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Apoptotic Phosphorylation of Histone H2B
Is Mediated by Mammalian Sterile Twenty Kinase

volving caspases and kinases) that promote or prevent
cell death are better characterized (reviewed in Kauf-
mann and Hengartner, 2001; Metzstein et al., 1998;
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and how distinct functional domains are formed is poor.ICMB
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have clear functional consequences (reviewed in vanEdinburgh EH9 3JR
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To date, histone modifications that are specificallySummary
induced during apoptosis have not been clearly defined
(reviewed in Cheung et al., 2000; Th’ng, 2001; Jason etDNA in eukaryotic cells is associated with histone pro-
al., 2001). Mitotic chromatin condensation, for example,teins; hence, hallmark properties of apoptosis, such
is associated with histone H3 phosphorylation at serineas chromatin condensation, may be regulated by post-
10, but this modification has not been consistently ob-translational histone modifications. Here we report
served during apoptotic-induced chromatin condensa-that phosphorylation of histone H2B at serine 14 (S14)
tion (reviewed in Cheung et al., 2000; Hendzel et al.,correlates with cells undergoing programmed cell
1998). Phosphorylation of a relatively minor histone vari-death in vertebrates. We identify a 34 kDa apoptosis-
ant, H2A.X, increases during the early stages of DNAinduced H2B kinase as caspase-cleaved Mst1 (mam-
fragmentation in apoptosis (Rogakou et al., 1998, 2000).malian sterile twenty) kinase. Mst1 can phosphorylate
However, H2A.X phosphorylation at serine 139 corre-

H2B at S14 in vitro and in vivo, and the onset of H2B
lates with double-stranded DNA breaks induced by nu-

S14 phosphorylation is dependent upon cleavage of
merous stimuli, suggesting that this mark acts more as

Mst1 by caspase-3. These data reveal a histone modifi- a DNA-damage sensor rather than an event specifically
cation that is uniquely associated with apoptotic chro- linked to the apoptotic process. In mammalian cells, the
matin in species ranging from frogs to humans and only core histone modification that has been uniquely
provide insights into a previously unrecognized physi- associated with apoptosis is histone H2B phosphoryla-
ological substrate for Mst1 kinase. Our data provide tion. While earlier work showed that H2B phosphoryla-
evidence for a potential apoptotic “histone code.” tion occurs at the N-terminal tail, the specific sites of

phosphorylation were not known (Ajiro, 2000; reviewed
Introduction in Cheung et al., 2000). Furthermore, H2B phosphoryla-

tion and the H2B, but not other histones, amino-terminal
Apoptosis is an active process of cell death important for tail is essential for chromatin condensation in Xenopus
normal development and homeostasis in multicellular cell-free systems (de la Barre et al., 2001). These data
organisms. Formation of pycnotic and condensed chro- are consistent with the idea that H2B phosphorylation
matin bodies and digestion of DNA into oligonucleoso- may be important for apoptotic chromatin conden-
mal fragments are hallmarks for apoptosis (Wyllie, 1980; sation.
Wyllie et al., 1980, 1984). At present, the biochemical Here, using a new phosphospecific antibody (hereaf-
and molecular mechanisms for these nuclear events are ter referred to as �-Phos (S14) H2B), we demonstrate
unclear, whereas upstream cytoplasmic pathways (in- that H2B S14 phosphorylation specifically correlates

with the onset of apoptosis in human HL-60 cells. This
correlation extends to cells undergoing programmed*Correspondence: alliscd@mail.rockefeller.edu
cell death during Xenopus tail resorption. Using an in-6Present address: Laboratory of Chromatin Biology, The Rockefeller

University, 1230 York Avenue, New York, New York 10021 gel kinase assay, we identified an apoptotic-induced 34
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kDa H2B S14 kinase as the caspase-cleaved form of S14 phosphorylation positive cells also contain DAPI-
dense bodies and show TUNEL staining, hallmarks ofMst1 (mammalian sterile twenty). Furthermore, H2B S14

phosphorylation is not dependent on caspase-activated apoptosis (Figure 1E). Hence, these data demonstrate
that histone H2B phosphorylation at S14 is associatedDNase (CAD) suggesting that this modification is associ-

ated with the apoptotic chromatin condensation path- with condensed apoptotic chromatin in multiple mam-
malian cell lines.way. Collectively, these studies define what may be an

apoptotic histone code conserved among vertebrates
and cast new light on physiological substrates of Mst1 H2B (S14) Phosphorylation Is Increased during
kinase. Programmed Cell Death at Xenopus laevis

Tail Resorption
To determine whether H2B (S14) phosphorylation is as-Results
sociated with apoptosis in a more physiological model,
we examined this histone modification in a XenopusPhosphorylation of H2B at S14 Is Strongly Induced
laevis system where programmed cell death is well char-in HL-60 cells Undergoing Apoptosis
acterized and where serine 14 is conserved in the H2BPreviously, in vivo labeling studies showed that H2B
sequence (Figure 2A). During metamorphosis, resorp-phosphorylation occurs specifically at the amino-termi-
tion occurs in Xenopus tails, and clusters of these cellsnal tail during apoptosis (Ajiro, 2000). Other in vitro stud-
die by developmentally programmed apoptosis (Yoshi-ies indicated that the H2B amino-terminal tail is essential
zato, 1989; Usuku and Gross, 1965; Kerr et al., 1974).for chromatin condensation (de la Barre et al., 2001).
Degenerating tails from stage 64 froglets were examinedPreliminary phosphoamino acid analyses suggested
by immunofluorescence using �-Phos (S14) H2B anti-that serine 14 (S14) of H2B was a potential site of phos-
body. Pockets of apoptotic cells in the tail were stainedphorylation during apoptosis (Ajiro, 2000; K. Ajiro, un-
(Figure 2B, middle image); these colocalize preciselypublished data). Hence, we generated a site-specific,
with the Hoechst-dense apoptotic condensed nucleiH2B S14 phosphospecific antibody (�-Phos (S14) H2B)
(Figure 2B, left and right images). These data indicateto examine the phosphorylation status at this site during
that H2B S14 phosphorylation also occurs in apoptoticapoptosis (see Supplemental Figure S1 available at http://
cells during normal Xenopus development.www.cell.com/cgi/content/full/113/4/507/DC1 for

demonstration of antibody specificity). A human leuke-
mia cell line, HL-60, was treated with either etoposide Nuclear Extracts from Apoptotic Cells Contain

a 34 kDa H2B Kinase that Is the Caspase-Cleaved(VP16) or UV to induce apoptosis, and histones were
then isolated by acid extraction and examined by West- Form of Mst1

To search for the kinase responsible for H2B S14 phos-ern blotting using �-Phos (S14) H2B. As shown in Figure
1A, the H2B phosphorylation signal was strongly en- phorylation, we first determined that apoptotic nuclear

extracts contain an H2B S14 kinase activity by in vitrohanced by VP16 and UV treatment. To confirm that apo-
ptosis had been induced, DNA was extracted from paral- kinase assays and Western blotting with �-Phos (S14)

H2B (data not shown; see Supplemental Figure S3 avail-lel samples. The appearance of a DNA ladder indicative
of apoptotic DNA fragmentation coincides with the on- able at http://www.cell.com/cgi/content/full/113/4/

507/DC1). We then used an in-gel kinase assay to deter-set of H2B S14 phosphorylation (Figure 1B); therefore,
these data demonstrate that the two events could be mine the molecular weight(s) of potential apoptotic H2B

kinases in apoptotic nuclear extracts. Using either H2Blinked.
To confirm that phosphorylation of H2B at serine 14 or mixtures of core histones (data not shown) as sub-

strates, we assayed for apoptotic-induced proteins thatoccurs specifically in apoptotic cells, VP16-treated HL-
60 cells were examined by immunofluorescence micros- have H2B kinase activity. In addition to the several bands

that were found in both H2B-containing and the “nocopy with �-Phos (S14) H2B immunostaining (Figure 1C).
This antibody only stained apoptotic cells and strikingly, substrate” gels (likely due to autophosphorylation), one

band that had an apparent molecular weight of �34 kDathe majority of the �-Phos (S14) H2B signal was found
localized to characteristic apoptotic chromatin bodies was consistently detected in the H2B-containing gel

only (Figure 3, arrow, lane 6, and data not shown). Thisidentified by DAPI staining (see downward arrows in
Figures 1C and 1D). In contrast, control histone antibod- band was only found in the apoptotic extracts, and

therefore, this 34 kDa protein is likely the apoptotic-ies, such as the mitotic H3 phospho (S10) antibody, do
not stain the apoptotic nuclei (data not shown; Hendzel specific H2B kinase (hereafter called 34H2BK).

A search of the literature for kinases known to beet al., 1998). Also, �-Phos (S14) H2B failed to stain con-
densed mitotic chromosomes, suggesting that these activated in the apoptotic pathway showed that Mst1

(mammalian sterile twenty) is a caspase-activated Ser/distinct histone phosphorylation modifications are asso-
ciated with different biological events (Supplemental Thr protein kinase of approximately 56 kDa with a 34

kDa caspase-cleavage product (Creasy and Chernoff,Figure S2 available at http://www.cell.com/cgi/content/
full/113/4/507/DC1). To rule out any unexpected effects 1995; Creasy et al., 1996; Graves et al., 1998, 2001; Ura

et al., 2001). To determine if 34H2BK was Mst1, nuclearof VP16, other apoptotic inducers were tested in differ-
ent cell lines. As summarized in Table 1, a variety of extracts prepared from VP16-stimulated HL-60 cells

were analyzed with an antibody to the N-terminal cata-well-known apoptotic inducers led to H2B S14 phos-
phorylation, albeit to variable extents, in different cell lytic domain of Mst1 (�-N-Mst1; Graves et al., 1998).

Western blotting showed that the cleaved form of Mst1lines. Furthermore, immunostaining of HeLa cells in-
duced to undergo apoptosis with VP16 showed that H2B was present in the VP16-stimulated nuclear extract (Fig-
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Figure 1. Antibodies to phospho (S14) H2B
Selectively Stain Pycnotic Apoptotic HL-60
Cells and TUNEL Positive HeLa Cells

(A) Bulk histones were isolated from HL-60
cells mock-treated or treated with etoposide
(VP16) or with 100 J/m2 of UV. Western analy-
ses show a dramatic increase in H2B S14
phosphorylation as cells undergo apoptosis.
(B) DNA harvested from parallel samples as
in (A) was resolved on an agarose gel. The
DNA laddering assay confirms that VP16 or
UV-treated HL-60 cells were undergoing apo-
ptosis.
(C) HL-60 cells treated with VP16 were immu-
nostained using the H2B S14 phospho anti-
body (�-Phos (S14) H2B). Cells that have frag-
mented apoptotic nuclei (see arrows) display
a striking increase in H2B S14 phosphoryla-
tion. Note that HL-60 cells undergoing mitotic
division fails to stain with �-Phos (S14) H2B,
but are easily stained with �-Phos (S10) H3
(see text and Supplemental Figure S2 avail-
able at http://www.cell.com/cgi/content/full/
113/4/507/DC1).
(D) The same cells in (C) were counterstained
with DAPI for DNA. The arrows point to apo-
ptotic cells, as indicated by fragmented
DAPI-stained nuclei.
(E) HeLa cells were treated with VP16 and
then costained with �-Phos (S14) H2B and
TUNEL. These same cells were counter-
stained with DAPI for DNA. H2B S14 phos-
phorylation positive cell also contains TUNEL
staining indicative of apoptotic cells. Note
that the double H2B S14 phospho and TUNEL
positive cells are smaller and more DAPI-
dense.

ure 3, lanes 7 and 8), with an apparent molecular weight nase elution profiles from “apoptotic” and “normal” nu-
clear extracts revealed that fraction 18 of the apoptoticthat was similar, if not identical, to the apoptotic-induced

H2B kinase (arrows). extract was significantly enriched in H2B S14 kinase
activity compared to the same fraction from mock-To further purify the apoptotic-induced H2B kinase,

we fractionated the apoptotic nuclear extract using size- treated extracts (Supplemental Figure S4A and S4B
available at http://www.cell.com/cgi/content/full/113/4/exclusion chromatography. Examination of the H2B ki-
507/DC1; see downward arrows). Using an antibody
specific to Mst1 for Western blot analyses and an in-
gel kinase assay, we found that only fraction 18 fromTable 1. H2B Ser14 Phosphorylation in Different Cell Lines Treated

with Inducers of Apoptosis apoptotic extracts contained the 34 kDa truncated form
of Mst1 (Supplemental Figure S4C available at http://Cell Lines Tested Cytotoxic Agent Level of H2B phos
www.cell.com/cgi/content/full/113/4/507/DC1) and

HL-60 Etoposide (VP16) high the 34H2BK (Supplemental Figure S4D available at http://
UV high

www.cell.com/cgi/content/full/113/4/507/DC1). Takenanti-Fas high
together, these data strongly suggest that the Mst1-anisomycin high
cleavage product is 34H2BK.NIH3T3 UV high

HeLa UV medium
IMR90 UV medium
HepG2 MMS medium Mst1 Can Phosphorylate Histone H2B at S14
293T UV low In Vitro
Chicken DT40 VP 16 medium

To directly test whether Mst1 can phosphorylate histone
After cytotoxic agent treatments, cells were harvested. The level of H2B, we transfected 293T cells with CMV promoter-
H2B S14 phosphorylation is determined by Western blots using the driven plasmids containing either a myc-tagged full-
H2B S14 phos antibody.

length (FL) or kinase dead (KD) form of Mst1 (Creasy et
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Figure 2. H2B S14 Phosphorylation Occurs
in Programmed Cell Death during Xenopus
Tail Resorption

(A) Primary sequence alignment of H2B
amino-terminal “tails” from different species
shows that only vertebrates have well-con-
served sequence surrounding S14 (see
downward arrow) and S32. In contrast, a
highly conserved S/T is evident in the H2B
tails of most species from yeast to human
at position of S36 in human H2B. A peptide
containing the underlined sequence with S14
phosphorylated was used to immunize rab-
bits for antibody production (see Supplemen-
tal Data available at http://www.cell.com/cgi/
content/full/113/4/507/DC1 for more details).
(B) A Xenopus tail was immunostained with
�-phos (S14) H2B (middle image), and the
DNA was stained with Hoechst (left). Zones
of apoptotic-condensed nuclei in the degen-
erating frog tail have increased H2B S14
phosphorylation whereas nuclei with normal
morphology do not.

al., 1996). Transfected Mst1 was immunoprecipitated contrast, the kinase dead (KD) form of Mst1 (which con-
tains a single point mutation changing lysine to arginineusing an antibody against the myc tag and tested for

kinase activity using histone H2B (Figure 4, lanes 3 and at amino acid 59) did not phosphorylate H2B (Figure 4B,
lanes 2, 4, and 6), arguing against the possibility that4), free core histones (lanes 5 and 6), or nucleosomes

(lanes 1 and 2) as substrates. Incorporation of the �[32P] other histone kinases are associated with the Mst1 IPs.
To test whether phosphorylation of H2B occurs at S14,label on the substrates was detected in the reactions

with full-length Mst1 when purified H2B and free core parallel IP kinase reactions were performed with nonra-
dioactive ATP and analyzed by Western blotting. Ashistones were used as substrates (Figure 4B, lanes 3

and 5). Although weaker, Mst1 FL can still phosphorylate predicted, Mst1 FL, but not Mst1 KD, phosphorylated
H2B as detected by �-Phos (S14) H2B (Figure 4C). TakenH2B in a nucleosomal context (Figure 4B, lane 1). In

Figure 3. Apoptotic HL-60 Nuclear Extracts Contain an Induced 34 kDa H2B S14 Kinase Activity that Is Reactive with Antibodies Generated
Against the Caspase-Cleaved Form of Mst1 Kinase

An in-gel kinase assay using histone H2B as substrate (lanes 5 and 6) shows that apoptotic, but not normal, extracts contain a 34 kDa
kinase (see arrow). Parallel in-gel assay without substrate (lane 3 and 4) shows that the signal seen with the 34 kDa protein is not due to
autophosphorylation. Western blot of the nuclear extracts with an antibody against the N terminus of Mst1 (lanes 7 and 8) shows that the
caspase-cleaved form of Mst1 has a similar size to the apoptotic induced H2B kinase. The antibody also detects the full-length, uncleaved
Mst1 (see star next to lane 8).
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Figure 4. Mst1 Phosphorylates Histone H2B at S14 in In Vitro Kinase Assays

Myc-tagged full-length (FL) and kinase dead (KD) of Mst1 were transfected into 293T cells, immunoprecipitated with �-myc, and assayed for
kinase activity using purified H2B, core histones, or nucleosomes as substrate. In vitro assays were done in presence of �-[32P] ATP (A, B) or
with nonradioactive ATP (C). “Cold” reactions were assayed by Western blotting with �-phos (S14) H2B.

together, these data suggest that H2B may be a physio- Comparison between the Kinetics of H2B S14
Phosphorylation and Other Histonelogically relevant nuclear substrate for Mst1.
Modifications during Apoptosis
H2A.X phosphorylation has been correlated with the
occurrence of double-strand DNA breaks (Rogakou etThe Kinetics of H2B S14 Phosphorylation Are

Similar to Cleavage of Mst1 during Apoptosis al., 1998, 2000), and since VP16 causes DNA breaks, we
also evaluated the kinetics of H2A.X phosphorylation. AsDuring apoptosis Mst1 is cleaved by caspases, and only

the cleaved form of this kinase is localized to the nu- expected, H2A.X phosphorylation occurred within one
hour of VP16 treatment (Figure 5A), suggesting that DNAcleus. If Mst1 cleavage is important for establishing H2B
breaks, induced by VP16, occur early during the apo-S14 phosphorylation during apoptosis, the kinetics of
ptotic pathway. Since H2B S14 phosphorylation occursboth events should be similar. To determine the time
later than H2A.X phosphorylation, but before (or concur-courses of these events, HL-60 cells induced to undergo
rent with) other well-known apoptotic markers, theseapoptosis with VP16 were harvested at half-hour inter-
data suggest that H2B phosphorylation is not simplyvals for Western blot analyses. Significantly, time course
associated with DNA breaks. Rather, H2B phosphoryla-analyses (probing Western blots with �-Phos (S14) H2B
tion appears to be associated with a distinct aspect ofand �-N-Mst1) indicated that the onset of H2B phos-
apoptosis. In addition, since H2B acetylation at lysinesphorylation coincided with the initial appearance of cas-
12 and 15 is not changed, the increase of H2B S14pase-cleaved Mst1 at 2 hr postinduction (Figure 5A,
phosphorylation as detected by antibody staining is notarrow). As additional markers for apoptosis, identical
due to a decrease in acetylation at nearby residues.blots were probed with �-PARP (poly (ADP-ribose) poly-

merase), which is cleaved as cells undergo apoptosis
(reviewed in Duriez and Shah, 1997), and genomic DNA H2B S14 Phosphorylation and Cleavage of Mst1
isolated from parallel samples was evaluated for the Are Caspase-3 Dependent
appearance of characteristic DNA laddering (Figures 5A Since caspases are integral components of many apo-
and 5B). Interestingly, cleavage of PARP and the appear- ptotic pathways, we sought to determine whether H2B
ance of a DNA ladder (approximately 2.5 hr postinduc- S14 phosphorylation is controlled by activated-effector
tion) were not detected until after H2B phosphorylation caspases. Mst1 cleavage is dependent on caspase-3
and cleavage of Mst1 had initiated. While these timing (Graves et al., 1998, 2001; Lee et al., 2001), and the
differences may reflect differences in detection sensitiv- cleaved form of Mst1, missing nuclear export signals,
ity for these apoptotic markers, the data suggest that is retained in the nucleus (Ura et al., 2001). If H2B S14
H2B phosphorylation precedes DNA laddering (Figure phosphorylation is dependent upon cleavage of Mst1,
5B) and hence, may play a role in establishing apoptotic then this modification should be sensitive to docu-

mented caspase-3 inhibitors such as DEVD peptide (re-DNA fragmentation (see Discussion).
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Figure 5. H2B S14 Phosphorylation and Cleavage of Mst1 Coincide with Each Other during an Apoptotic Time Course and Are Dependent
on Caspase-3

HL-60 cells were harvested after treatment with VP16 at the indicated times.
(A) Half of the cells were harvested in SDS-loading buffer and then subjected to Western analysis using the indicated antibodies. The first
appearance of cleaved Mst1 (arrow) coincides with the first detectable H2B S14 phosphorylation at around the 2 hr time point. Poly (ADP
ribose) polymerase is well documented to be cleaved during apoptosis and is used as an internal apoptotic marker. H2A.X antibody recognizes
a phosphorylation event that is associated with DNA breaks which occurs early in VP16 treatment. Histone H2B acetylation is unchanged
during these time points suggesting that H2B S14 phosphorylation enhancement is not due to a loss of H2B acetylation. The status of H4
K20 methylation and ponceau staining of histones (data not shown) are constant during these time points and are used to demonstrate equal
loading.
(B) The other half of these cells was harvested for genomic DNA and then ran on a 1.2% agarose TAE gel. The formation of DNA laddering,
a hallmark of apoptosis, starts around 2–2.5 hr after VP16 treatment. (M) denotes 123 bp DNA marker (Gibco).
(C) HL-60 cells were pretreated with caspase-3 inhibitor (DEVD) and then treated with VP16 for 4 hr. Western blots using Mst1 N-terminal and
H2B S14 phospho antibodies show DEVD inhibited the cleavage of Mst1 as well as H2B S14 phosphorylation (arrow point to the cleaved
product of Mst1).

viewed in Grutter, 2000; Earnshaw et al., 1999). To test chromatin condensation when overexpressed in HeLa
cells (Lee et al., 2001). In contrast to Lee et al. (2001),this prediction, HL-60 cells were preincubated with vary-
we detected Mst1 FL mostly in the cytoplasm, and thising amounts of z-DEVD-fmk prior to treatment with VP16
form did not induce apoptotic phenotypes. As expected,for 4 hr and cell extracts were harvested for Western
we also found the same result using Mst1 KD (data notanalyses. As shown in Figure 5C, incubation with 200
shown). Whereas none of the Mst1 FL or KD positive�M z-DEVD-fmk inhibited both Mst1 cleavage (see
cells contain any significant H2B S14 phosphorylationarrow) and H2B S14 phosphorylation. At a lower dose
signal (Figure 6D), Mst1 �C was primarily localized in(20 �M z-DEVD-fmk), we observed only a modest de-
the nucleus and 20%–40% of the Mst1 �C expressingcrease in the proportion of truncated Mst1 (see arrow)
cells are shrunken and become apoptotic as confirmedover full-length Mst1 (see star) and H2B phosphorylation
by TUNEL assays (Figure 6E). Furthermore, 10%–35%still occurred. These data demonstrate that H2B S14
of the Mst1 �C positive cells contain H2B S14 phosphor-phosphorylation, like cleavage of Mst1 itself during apo-
ylation (Figures 6A and 6D). Since 90%–95% of H2Bptosis, is dependent on caspase-3.
S14 phosphorylation positive cells were TUNEL positive
(Figure 6F), we concluded that Mst1 �C is sufficient to

Mst1 �C Can Phosphorylate H2B In Vivo induce H2B S14 phosphorylation and apoptosis in the
Next, we sought to determine if Mst1 could phosphory- same cell.
late H2B when expressed in cells without apoptotic in- To determine if the above effect was due to the kinase
ducers. FL, KD, and �C (Mst1 amino acids 1–330, a activity of Mst1 �C, we made a point mutation (lysine
C-terminal truncation mimicking the caspase-cleaved 59 to arginine; K59R) that abolishes the kinase activity
form) versions of myc-tagged Mst1 were transfected as measured by in vitro kinase assay (Figure 6C). The
into HeLa cells, and immunofluorescence was per- Mst1 �C K59R mutant did abolish the effect Mst1 �C
formed using �-Phos (S14) H2B, and �-myc. It has been had on the formation of shrunken cells and the increase

in H2B S14 phosphorylation (Figures 6B and 6D), sug-shown recently that Mst1 can induce apoptotic-like
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Figure 6. Caspase-Cleaved and Catalytically Mst1 Can Phosphorylate H2B at S14 In Vivo

(A) HeLa cells transfected with myc-tagged Mst1 �C (a C-terminal truncation), or (B) myc-tagged Mst1 �C K59R (kinase dead version of
Mst1�C). At 24–36 hr posttransfection, cells were immunostained using �-Phos (S14) H2B and �-myc (9E10), and counterstained with DAPI
for DNA.
(C) Myc-tagged Mst1 full-length (FL), Mst1 �C, and Mst1 �C K59R were transfected into 293T cells, immunoprecipitated with �-myc, and
assayed for kinase activity using purified H2B as substrate.
(D) Graphical representation for the percentage of Mst1 positive cells that are positive for H2B S14 phosphorylation. For each Mst1 construct,
at least 4 independent experiments were done and at least 200 Mst1 positive cells were counted for each experiment.
(E) Myc-tagged Mst1 �C transfected cells were stained with TUNEL and �-myc. 20%–40% of Mst1 �C positive cells are TUNEL positive as
well. Both of these Mst1 �C containing cells are positive for TUNEL staining.
(F) Myc-tagged Mst1 �C transfected cells were stained with TUNEL and �-phos (S14) H2B. 90%–95% of H2B S14 phosphorylation positive
cells are TUNEL positive. Shown are several examples of cells that are positive for both H2B S14 phosphorylation and TUNEL staining (see
white arrows). Note that the morphology of these double-positive cells are often smaller and pycnotic. For (E) and (F), at least 3 independent
experiments were performed, and 200 Mst1 �C positive cells were counted for each experiment.

gesting that the kinase activity for H2B is important for tion pathway, we used CAD�/� (caspase-activated
DNase) chicken cells that are defective in DNA fragmen-inducing apoptosis. Furthermore, the data suggest that

the caspase-cleaved form of Mst1 is able to phosphory- tation but still undergo chromatin condensation.
Chicken DT40 WT and CAD�/� cells were treated withlate H2B at S14 in vivo.
10 �M VP16 and were then immunostained with �-phos
(S14) H2B; the DNA was counterstained with DAPI. AsH2B S14 Phosphorylation Is Not Dependent

on DNA Fragmentation but Instead Correlates the apoptotic program progresses (from top to bottom
images in Figure 7), the H2B S14 phosphorylation levelwith Apoptotic Chromatin Condensation

To determine if H2B phosphorylation is involved in the increases and the phosphorylated H2B colocalizes to
the DAPI-dense regions. Interestingly, in early apoptoticapoptotic DNA fragmentation or chromatin condensa-
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Figure 7. H2B Phosphorylation Correlates Closely with Apoptotic Chromatin Condensation

Chicken DT40 WT (A) and CAD�/� (caspase activated DNase) (B) cells were treated with 10 �M of VP16. Then cells were immunostained with
�-phos (S14) H2B (green) and the DNA counterstained with DAPI (blue). As the apoptotic program progresses (from top to bottom images in
A and B), H2B S14 phosphorylation increases and it colocalizes to the DAPI-dense regions. In CAD�/� cells (B), DNA fragmentation is defective
while chromatin condensation still occurs. H2B S14 phosphorylation colocalizes to the DAPI dense regions in CAD�/� cells suggesting that
this modification is closely linked to the chromatin condensation event during apoptosis. The increase of H2B S14 staining in CAD�/� nucleus
and some cytoplasmic staining in some cells were observed and the significance of these is unclear.

cells, H2B S14 phosphorylation staining is more exten- Mst1 Governs H2B S14 Phosphorylation in a Pathway
Known to Induce Apoptotic-Likesive than the DAPI-dense region, suggesting that H2B

S14 phosphorylation might precede the condensation Chromatin Condensation
Mst1 is known to cause apoptotic-like chromatin con-event. Interestingly, H2B S14 staining in the CAD�/� nu-

cleus is higher than in the WT nucleus, but the signifi- densation and induce apoptosis under some experimen-
tal conditions (Graves et al., 2001; Ura et al., 2001). Wecance of this is unclear (see below).
favor the view that the caspase-cleaved form of Mst1
phosphorylates histone H2B as one of its physiological

Discussion targets during apoptosis. Phosphorylation of H2B, pos-
sibly in conjunction with other covalent modifications

Chromatin condensation and DNA fragmentation are of histones, would then facilitate apoptotic chromatin
long-standing hallmark features of apoptosis (Kerr et condensation, DNA fragmentation, and cell death.
al., 1972), but the underlying molecular mechanisms that H2B S14 phosphorylation consistently colocalizes to
govern these nuclear events remain unclear, in part due the DAPI-dense regions in other cell lines undergoing
to an incomplete understanding of the substrates tar- apoptosis (Figures 1, 2, 6, 7, and Supplemental Figure
geted by upstream apoptotic signals. Here, we report S5A available at http://www.cell.com/cgi/content/full/
that enhanced H2B phosphorylation at serine 14 is ob- 113/4/507/DC1). Previous work has shown that the
served in HL-60 (human leukemia) cells undergoing apo- phosphorylation of the H2B amino-terminal tail is essen-
ptosis, as well as in cells undergoing programmed cell tial for chromatin condensation in vitro (de la Barre et

al., 2001). Thus, H2B S14 phosphorylation could play adeath during Xenopus tail resorption. In addition, we
find that the 34 kDa caspase-3 cleaved form of Mst1 is more direct role in mediating chromatin condensation

and/or aggregation. Peptide analyses show that H2Blikely playing an important, and previously unrecog-
nized, role in bringing about this phosphorylation event. S14 phosphorylation might have some intrinsic property

to self-aggregate under reasonably harsh denaturingTogether, these data shed new light on the function of
this kinase and reinforce the view that histone modifica- conditions (Supplemental Figures S5C and S5D avail-

able at http://www.cell.com/cgi/content/full/113/4/507/tions play an important role in governing a wide range
of DNA-templated processes. DC1). Hence, H2B S14 phosphorylation might be directly
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involved in regulating apoptotic chromatin condensa- etal rearrangements, as well as apoptotic cell death.
Our finding that the cleaved-form of Mst1 is likely ation through regulation of higher-order chromatin struc-

ture. In addition, our time course studies indicate that nuclear kinase directly responsible for H2B S14 phos-
phorylation suggests that members of the family mighthistone H2B S14 phosphorylation occurs immediately

prior to DNA laddering, suggesting that H2B phosphory- represent new potential drug targets for therapy. Con-
siderable evidence exists suggesting that many cellslation might act as a “trigger” for DNA fragmentation

during apoptosis. Several nucleases that cleave intern- die under stress by undergoing apoptosis (reviewed in
Mattson et al., 2001; Martin, 2001; Haunstetter anducleosomal DNA during apoptosis have been identified

(reviewed in Robertson et al., 2000). At least in vitro, Izumo, 2000). However, caspase inhibitors have not
been effective in decreasing cell death after the initialhistone H1 and HMG-1 enhance caspase-activated

nuclease (CAD) function (Liu et al., 1998), and therefore stress (such as ischemia) has occurred (reviewed in
Loetscher et al., 2001). Perhaps, after effector caspasesphosphorylated H2B may also enhance DNase activities

on chromatin and/or facilitate their recruitment to the initiate the death pathway leading to defined chromatin
changes, caspases are no longer needed. It remainschromatin. Whether CAD recruitment and docking to

the H2B S14 phosphorylation site explains enhanced an intriguing possibility that effective prevention of cell
death may be best brought about by combining caspasestaining of H2B S14 phosphorylation in CAD�/� cells is

not known. inhibitors with drugs that target downstream activities
such as Mst1 which affect chromatin changes duringBesides CAD, phosphorylated H2B may serve as a

docking site for yet unknown specific factors as shown apoptosis.
for the interaction of bromodomains and chromodo-

Experimental Proceduresmains with acetylated and methylated histones, respec-
tively (Dhalluin et al., 1999; Jacobson et al., 2000;

Cell Culture, Drug and UV Treatment, and HarvestingLachner et al., 2001; Bannister et al., 2001; Jacobs et al.,
for Protein and DNA

2001). As far as we are aware, phosphospecific histone HL-60 cells were cultured in RPMI with 10% FBS, whereas 293T,
binding factors that influence mitotic or apoptotic chro- HeLa, HepG2, and IMR90 cells were grown in DMEM with 10% FBS.
matin condensation have yet to be identified (see Jen- Etoposide, anisomycin, and anti-Fas were purchased from Sigma.

To induce apoptosis, drugs were used in the following concentra-uwein and Allis, 2001). Our data demonstrate that
tions: 20 �g/ml for etoposide (VP16), 25 ng/ml for anisomycin, andunique, and seemingly nonoverlapping, patterns of his-
15 ng/ml for anti-Fas. For UV induction of apoptosis, 40–100 J/m2

tone phosphorylation correlate with mitotic (e.g., S10
was used (BioRad GS Gene Linker UV chamber). The growth media

phosphorylation of H3) versus apoptotic (e.g., S14 phos- were changed and cell lysates were harvested at various times
phorylation of H2B) chromosome/chromatin condensa- afterward. Control cells were either DMSO or mock-treated. For
tion. These data provide support for the histone code z-DEVD-fmk (Trevigen), the indicated amount was added to cells

prior to 4 hr of VP16 treatment.hypothesis (Strahl and Allis, 2000) and may lend support
After treatment, cells were subjected to one of the following proce-for other histone phosphorylation events that are tied

dures: resuspension in SDS-lysis buffer (Laemmli’s sample buffer),to other DNA-templated processes (reviewed in Cheung
nuclear extraction, acid extraction for histones, or genomic DNA

et al., 2000). extraction. Nuclei were isolated by lysis in detergent and low-speed
spin as described in Strahl et al. (2001). These nuclei were either
salt extracted (see below) or acid extracted in 0.4 N H2SO4. AfterConservation of H2B Phosphorylation
incubating on ice for 2–4 hr, acid extracts were centrifuged to re-and an Mst1-Mediated Apoptotic Response
move the insoluble pellet. A total of 5.4% of percholic acid wasInterestingly, the function(s) of H2B S14 phosphorylation
added to the supernatant and the precipitated core histones recov-with respect to apoptosis appears to apply only to verte-
ered were resuspended in water.

brate species since Ser14 and surrounding sequences Genomic DNA was harvested by lysing the cell pellet in 10 mM
that are well conserved from frogs to humans are not Tris [pH 9.0], 1 mM EDTA, 10 mM NaCl, 1% w/v SDS, and 1 mg/ml

of proteinase K at 50�C for 4–5 hr. Proteins were removed by phenol/obvious in invertebrates or other lower eukaryotes. Al-
chloroform extraction and the DNA precipitated in 0.3 M sodiumthough apoptosis is not widely accepted in yeast, an
acetate and 70% ethanol. After centrifugation, we resuspended theapoptotic-like phenotype has been observed in S. cere-
pellet in TE and digested RNA by adding 1 mg/ml RNase A for 1 hrvisiae when induced with oxygen radicals, a plant anti-
at room temperature. DNA was separated on a 1.2% agarose TAE gel.

fungal agent osmotin, and pheromones (Madeo et al.,
1999; Yun et al., 1998; Severin and Hyman, 2002). Inter- Salt Extraction of Nuclei and In-Gel Kinase Assay
estingly, sterile 20 kinase was shown to be important Nuclei from HL-60 cells were extracted in 20 mM HEPES [pH 7.8],
for osmotin and pheromone-induced cell death in yeast 0.42 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM

DTT, and 25% (v/v) glycerol for 3–4 hr on ice. After centrifugation(Yun et al., 1998; Severin and Hyman, 2002), suggesting
at 14,000 rpm for 20 min, the soluble fraction was isolated and usedthe intriguing possibility that this kinase family may par-
for in vitro and in-gel kinase assays and Western blotting (see below).ticipate in a previously unrecognized apoptotic function

SDS-PAGE was done as described (Laemmli, 1970). For in-gel
that is conserved from yeast to man. kinase assays, 10%–12% SDS-PAGE gels contained 0.1 mg/ml

chicken core histones or 0.1 mg/ml purified chicken H2B. In-gel
assays were performed as essentially described in Sassone-CorsiConclusion and Perspective
et al. (1999). Following electrophoresis, gels were washed in 30 mMMst1 is a member of sterile 20-like superfamily repre-
Tris-HCl [pH 7.4], 1 mM DTT, 0.1 mM EDTA, 20% (v/v) isopropanolsented by approximately thirty related kinases in hu-
for 20 min, and this was repeated three times. Gels were then incu-mans (reviewed in Sells and Chernoff, 1997; Dan et al.,
bated in 8 M urea, 30 mM Tris-HCl [pH 7.4], 1 mM DTT, and 0.1 mM

2001). Kinases contained in this superfamily are most EDTA for 1 hr. The gel was then immersed in 30 mM Tris-HCl [pH
often regarded as upstream regulators of MAPK path- 7.4], 5 mM MgCl2, 2 mM MnCl2, 1 mM DTT, 100 mM NaCl, and

0.05% Tween-40 at 4�C overnight to renature the proteins. Afterways with roles in cellular morphogenesis and cytoskel-
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renaturation, the in vitro kinase reaction was performed using 50 NaCl, and 0.1% Tween-20), then the beads were incubated in 1 �g
of H2B, 40 mM HEPES [pH 7.5], 20 mM MgCl2, 0.1 �g/ml microcystin,�Ci of �-[32P] ATP in 30 mM Tris-HCl [pH 7.4], 5 mM MgCl2, 2 mM

MnCl2, and 1 mM DTT at 30�C for 2 hr. Gels were then stained with 10 �M ATP, and 1 �Ci �-32P ATP for 30 min at 30�C. Reactions were
separated on a 15% SDS-PAGE gel and dried down for autoradiog-Coomassie Blue, destained, and dried for autoradiography.
raphy.

Transfection for immunofluorescence studies with HeLa cells wasNuclear Extract Fractionation, In Vitro Kinase Assay,
done according to the lipofectamine 2000 kit (Gibco Invitrogen).and Western Blotting
Cells were fixed 24–36 hr posttransfection with 4% paraformalde-Nuclear extracts were fractionated on a Superose 6 PC 3.2/300
hyde. Immunostaining was done as described above.column (Amersham Pharmacia) using the Pharmacia SMART sys-

tem. The eluent consisted of 200 mM NaCl, 50 mM NaPO4 [pH 7.0],
Acknowledgments5 mM MgCl2, 20% v/v glycerol. The flow rate was 40 �l/min at 4�C.

The apoptotic fraction containing the caspase-cleaved Mst1 eluted
We thank members of the Allis lab for discussions, Upstate Biotech-with an apparent molecular weight of approximately 66 kDa whereas
nology Inc. (UBI; Lake Placid, New York) for assistance in the initialthe full-length Mst1 was estimated to be 150 kDa.
development of the H2B (S14) antibody, Rueyling Lin (UT Southwest-Ten �l aliquots of fractions were used for in vitro kinase reactions
ern, Dallas, Texas) for testing our antibodies in C. elegans, and Lindaand Western blotting. For in vitro kinase assay, 0.5 �g of histone
Langman for laboratory managerial support. W.L.C. was supportedH2B was used in 30 mM Tris [pH 7.5], 5 mM MgCl2, 10 mM DTT,
by the NIH Medical Scientist Training Grant. Initial stages of this0.1 �g/ml microcystin LR, 10 �M ATP plus 0.5 �Ci of �-[32P] ATP.
work were carried out by K.A., who was supported by a VisitingThe reaction was incubated for 20 min at 30�C and spotted on P81
Scientist gift from UBI. Work in the W.C.E. lab is supported by thefilter paper. Filters were washed in 0.75% H3PO4 and scintillation
NIH and The Wellcome Trust, of which W.C.E. is a Principal Researchcountering used to measure [32P] incorporation. For nonradioactive
Fellow. L.D.E. is supported by grants from the NIH and the NSF.(cold) reactions, no [32P]-�-ATP was used and the reactions were
This work is supported by NIH grants GM54168 to J.C. and GM40922run in an SDS-PAGE gel for Western blot analysis. Of the peptides
to C.D.A.used in this paper, all contain a cysteine residue and were resolved

in 15% SDS-PAGE gels.
Received: May 2, 2002Western blot analysis was performed as described in Briggs et
Revised: April 22, 2003al. (2001). �-phos (S14) H2B, �-N-Mst1, �-myc (9E10 from Santa
Accepted: April 25, 2003Cruz), �-PARP (UBI), �-phos H2A.X (UBI), �-acetyl (K12, K15) H2B
Published: May 15, 2003(Abcam), and �-acetyl H4 primary antibodies were used. HRP-conju-

gated rabbit secondary antibody (Amersham Pharmacia) was used.
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