no increase in histone
H2B-EGFP phosphorylation was observed (Fig. 4E). Consis-
tent with this result, histone H2B Ser14 phosphorylation could
not be detected when CA-MST1-expressing cells that showed
peripheral chromatin condensation were subjected to immu-
nofluorescence staining (Fig. 4F). These results strongly indi-
cate that MST1 can induce peripheral chromatin condensation
in the absence of histone H2B phosphorylation and also sug-
gest that MST1 does not directly phosphorylate histone H2B.
We pursued this latter issue using HeLa cells, which are known
to exhibit histone H2B phosphorylation by MST1 transfection
(3). In line with this previous report, we found that expression
of CA-MST1 in HeLa cells was able to induce high levels of
histone H2B Ser14 phosphorylation (Fig. 4G). In both control
and CA-MST1-expressing HeLa cells, this phosphorylation of
histone H2B Ser14 was totally abrogated by the addition of
caspase inhibitor (Fig. 4G). These results indicate that caspase
activation is required downstream of MST1 to induce histone
H2B Ser14 phosphorylation. Taken together, our data suggest
that histone H2B Ser14 is not directly phosphorylated by
MST1 and that histone H2B Ser14 phosphorylation does not
correlate with MST1-induced peripheral chromatin conden-
sation.

c-Jun transcriptional activity is not necessary for MST1-
induced peripheral chromatin condensation. The best known
target of JNK is c-Jun. JNK phosphorylates the N-terminal
Ser63 and Ser73 of c-Jun, an event that activates the AP-1
transcription complex comprised of c-Jun and c-Fos (6). To
clarify whether AP-1 activation and the expression of AP-1
target genes are required to induce peripheral chromatin con-
densation, we introduced CA-MST1 into 293T cells expressing
either a DN form of JNK [JNK1(APF)] or a DN form of c-Jun
[c-Jun(TAM)]. Consistent with our earlier results obtained for
ES cells, MST1-induced peripheral chromatin condensation
was suppressed in 293T cells expressing DN-JNK (Fig. 5). In
contrast, expression of DN c-Jun had no effect on peripheral
chromatin condensation (Fig. 5). Thus, AP-1-mediated tran-
scription is not required for chromatin condensation. This re-
sult implies that a direct phosphorylation target of JNK exists
that is important for the induction of peripheral chromatin
condensation.

JNK is involved in the induction of peripheral chromatin
condensation during Fas-mediated apoptosis. Our experi-
ments showed that JNK activation is sufficient to induce pe-
ripheral chromatin condensation. We therefore examined the
role of JNK in both stages of the chromatin condensation
process: stage I, in which chromatin compaction leads to pe-
ripheral chromatin condensation, and stage II, in which nu-
cleosomal DNA fragmentation leads to complete apoptotic
chromatin condensation. We used anti-Fas Ab to trigger apop-
tosis as this stimulus directly activates the caspase cascade via
Fas multimerization without involving any intracellular signal-
ing pathways (15). We chose Jurkat cells for these experiments
because these cells show a greater sensitivity to anti-Fas.

In our first experiments, we introduced ICAD-CN into
Jurkat cells and treated the cells for 4 h with anti-Fas Ab to
induce apoptosis. Anti-Fas-treated Jurkat cells expressing the
control vector showed the apoptotic chromatin condensation
pattern characteristic of the completion of both stages of chro-
matin condensation (Fig. 6A). In contrast, anti-Fas-treated
Jurkat cells expressing ICAD-CN showed only peripheral
chromatin condensation because the nucleosomal DNA frag-
mentation step was inhibited by ICAD-CN (Fig. 6A). This
result demonstrated that we could discriminate between stage
I and stage II of chromatin condensation in Jurkat cells. Next,
we examined the effect of the JNK inhibitor SP600125 on the

vector also carried H2B-EGFP as a transfection marker. Western blotting was performed as described for panel D. (F) Immunostaining of histone
H2B Ser14 phosphorylation in MST1-expressing ES cells. WT ES cells were transfected as described for panel E and immunostained using
anti-phospho-histone H2B Ser14 Ab as described for panel C. No significant histone H2B Ser14 phosphorylation was observed in MST1-expressing
ES cells showing peripheral chromatin condensation (white arrows). (G) Dependence of MST1-induced histone H2B Ser14 phosphorylation on
caspases. HeLa cells were transfected with control vector or CA-MST1 in the presence of solvent alone (0.1% dimethyl sulfoxide) or 25 �M
Z-Asp-CH2-DCB. After 24 h, cells were acid extracted, and levels of MST1 (Myc), endogenous phospho-histone H2B Ser14, and total histone H2B
were analyzed as described for panel D. p-H2B Ser14, phospho-histone H2B Ser14; DIC, differential interference contrast.

FIG. 5. c-Jun-mediated transcription is not required for MST1-
induced chromatin condensation. 293T cells were transfected with
control vector or CA-MST1 plus either DN-JNK [Flag-JNK1(APF)] or
DN c-Jun [c-Jun(TAM)]. After 24 h, nuclei were examined by CLSM.
Results shown are the mean percentage � standard deviation of cells
with nuclei showing peripheral chromatin condensation and are rep-
resentative of three trials.

VOL. 27, 2007 JNK IS DOWNSTREAM OF MST1 IN APOPTOTIC SIGNALING 5519



anti-Fas-induced chromatin condensation morphologies. Ad-
dition of JNK inhibitor did not affect nucleosomal DNA frag-
mentation in anti-Fas-treated control cells (Fig. 6B), indicating
that caspase-3 activation and ICAD cleavage are not affected
by JNK inhibition. In contrast, almost 38% of nuclei in anti-
Fas-treated Jurkat cells expressing ICAD-CN showed only pe-
ripheral chromatin condensation, a level that dropped to about
10% of nuclei in the presence of JNK inhibitor (Fig. 6C). Thus,
during Fas-mediated apoptosis, caspase activation leads to
JNK activation that is required for the CAD-independent stage
I of chromatin condensation. On the basis of these findings and
our earlier results, we can conclude that MST1-induced chro-
matin compaction during apoptosis depends on JNK activation
and not on histone H2B phosphorylation.

DISCUSSION

Chromatin condensation is a morphological hallmark of apop-
tosis and occurs in two stages: chromatin compaction leading
to peripheral chromatin condensation and nucleosomal DNA
fragmentation leading to complete apoptotic chromatin con-
densation. However, the underlying mechanisms driving these
stages are poorly understood. We previously reported that
MST1, a kinase activated upon caspase-mediated cleavage, can
induce peripheral chromatin condensation (33, 34). Because
peripheral chromatin condensation is a nuclear morphology
commonly observed in CAD-inhibited apoptotic cells (23, 25,
38), we considered it likely that MST1 played an important role
in the CAD-independent stage I of chromatin condensation.
Here, we report that MST1-induced activation of the JNK
pathway is essential and sufficient for the induction of periph-
eral chromatin condensation. In MKK4/7 DKO cells, both
MST1-induced JNK activation and peripheral chromatin con-
densation were blocked. Furthermore, constitutive activation
of JNK alone was sufficient to induce peripheral chromatin
condensation. During Fas-mediated apoptosis, inhibition of
CAD prevented the progression of chromatin condensation
from stage I to stage II, and inhibition of JNK blocked stage I.
Our results suggest the following sequence of events (Fig. 7):
(i) stimulation of apoptosis leads to the activation of caspases

FIG. 6. JNK activity is involved in peripheral chromatin condensa-
tion during Fas-mediated apoptosis. (A) Discrimination between
stages I and II of chromatin condensation. Jurkat cells were trans-
fected with either control vector or vector expressing ICAD-CN. After
21 h, cells were left untreated or treated with 100 ng/ml anti-Fas Ab for
4 h to induce apoptosis, and nuclei were examined by CLSM. In the
absence of ICAD cleavage, chromatin condensation remained at stage
I (peripheral chromatin condensation) instead of completing stage II
(apoptotic chromatin condensation). (B) JNK inhibition does not af-
fect anti-Fas-induced DNA fragmentation. Jurkat cells were treated
for 4 h with 100 ng/ml anti-Fas Ab in the presence of solvent alone
(0.1% dimethyl sulfoxide) or 5 �M JNK inhibitor SP600125. Nucleo-
somal DNA fragmentation was then examined as described in the
legend of Fig. 4A. (C) JNK inhibition blocks anti-Fas-induced periph-
eral chromatin condensation in Jurkat cells expressing ICAD. Jurkat
cells were transfected with control vector or ICAD-CN. After 21 h,
transfected cells were treated for 4 h with anti-Fas Ab and SP600125
as described for panel B. Nuclei were examined by CLSM. The data
are expressed as the percentages of cells with nuclei showing normal
morphology, apoptotic chromatin condensation, or peripheral chro-
matin condensation, as exemplified in panel A.

FIG. 7. Schematic model of the roles of MST1 and JNK in chro-
matin condensation during apoptosis. Chromatin condensation during
apoptosis occurs in two distinct steps: stage I, in which chromatin
compaction results in peripheral chromatin condensation, and stage II,
in which DNA fragmentation results in complete apoptotic chromatin
condensation. In a cell undergoing Fas-mediated apoptosis, Fas ligand
binding to Fas induces caspase-8 activation, which in turn activates
caspase-3. Caspase-3 cleaves and activates MST1, which induces the
JNK activation required for chromatin compaction. Caspase-3 also
cleaves ICAD to release CAD, which promotes DNA fragmentation
and the progression to complete apoptotic chromatin condensation.
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that cleave MST1; (ii) activated MST1 phosphorylates and
activates JNK; (iii) activated JNK drives chromatin compac-
tion that results in a peripheral chromatin condensation morphol-
ogy (stage I); (iv) activated caspases cleave ICAD, resulting in
activation of CAD; (v) activated CAD induces nucleosomal DNA
fragmentation to generate the complete apoptotic chromatin con-
densation morphology (stage II).

Recent studies have revealed that specific histone modifica-
tions regulate chromatin dynamics and thus various physiolog-
ical events (26). These histone modifications recruit specific
proteins to the chromatin, resulting in transcription, DNA
methylation, and chromatin condensation. During apoptosis, a
commonly observed specific histone modification is the phos-
phorylation of histone H2B. It was therefore proposed that
histone H2B phosphorylation might play an important role in
regulating chromatin dynamics, particularly those of chromatin
condensation during apoptosis (1, 7). Because MST1 induces
peripheral chromatin condensation and can directly phosphor-
ylate histone H2B Ser14 (3), it was hypothesized that MST1
might regulate chromatin condensation by phosphorylating
histone H2B Ser14. However, our data indicate that MST1 can
induce peripheral chromatin condensation in the absence of
histone H2B phosphorylation and that caspase activity is nec-
essary to induce histone H2B phosphorylation downstream of
MST1. In other words, MST1 does not directly phosphorylate
histone H2B in vivo. We previously reported that overexpres-
sion of MST1 induces caspase activation through the JNK
pathway (34). In the absence of caspase inhibitors, MST1 may
induce caspase activation through JNK, which induces histone
H2B phosphorylation. However, peripheral chromatin con-
densation induced by MST1 is caspase independent, in line
with our observation that histone H2B phosphorylation does
not correlate with chromatin condensation in the presence of a
caspase inhibitor.

Although not required for the induction of peripheral chro-
matin condensation, histone H2B phosphorylation remains a
good biochemical marker of apoptosis. Furthermore, it re-
mains possible that the phosphorylation of histone H2B plays
a role in stage II and contributes to the regulation of chromatin
dynamics by facilitating the recruitment of necessary factors.
Another histone whose modification may be relevant to nu-
clear morphologies of apoptosis is H2AX. When phosphory-
lated by JNK, H2AX enhances DNA fragmentation and may
recruit caspase-activated CAD to the nucleosome (19). The
roles of various phosphorylated histones in apoptosis await
clarification in future studies.

Our results show that new gene expression triggered by AP-1
is not required for MST1-induced peripheral chromatin con-
densation, suggesting that JNK directly phosphorylates a target
other than c-Jun to facilitate chromatin compaction. A candi-
date suspected to be involved in chromatin condensation is
apoptosis-inducing factor, a mitochondrial protein that is re-
leased from the mitochondria in response to various apoptotic
stimuli (28). When recombinant apoptosis-inducing factor pro-
tein is added to isolated nuclei, peripheral chromatin conden-
sation is induced (28). However, we previously reported that
MST1 translocates to the nucleus upon caspase-mediated
cleavage and that nuclear localization of MST1 enhances pe-
ripheral chromatin condensation (33). These results suggest

that activation of JNK in the nucleus, and not around the
mitochondria, is important for chromatin condensation.

How chromatin condenses during apoptosis remains a mys-
tery. Isolated nuclei treated with active CAD undergo chro-
matin condensation even when ATP is depleted, but this pro-
cess is inhibited by excess CaCl2 (36). These effects are quite
the opposite of those seen during mitotic condensation, where
ATP is required and calcium binding is needed to stabilize the
packed chromatin structure. These observations suggest that
the mechanisms underlying apoptotic chromatin condensation
and mitotic chromatin condensation differ in important ways.
However, peripheral chromatin condensation can occur with-
out CAD-mediated nucleosomal DNA fragmentation, and lit-
tle is known about the molecules involved in chromatin com-
paction during the earliest phase of apoptosis. Further analysis
of the compaction process and the identification of the relevant
JNK target whose existence has been revealed in this study are
required to fully understand the mechanisms of chromatin
condensation during apoptosis.

JNK is a member of the stress-response MAPK superfamily,
proteins that are potently activated by a variety of physiological
stimuli. Many studies have reported that JNK can activate
caspases in response to cellular stress (12), implying that JNK
is a regulator of the initiation of apoptosis. On the other hand,
JNK is also frequently activated in the course of the apoptotic
cascade (2, 9, 31). Our results suggest that this latter type of
JNK activation may constitute part of the death-executing ma-
chinery and promote chromatin condensation. Thus, we be-
lieve JNK has a bilateral character and contributes not only to
the cell death decision but also to the execution of that death.
Further research is needed to explore this new aspect of JNK’s
role as an executioner during apoptosis.
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