
Reciprocal epigenetic modification of histone H2B
occurs in chromatin during apoptosis in vitro and
in vivo

K Ajiro1,2, AB Scoltock1, LK Smith1, M Ashasima1,2 and JA Cidlowski*,1

Histone H2B phosphorylation at Serine 14 (phosS14) has been proposed as an epigenetic marker of apoptotic cells, whereas
acetylation at the adjacent Lysine 15 (acK15) is a property of non-dying cells. We investigated the relationship and the potential
regulatory mechanisms between these two epigenetic histone modifications and internucleosomal DNA degradation during
apoptosis. Using rat primary thymocytes induced to undergo apoptosis with glucocorticoids we found that H2B phosphorylated
at Ser14 was associated with soluble, cleaved DNA in apoptotic nuclei. In contrast acK15 was prevalent in non-apoptotic nuclei
and scarce in apoptotic nuclei. This switch between K15 acetylation and S14 phosphorylation on H2B was also observed in
apoptotic thymocytes from animals treated in vivo with glucocorticoids and in a rat hepatoma cell line (HTC) induced to die by
UV-C or Fas ligand. It is interesting to note that the combined use of a histone deacetylase inhibitor and glucocorticoid
suppressed both S14 phosphorylation and internucleosomal DNA degradation without inhibiting apoptosis in thymocytes. Using
synthetic peptides and a PKC phosphorylation assay system, we show that the deacetylation of K15 was necessary to allow the
S14 phosphorylation. These findings suggest that selective chromatin post-translational modifications are associated with DNA
degradation during apoptosis.
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A fundamental unit of chromatin is the nucleosome which is
composed of two sets of histones (H2A, H2B, H3 and H4) that
are wrapped with 146 base pairs of DNA.1 Histones have a tail
in the N-terminal domain which is free fromDNA and often has
various covalent modifications.2 In recent studies, it was
shown that epigenetic histone modification has an important
role in chromatin function leading to the hypothesis that
histone modification acts as a ‘histone code’ possibly for
chromatin remodeling.3 In most apoptotic cells, internucleo-
somal degradation is considered a late biochemical hallmark
of apoptosis.4,5 Previously we demonstrated that histone H2B
is phosphorylated in variousmammalian apoptotic cells6,7 and
can be phosphorylated by PKC both in vitro and in vivo.6,8 In
addition, we determined that the site of the H2B phosphoryla-
tion is serine 14 (S14) and can involve the action of Mst-1
in vivo.9 This S14 site can also be phosphorylated with PKC-d
in human B cells,10 and S14 phosphorylation has been
associated with apoptosis9 and with DNA double strand
breaks.11 However, the mechanisms regulating H2B phos-
phorylation at S14, particularly during apoptosis, are
unknown.
Histone H2B has also been reported to be acetylated at the

K5, K12, K15 and K20 sites12 which could potentially regulate
the phosphorylation of S14 in the N-terminus of H2B. For

example, it has been recently shown that phosphorylation of
S10 in the yeast histone H2B, homologous to S14 in
mammals, was regulated by K11 acetylation.13,14 To examine
this question in mammalian cells we employed rat primary
thymocytes induced by glucocorticoids to undergo apoptosis;
a system used for both in vivo and in vitro analysis of apoptotic
signal transduction.15–17 We previously found that histone
H2B was phosphorylated during the induction of apoptosis.6

In this report, we examined the regulatory mechanism of the
apoptosis-specific S14 H2B phosphorylation in relation to
internucleosomal DNA degradation and deacetylation of the
K15 lysine.

Results

Glucocorticoids induce apoptosis in thymocytes. The
induction of thymocyte apoptosis by dexamethasone was
initially analyzed by flow cytometry (Figure 1A). Thymocytes
treated with 1 mM dexamethasone for 4 h contain a
population of cells showing reduced forward-scatter light
but increased side-scatter light. This occurrence of a
shrunken, granular population of cells is characteristic of
programmed cell death (Figure 1A, d). In contrast, this cell
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Figure 1 Dexamethasone induces apoptosis in thymocytes. (A) Rat primary thymocytes induced to undergo apoptosis by glucocorticoid treatment. Thymocytes were
incubated with 1 mM dexamethasone in RPMI1640 medium for 4 h at 37 1C and analyzed by flow cytometry. X-axis, forward-scatter indicating cell size. Y-axis, side-scatter
indicating cell granularity. Apoptotic cells show a decrease in cell size (forward scatter light) with a concomitant increase in granularity (side scatter light). Dexamethasone
treatment increases the percentage of apoptotic cells (box). (a) Freshly isolated thymocytes, (b) untreated thymocytes incubated on ice for 4 h, (c) untreated thymocytes
incubated at 371C for 4 h and (d) dexamethasone-treated thymocytes at 371C for 4 h. (B) Electron microscopic observation of apoptotic thymocytes. Thymocytes treated with
dexamethasone were fixed as described in the Materials and Methods section. Con, Control thymocytes. Dex, Dexamethasone. Nuclear materials of apoptotic cells are
degraded. Magnification: � 9, � 900. (C) Analysis of DNA fragments from whole or soluble chromatin. Thymocytes treated with dexamethasone were harvested after 4 h.
The DNA (1 mg) was run on 1.8% agarose gel and stained with ethidium bromide. Lane 1: freshly isolated DNA from nuclei, lane 2: Control nuclei incubated 4 h, lane 3: nuclei
from 1mM dexamethasone-treated nuclei for 4 h, lane 4: DNA from soluble chromatin from nuclei of the dexamethasone-treated cells. Marker DNA; 100 bp DNA ladder. Note:
DNA of soluble chromatin (lane 4) does not have high molecular weight (HMW) DNA as indicated by *
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population develops only to a small extent (2.9 versus
26.6% in Dex treated) in the non-glucocorticoid-treated
control cells incubated at 371C and is not detected in
freshly isolated cells or cells incubated on ice for 4 h. This
2.9% of cells seen in our control sample likely reflects
spontaneous apoptosis of these cells in culture (Figure 1A,
c). Ultrastructural analysis of thymocytes by electron
microscopy shows distinct areas of euchromatin and
heterochromatin (light and dark staining, respectively) in
the nuclei of control thymocytes (Figure 1B, left) in contrast to
apoptotic cells, wherein nuclear components appear
degraded and showed homogeneous dark staining
(Figure 1B, right). Analysis of DNA by agarose gel
electrophoresis (Figure 1C) shows the characteristic
pattern of internucleosomal DNA cleavage in nuclei from
apoptotic thymocytes. After 4 h incubation of thymocytes with
dexamethasone, only lower molecular weight DNA was
observed in the soluble chromatin fraction (Figure 1C, lane
4). Together these observations indicate that glucocorticoid
treatment for 4 h is sufficient to induce classic apoptotic DNA
fragments in rat thymocytes.

Phosphorylated histone H2B at S14 is abundant in the
soluble chromatin. Degraded DNA fragments with their
associated histones are separable from whole genomic DNA
based on their solubility in non-ionic detergent. Soluble
chromatin from thymocytes exposed to 4 h of 1mM
dexamethasone was analyzed by SDS gel electrophoresis
(Figure 2a). The relative amount of histones H1, H2A, H2B,
H3 and H4 present in the soluble chromatin fraction
increased in a time-dependent manner upon incubation
with dexamethasone, indicating the release of histones
from chromatin during apoptosis. In the control cells
incubated for 6 h without dexamethasone, only small
amounts of histones were also released, which likely
reflects spontaneous apoptosis of a small percentage of
our cultured cells.18

To analyze the amount of apoptosis-specific H2B phos-
phorylation at Ser14 in the soluble chromatin, a western blot
against anti-phosSer14 H2Bwas conducted (Figure 2b). After
4 h of dexamethasone treatment, the amount of phosS14 is
significantly increased in the soluble fraction, compared with
the insoluble fraction of chromatin (Figure 2b, left). In contrast,
other histone modifications such as H4 acetylation at K8 are
present in both the soluble and insoluble fraction in roughly
equivalent amounts (Figure 2b, right). These data suggest
that histone H2B phosphorylation is selectively associated
with histone release and internucleosomal DNA degradation
during apoptosis.

Intracellular distribution of S14 phosphorylation in
apoptotic cells. Next, we evaluated the distribution of the
phosS14 in thymocytes by immunofluorescence (Figure 3A).
Thymocytes treated with 1mM dexamethasone for 4 h or left
untreated were stained with anti-phosS14 antibody (red) and
DAPI (blue). There was an increase in cells that were positive
for phosS14 in dexamethasone-treated cells (Figure 3A, 1
and 2). To determine whether the H2B phosphorylation is
associated with degraded DNA, thymocytes were examined
by immunofluorescence of phosS14 (Figure 3B, a), TUNEL

staining (Figure 3B, b), merge of both (Figure 3B, c) and
DAPI (Figure 3B, d). As shown in Figure 3B, cells positive for
phosS14 are also TUNEL positive. It is interesting to note
that not all TUNEL positive cells stain with phosS14 because
the TUNEL reaction occurs in both high molecular weight
(HMW) DNA fragments and internucleosomal DNA
fragments, whereas phosphorylation of S14H2B occurs
primarily in internucleosomal DNA fragments.

Alterations in histone acetylation at K15 within histone
H2B. Although no significant difference in the acetylation of
histone H4 at K8 was observed between soluble and
insoluble chromatin (Figure 2b), we were interested in
possible changes in the level of acetylation of other sites in
histone H2B. Figure 4a shows the amino acid sequence and
known sites of modifications of H2B at the N-terminal tail.
There are four major acetylation sites in H2B (K5, K12, K15
and K20).12

We focused our studies on lysine 15 because of its
proximity to S14. Thus, we examined the level of lysine 15
acetylation and S14 phosphorylation in both soluble
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Figure 2 Soluble chromatin contains S14 phosphorylated H2B. (a) Histones
were released during apoptotic internucleosomal degradation. Nuclei were isolated
from control and dexamethasone-treated cells and incubated with a lysis buffer
containing 0.5% Triton X-100 at 41C Proteins contained in the lysis buffer were
analyzed on SDS polyacrylamide gel electrophoresis (PAGE) and stained with 0.1%
Coomassie Brilliant Blue. (b) Thymocytes were incubated at 371C for 1, 2, 3 and 4 h
with 1mM dexamethasone. Soluble (S) and insoluble (I) chromatin were isolated
from nuclei. Histones were extracted from the chromatin and analyzed on SDS
PAGE. Left; Western blots were conducted with an anti-phosphorylation at Serine
14 (phosS14). C; Untreated thymocytes were incubated at 371C and proteins were
stained with Ponceau-S. Right; Western blots were conducted with an acK8H4
antibody. U, untreated thymocytes on ice; C, control thymocytes; and D,
dexamethasone-treated thymocytes at 371C
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and insoluble chromatin fractions of apoptotic nuclei from
glucocorticoid-treated thymocytes. Histones were isolated
from soluble and insoluble chromatin obtained from dexa-
methasone-treated thymocytes. Total chromatin was ob-
tained from untreated (control) cells. Figure 4b shows
western blots for the acetylation site at K15 (acK15) and the
phosphorylation of S14 (phosS14). PhosS14 is more abun-
dant in the soluble than the insoluble fraction from 4h

dexamethasone-treated thymocytes, and is much greater
than the amount in control (Figure 4b, C). In contrast, acK15
was abundant in the control and insoluble fraction but was
reduced in the soluble fraction of dexamethasone-treated
thymocytes. Therefore, K15 appeared to be highly acetylated
in the H2B histones in chromatin from control cells, but
partially deacetylated following the induction of apoptosis by
dexamethasone. Using synthetic peptide substrates, each
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Figure 3 Immunofluorescence of S14 phosphorylation and transferase dUTP end-labeling (TUNEL) staining of dexamethasone-treated thymocytes. (A) Thymocytes were
fixed with 4% paraformaldehyde and plated on cover slips and the cells were treated with anti-phosphorylation at Serine 14 (phosS14) and a secondary antibody (Cy3) at 371C
for 1 h. Left (1 and 3) is control, and right (2 and 4) are dexamethsone-treated cells. 1 and 2 show immunofluorescence of phosS14; 3 and 4, DAPI. (B) Thymocytes were
treated as above. (a) Immunofluorescence of phosS14; (b) TUNEL staining; (c) merged; and (d) DAPI. Magnification is � 100 in the four pictures of the top panel, and � 800
in the eight pictures of the middle and the bottom panels
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specific antibody was evaluated for its ability to recognize its
respective epitope (acetylated-lysine K15 or phosphorylated
S14). Adjacent acetylation and/or phosphorylation had no
significant influence on the ability of the antibodies to
recognize their appropriate substrates (see supplementary
data S1).
To evaluate whether this reciprocal change occurs between

deacetylation of K15 and phosphorylation at S14 during
apoptosis of thymocytes in vivo, we injected rats with
dexamethasone and after 18 h the thymus was dissected,
sectioned and examined by immunohistochemistry. The

control thymus tissue was strongly stained with anti-acK15
(Figure 4c, 3), whereas staining was less pronounced in
dexamethasone-treated tissue (Figure 4c, 4), indicating
H2B histones are deacetylated at K15 following treatment.
In contrast, staining for phosS14 was minimal in the
tissue from controls (Figure 4c, 7), but abundant in the thymus
of the dexamethasone-treated animals. This staining was
concentrated in the thymic cortex area that harbors immature
T cells, which are particularly sensitive to glucocorticoid-
induced apoptosis (Figure 4c, 8). Together these data
suggest that the switch between K15 deacetylation and
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a: acetylation, p: phosphorylation. (b) Acetylation and phosphorylation of H2B in the soluble and insoluble chromatin. Soluble and insoluble chromatins were prepared from
dexamethasone-treated thymocytes and histones were extracted. The histones were blotted against antibodies for site-specific modifications (phosphorylation at Serine 14
(phosS14) and acetyl K15) (right panel). Proteins were stained with Ponceau S (left panel). (c) Control chromatin, I: Insoluble chromatin from dexamethasone-treated
thymocytes. S: Soluble chromatin from dexamethasone-treated thymocytes. The data shown is representative of an N¼ 4. (c) Immunohistochemical analysis of phosS14 and
adjacent Lysine 15 (acK15) in thymus tissues. Rat thymus was dissected and the tissues were treated with or without antibodies for histone modifications and stained with
horseradish peroxidase. Brown color was observed as a positive reaction of a specific antibody. Pictures from 1 to 4 are a series of immunohistochemical analysis against
acK15 and from 5 to 8 are for the analysis of phosS14. 1 and 5: Thymus section from the control animal treated without antibody. 2 and 6: Thymus section from the
dexamethasone-treated animal and treated without antibody. 3 and 7: Control section with the antibody. 4 and 8: Dexamethasone section with antibody. (d) A switch of histone
modifications between acK15 and phosS14 in H2B of apoptotic HTC cells. Apoptosis was induced in HTC cells by UV-C or Fas ligand. Attached and detached cells were
separated by a gentle shaking from glass substratum. Histones were extracted and analyzed by a western blotting against anti-phosS14. C, Control; Dex, dexamethasone;
UV, whole cells treated with UV-C; W, whole cells treated with Fas ligand, At and Dt; attached and detached whole cells, respectively from Fas ligand-treated cells. Amount of
each sample was normalized by H2B detected with an anti-H2B antibody. The data shown is representative of an N¼ 3
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S14 phosphorylation also occurs after glucocorticoid-
treatment in vivo.
An important question that arises from our studies is

whether this epigenetic switch also occurs during apoptosis in
other cell types. To address this issue we used HTC cells as a
model system. This cell line undergoes apoptosis upon UV-C
irradiation or Fas ligand treatment19 but not with glucocorticoid
treatment, despite the presence of an intact glucocorticoid-
receptor signaling system.19 After the induction of apoptosis in
HTC cells, some cells remained attached to a glass
substratum (At), and approximately 30% of the cells are
detached and are floating in themedium (Dt). We observed an
increase in the phosphorylation of S14 in the detached UV-C
or Fas ligand-treated apoptotic cells (Figure 4d, Dt) compared
with the attached cells (Figure 4d, At). In contrast, K15
acetylation was reduced upon induction of apoptosis and
release from the substratum, which is a reflection of their state
of apoptosis. Similar results were also observed when
studying apoptosis of HL-60, a human promyelocytic leukemic
cell line, induced by etoposide (data not shown). It is important
to note that HTC cells treated with glucocorticoids (Figure 4d,
Dex) show no significant difference compared with control
cells in their levels of K15 acetylation and S14 phosphoryla-
tion. The fact that we detected no increase in phosS14 in
dexamethasone-treated HTC cells is strong evidence that this
epigenetic event is specifically related to apoptosis and not
simply a result of glucocorticoid administration, as these cells
are known to be glucocorticoid responsive.19 Together these
data summarized in Table 1 indicate that the switch between
deacetylation of K15 and phosphorylation of S14 in H2B
occurs during apoptosis of primary cells as well as established
cell lines. Furthermore, this switch appears to be independent
of the type of apoptotic stimulus used to initiate the cell death
process.

Effect of TSA on the S14 phosphorylation in
thymocytes. In an attempt to understand the components

of the mechanisms involved in glucocorticoid regulation of
epigenetic chromosomal remodeling, we examined the effect
of TSA, an inhibitor of histone deacetylases, on the acK15
and phosS14 in thymocytes (Figure 5A). In thymocytes
treated with TSA alone, acK15 was markedly increased
(Figure 5A, left). In addition, the amount of acK15 remained
high in cells treated with TSA plus dexamethsone,
whereas phosS14 increased in the dexamethasone-treated
thymocytes but remained at control levels in cells treated with
dexamethasone plus TSA (Figure 5A, right). Our data
suggest that a histone deacetylase is either activated
or induced in glucocorticoid-treated thymocytes and
consequently acK15 is deacetylated. Thus deacetylation of
K15 allows the phosphorylation of S14, further suggesting
that they have a reciprocal relationship.
We also examined the DNA degradation and histone

release in the soluble chromatin fraction obtained from
isolated nuclei (Figure 5B). DNA from cells treated with
dexamethasone displays a ladder pattern indicating inter-
nucleosomal degradation (lane C in the Figure 5B left), which
is not seen in the two controls (lanes A and B). However, the
cells treated with either TSA alone (lane D) or dexamethasone
plus TSA showed almost no internucleosomal degradation
(lanes E and F). The histone release assay also showed that
TSA treatment alone had very little effect on the release of
histones (lanes D and E in the Figure 5B, right). This lack of
internucleosomal degradation under these conditions was not
the result of arresting the apoptotic program, as cells treated
with TSA alone, Dex alone or TSA plus Dex for 6 h still
underwent apoptosis, as judged by annexin-V binding and
caspase activation (Figure 5C). Together these data indicate
that deacetylation of histones is crucial to internucleosomal
cleavage of DNA during apoptosis.

Phosphorylation assay of synthetic H2B peptides. To
gain further insight into the kinases and mechanisms
involved in S14 phosphorylation we examined the effect of
acetylation of K15 on the ability of S14 to be phosphorylated
using synthetic H2B peptides in vitro. Figure 6a shows the 16
amino acid peptide substrates of H2B from the arginine 7
(R7) to glutamine 22 (Q22). One peptide, acK15, is
acetylated at K15, and one, phosS14, is phosphorylated at
S14. The control peptide has no modification. These three
peptides were tested for their ability to be phosphorylated by
PKC, which is a protein kinase known to be responsible for
the phosphorylation of the N-terminal H2B.6,9 Figure 6b
indicates the incorporation of 32P into the three different
synthetic H2B peptides by the PKC phosphorylation assay.
The incorporation of 32P into phosS14 peptide was negligible
(1.7%), as the S14 site was already phosphorylated. The
phosphorylation was suppressed nearly 35% in the acK15
peptide. These data suggest that acetylation at K15 can
inhibit the phosphorylation of S14 in vitro.

Discussion

Our results indicate that the phosphorylation of S14 in histone
H2B occurs during apoptosis of thymocytes and is abundant
in the soluble or degraded chromatin fraction of apoptotic
cells. In contrast, very little S14 H2B phosphorylation is found

Table 1 Summary of results from Figures 4b– and HL-60 cells

Cells Agents Fractions phosS14 acK15

Thymocytes Con � +
Dex W + �
Dex Sol ++ �
Dex Ins � ++

HTC cells Con � +
Dex � +
UV-C + �
FasL W + �
FasL Dt ++ �
FasL At � ++

HL-60 Con � +
VP-16 + �

acK15, adjacent Lysine 15; Con, control; Dex, dexamethasone; phosS14,
phosphorylation at Serine 14; Sol and Ins, soluble and insoluble chromatin,
respectively, from thymocyte nuclei; W, whole chromatin or nuclei. Dt and At,
nuclei from detached and attached cells, respectively, isolated from the Fas
ligand (FasL)-treated HTC cells. The intensity of the signal of the western blot
was represented as �, negligible; +, positive; and ++, intensive. Summary of
results from Figure 4b–d. Histones were prepared from nuclei or chromatin
fractions from cells treated with apoptosis inducing agents as described in the
Materials andMethods section and analyzed by western blot against either anti-
phosS14 or anti-acK15.
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Figure 5 Effect of TSA on histone K15 acetylation, S14 phosphorylation and DNA degradation. (A) Enhancement of K15 and suppression of S14 phosphorylation by a
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treated with RNase and proteinase K and run on 1.8% agarose gel electrophoresis. M, DNA size marker same as shown in Figure 1C, A, fresh thymocytes. B, control
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prevent apoptosis in Dex-treated thymocytes. Isolated rat thymocytes were treated with Dex 1 mM, TSA 1mM, TSAþDex or left untreated for 6 h. Annexin-V binding and
caspase 3-like activity was analyzed by flow cytometry. Dead cells were not used in the analysis. A, Dex, TSA alone and TSAþDex treatment all caused an increase in the
percentage of Annexin-positive cells. B, Dex, TSA alone and TSAþDex treatment all caused an increase in the percentage of cells with caspase 3-like activity
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in the insoluble chromatin fraction of apoptotic or normal
control cells. We also show that K15 is acetylated in normal
cells but this modification is greatly diminished during the
activation of apoptosis. In addition, we present evidence
that K15 deacetylation is necessary to allow S14 H2B
phosphorylation and inhibiting this deacetylation step inhibits
internucleosomal DNA degradation.
There are two major steps of DNA degradation during

apoptosis. One is the production of HMWDNA fragments and
the other is internucleosomal DNA degradation. In the early
stage of apoptosis, HMW DNA fragments are produced and
this is necessary for the subsequent internucleosomal DNA
degradation. Our findings indicate that deacetylation of K15
and S14 phosphorylation associates with internucleosomal
DNA degradation. Other histone modifications are known to
occur during apoptosis such as H4 acetylation,20 H4
trimethylation,21 H3 methylation and phosphorylation22,23

and H1 dephosphorylation.24 Together with H2B phosphor-
ylation, these histone modifications may occur in the same
chromatin domain and may work cooperatively.
Our data also reveal that K15 is acetylated in normal rat

thymocytes, but during the activation of apoptosis this
acetylation is decreased as the phosphorylation of S14 is
increased. It has been reported that the N-terminal tail of H2B
itself is crucial for chromatin condensation.25 Moreover, the
H2B acetylation at the N-terminal end is important to maintain
a stable structure of H2A–H2B dimers in the nucleosome.26,27

As the N-terminal domain of H2B including the S14 site exists
outside the nucleosome structure,28 it could be susceptible to
modification by phosphatases or kinases if left unprotected.
Deacetylation of K15 seems to be necessary for the
phosphorylation of S14, whereas acetylation of K15 may
prevent the S14 phosphorylation. These observations sug-
gest that acetylation of K15 in normal cells could be
functionally important in protecting cells from irreversible
apoptotic DNA degradation. In this regard we previously
demonstrated in HL-60 cells that one of the kinases
responsible for the S14 phosphorylation is Mst-1, although
PKC-d has also been reported to phosphorylate this site in
immune cells.8 Mst-1 is activated by caspase-38 and can then
translocate from cytoplasm to nucleus.29,30

This study demonstrates an interesting epigenetic switch
between two amino-acid modifications in the N-terminus of
H2B that occurs during apoptosis in mammalian cells. A
similar relationship has been reported for the phosphorylation
at Ser10 interacting with the adjacent K9 methylation sites in
H3.31 Intriguingly, we have shown that the H2B phosphoryla-
tion could be a prerequisite for apoptosis execution in various
mammalian cells resulting from several apoptotic agents.6,9

Recently, it has been shown that H2B phosphorylation occurs
during oxidative stress in yeast at Ser10, which is homologous
to S14 in vertebrates.13 These authors suggest a specific
deacetylation at K11 and phosphorylation at S10 at the
histone H2B tail required for cell death in yeast.14

There are numerous reports that general histone deacety-
lase inhibition causes apoptosis.32 Indeed in our studies using
the non-specific histone deacetylase inhibitor TSA we show
that it alone can cause cell death. However, we also
demonstrate that TSA prevented internucleosomal DNA
degradation induced by glucocorticoids, as well as hyperace-
tylating K15H2B and inhibiting S14H2B phosphorylation.
Thus, during apoptosis K15 is likely deacetylated by
endogenous HDAC’s in a more specific manner.
Previously, we have shown that CAD (�/�) DT40 chicken

cells treated with VP16 had a pSer14 positive reaction that
could be detected by immunocytochemistry.9 Within cell
nuclei, the pSer14 reaction was co-localized with DAPI dense
chromatin suggesting that pSer14 is associated with chroma-
tin condensation rather than caspase-dependent internucleo-
somal DNA fragmentation. In the current studies using
primary thymocytes from adrenalectomized rats we observed
that phosS14 H2B during thymocyte apoptosis seemed
mainly localized at the periphery of nuclei which yet does
not show clear condensation (Figure 1B). This difference in
the structure of chromatin and the localization of phosS14
may be a reflection of cell type or the apoptotic agent used for
the induction of cell death.
The epigenetic switch between the two-histone modifica-

tions in H2B could induce a change of nucleosome structure in
the H2B tail at specific regions of chromatin, and the
remodeling of that chromatin domain would facilitate the
accessibility for endonucleases. These findings are important
for the structural analysis of nucleosomes during apoptosis,
especially the interaction between covalent histone modifica-
tion and internucleosomal DNA degradation.

Materials and Methods
Isolation of thymocytes and induction of apoptosis. Male Sprague
Dawley rats (2–3 month of age) were used and the animals were bilaterally
adrenalectomized by the provider at least 5 days before use. They were maintained
under controlled conditions of temperature (251C) and lighting, and allowed free
access to food and 0.85% saline. All experimental protocols were approved by the
animal review committee at NIEHS/NIH and were carried out in accordance with the
guidelines set forth in the NIH Guide for the Care and Use of Laboratory Animals
published by the USPHS. Animals were killed by decapitation and the thymus was
surgically removed. The thymus was minced with scissors in RPMI 1460 medium
containing 10% heat-inactivated fetal calf serum, 2 mM glutamine, 75 U/ml
streptomycin, and 100 U/ml penicillin at room temperature. The minced tissues
were placed in a tube and shaken by hand until free thymocytes were released.

For the isolation of nuclei, the thymocytes were washed once in isolation buffer
(20 mM HEPES pH 7.5, 10 mM KCl, 3 mM MgCl2, 0.25 M sucrose, 1 mM DTT and
1 mM PMSF). The cells were re-suspended in isolation buffer, and treated with
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Figure 6 Phosphorylation assay using synthetic H2B peptides. (a) Three kinds
of H2B peptides were produced (plain, phosphorylation at Serine 14 (phosS14) and
adjacent Lysine 15 (acK15)). (b) The PKC-induced incorporation of 32P (c.p.m.) into
the modified peptides is shown as percent of unmodified peptides (100%). The left
columns for each peptide indicate the control value without PKC. Right columns:
incorporation of 32P with active PKC used in the assay system
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0.25% NP-40 in buffer for 10 min at 41C The buffer containing 1.2 M sucrose was
underlayed as a cushion and centrifuged. The nuclear pellet was washed once in
isolation buffer.

Thymocytes, 2� 106 cells/ml, were incubated in RPMI 1640 medium at 371C
5% CO2 atmosphere with 1 mM dexamethasone for various time points depending
on experiments. The cells were harvested at room temperature and were washed
twice with PBS solution. For the studies using a histone deacetylase inhibitor, cells
were pre-treated for 1 h with 1 mM of TSA,33 HTC cells, a rat hepatoma cell line,
were cultured in DMEM-H medium containing 5% heat-inactivated fetal calf serum,
2 mM glutamine, 75 U/ml streptomycin and 100 U/ml penicillin at 371C 5% CO2

atmosphere.19 For the induction of apoptosis in this cell line, the HTC cells were
irradiated with 90 mJ/cm2 of UV-C and assayed 24 h later or treated with 50 ng/ml of
Fas ligand (Kamiya Biomedical, Seattle, WA, USA) for 18 h. HL-60, a human
promyelocytic leukemia cell line, was cultured in RPMI 1640 medium at 371C 5%
CO2 atmosphere. For the induction of apoptosis of HL-60 cells, the cells were
treated with 20mg/ml of VP-16 (etoposide) for 16 h.6

Flow cytometric analysis of apoptotic thymocytes. The thymocytes
(1� 106) treated with dexamethasone as described above were analyzed by flow
cytometry using a Becton Dickinson FACSort. A change in cell size was determined
by measuring the cells ability to scatter light in the forward direction. An increase or
decrease in forward light scatter indicates an increase or decrease in cell size,
respectively. Cell density or granularity is determined by side-scattered light. Data
shown are contour plots of forward-scattered light versus side-scattered light.
Propidium iodide (10 mg/ml) was added as a vital dye to gate out those cells which
had lost membrane integrity.

Annexin-V and Caspatag assay. Thymocytes were isolated as described
and treated with either dexamethasone 1 mM, TSA 1mM, or TSA plus Dex (TSA
pretreatment), or left untreated for 6 h. The cells were then stained with Annexin-V
and propidium iodide using manufacturers protocol (Trevigen, Gaithersburg, MD,
USA). Briefly, 1� 106 cells are incubated with fluorescently tagged Annexin-V and
then analyzed by flow cytometry using a FACSort (Becton-Dickinson, San Jose, CA,
USA). For determining caspase activity, cells were incubated with a fluorescent
caspase 3 substrate following the manufacturer’s protocol (Caspatag, Millipore,
Billerica, MA, USA) and then analyzed by flow cytometry. Propidium iodide (10 mg/
ml) was added as a vital dye to gate out those cells which had lost membrane
integrity.

Electron microscopy. For electron microscopy, thymocytes treated with
1mM dexamethasone in vitro for 4 h were harvested and gently centrifuged and
washed twice with PBS. The pellets were fixed in a modified Karnovsky buffer (2.0%
paraformaldehyde/2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4).
The materials were post-fixed with 2% OsO4 for 1 h. The cells were passed through
a series of alcohol washes for dehydration and then embedded in Epon. Ultra thin
sections were mounted and stained with 5% uranyl acetate followed by Reynold’s
lead citrate and observed on a JEOL 100S transmission electron microscope.

Isolation of soluble chromatin andDNAanalysis. For the preparation
of soluble chromatin from apoptotic cells, nuclei isolated from apoptotic cells were
incubated with a lysis buffer (10 mM Tris-HCl, pH.7.4, 10 mM EDTA and 0.5% Triton
X-100) for 10 min at 41C The nuclei were centrifuged and the supernatant collected
as soluble chromatin (approximately 5% of total chromatin from apoptotic cells) and
the pellet as insoluble chromatin. For the analysis of DNA degradation, cells were
isolated and harvested after the incubation at 371C with 1mM dexamethasone and
were treated with 1 mg/ml of DNase-free RNase for 1 h at 371C and then 400mg/ml
proteinase K was added with overnight incubation at 371C DNA (1 or 2 mg) was run
on 1.8% agarose gels at 100 volts with a size marker of DNA (100 base pairs of DNA
ladder, Ready-Load Invitrogen, Carlsbad, CA, USA). The DNA was stained with
0.25mg/ml of ethidium bromide and photographed with UV-transilluminator.

Western blotting, immuno-fluorescent analysis and transferase
dUTP end-labeling (TUNEL) assay. Histones were prepared as described
previously34 and the proteins (5 mg) were analyzed. For western blot analysis,
antibodies of site-specific histone H2B modifications were purchased from Upstate
(now Millipore). Methods for immuno-fluorescent analysis were described earlier.9

Briefly, dexamethasone treated thymocytes (1� 104) were fixed with 4%
paraformaldehyde for 10 min. After washing with PBS, the cells were plated on
cover slips. The cells were dried at 41C and permeabilized with 0.2% Triton X-100.

The cells were equilibrated with 2% goat serum in PBS and were incubated with
anti-phosS14 antibody at 371C for 1 h in a moisture chamber. After washing, the
cells were further treated with Cy3. The nuclei were counterstained with DAPI. For
the detection of cleaved DNA in nuclei, a fluorescent terminal deoxynucleotidyl
TUNEL assay was conducted (Promega, Madison, WI, USA). Images were taken by
phase contrast microscopy (Olympus, IX70).

Immunohistochemical analysis of histone H2B phosphorylation
and acetylation in thymus tissues. Adrenalectomized rats were injected
with dexamethasone (1 mg in 0.9% saline per animal) intra-peritoneally. The control
animals were injected with a same amount of saline only. After 18 h, the animals
were decapitated and the thymus was surgically removed and fixed in 4%
paraformaldehyde. Thin sections of the thymus tissue were obtained and placed on
a glass and further processed for immuno-histochemistry. The slides were treated
with anti-phosS14 or anti-acetyl K15 antibodies and conjugated with an anti-rabbit
IgG horseradish peroxidase (HRP) from donkey as a secondary antibody. For each
experiment, sections stained without primary antibody were examined
simultaneously as a control.

Phosphorylation of synthetic H2Bpeptides. Three H2B peptides were
synthesized, containing 16 amino acid residues from arginine 7 (R7) to glutamine 22
(Q22) (AnaSpec, Fremont, CA, USA). Two peptides were modified with acetylation
at K15 or phosphorylation at S14. One was a non-modified peptide as shown in the
Figure 4A. They were assayed with a PKC phosphorylation assay (Upstate-
Millipore) in a reaction mixture (30 ml) containing Ca2þ and Mg2þ ions, lipid
activator, PKA/CaM inhibitors, 1 mM TSA, 100mM synthetic peptides, [32P-g]ATP
and active PKC enzyme and buffer. The mixtures were incubated at 301C for
10 min. The 32P-labeled peptides were trapped with a p81 filter (Millipore), and
washed once with acetone. Radioactivity was assessed with a scintillation counter.

Antibody recognition of epitopes when adjacent residues are
modified. A double modified peptide with phosphorylation and acetylation
at serine 14 and lysine 15 was developed, phosS14/acK15:
RPAPKKGS(p)K(ac)KAVTKAQ, and synthetic peptides described above were
loaded on a nitrocellulose membrane using Dot Dolt-loading apparatus (Biorad,
Hercules, CA, USA). The amount of peptides ranged from 0.08 to 20 mg per 200ml
TBS solution per well. The peptides on the membrane were washed twice with
200ml of Tween-TBS (TTBS) and were processed similarly to a western blot
method. After blocking with 5% milk for 1 h, the membrane was treated with two
antibodies (phosS14 and acK15) at 1 out of 800 and 1 out of 1000, respectively.
After washing the membrane with TTBS, the membrane was treated with secondary
antibody (1 out of 2000 of HRP) for 40 min. Pictures of a peroxidase reaction in dots
were taken by Las 3000 MINI (FUJIFILM, Valhalla, NY, USA). For ninhydrin
staining, 0.2mg of each H2B peptide was spotted on a Whatman 3 MM paper and
sprayed with 2% Ninhydrin Spray Reagent (Sigma Aldrich, St Louis, MO, USA).
The paper was heated in an oven at 1201C for 10 min.
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