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Cracking the death code: apoptosis-related histone
modifications

J Füllgrabe1, N Hajji1,2 and B Joseph*,1

The degradation and compaction of chromatin are long-standing hallmark features of apoptosis. The histones, chief protein
components of chromatin, are subjected to a wide range of post-translational modifications. An increasing body of evidence
suggests that combinations of epigenetic histone modifications influence the overall chromatin structure and have clear
functional consequences in cellular processes including apoptosis. This review describes the work to date on the post-
translational modification of histones during apoptosis, their regulation by enzymatic complexes and discusses the existence of
the apoptotic histone code.
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Histones are the chief protein components of chromatin,
acting as spools around which DNA winds, and having a role
in gene regulation.1 In eukaryotes, an octamer of histones –
two copies of each of the four core histone proteins H2A,
H2B, H3 and H4 – is wrapped by 147 bp of DNA to form a
nucleosome – the fundamental unit of chromatin2 (Figure 1a).
In addition, histone H1, located at a position adjacent to the
nucleosome core is involved with the packing of the ‘beads on
a string’ sub-structures into a higher order structure. In most
eukaryotes, histones are expressed as a family of sequence
variants encoded by multiple genes. As different histone
variants can contribute to a distinct or unique nucleosomal
architecture, this heterogeneity can be exploited to regulate a
wide range of nuclear functions, and evidence is accumulating
that histone variants do indeed have distinct functions.
Histones are subjected to a wide variety of post-translational
modifications including lysine acetylation, lysine and arginine
methylation, serine and threonine phosphorylation and lysine
ubiquitination and sumoylation as well as ADP ribosylation,
all of which are carried out by histone-modifying enzyme
complexes in a dynamic manner (reviewed in Kouzarides and
Khorasanizadeh3,4) (Figure 1b). These modifications occur
primarily within the histone amino-terminal tails protruding
from the surface of the nucleosome as well as on the globular

core region.5 Histone modifications function in both long-term
(i.e. determinants of chromatin conformation) and in more
short-term, ongoing processes (reviewed in Turner6). For the
latter, histone modifications can be considered the endpoints,
on chromatin, of cellular signaling pathways and a mechanism
through which the genome can respond to environmental
stimuli. An increasing body of evidence suggests that these
post-translational histone modifications influence the overall
chromatin structure and have clear functional consequences.
As a result, work on histone modifications and regulation
of gene expression have coalesced into the ‘histone code’
hypothesis, initially proposed by Allis and Turner, that
encapsulates the function of histone modifications in chro-
matin structure and in the regulation of nuclear functions.7,8

According to the histone code hypothesis, distinct combina-
tions of histone modifications are related to specific chromatin-
related functions and processes.9 As recent evidences
indicate, histone modifications have a role in gene transcription,
DNA repair, mitosis, meiosis, development and in apoptosis.

Apoptosis, or ‘programmed cell death,’ is an active
process fundamental to the development and homeostasis
of multicellular organisms. The activation of a genetically
controlled cell death program leading to apoptosis results
in characteristic biochemical and morphological features that
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take place both outside and inside the nucleus. Chromatin
condensation paralleled by DNA fragmentation is one of the
most important nuclear events occurring during apoptosis.10

Owing to the regulated nature of apoptosis, epigenetic
features are likely to have a major role in the nuclear changes
experienced by apoptotic cells.

Histone modifications, and in particular phosphorylation
and acetylation, have long been suggested to affect chromatin
function and structure during cell death. A decade ago, Lee
et al.11 established, using inhibitors of protein phosphatase,
that phosphorylation of histones may be involved in thymocyte
apoptosis. This observation was later confirmed during
astrocyte apoptosis.12 Histone acetylation has long been
known to maintain the chromatin in an open and accessible
conformation to accommodate the transcriptional machinery
and to have a major role in regulating gene expression. In a
study of the structural changes that occur in chromatin of
apoptotic cells, Allera et al.13 reported that histones became
deacetylated in rat thymocytes that were induced to undergo
apoptosis by glucocorticoids. Collectively, these results
support the idea that chemical modification of histones is
involved in the chromatin alterations in cells undergoing
apoptosis. In fact, it has further been shown that phospho-
rylation of histone H2A, H2B, H3 and H4, dephosphorylation
of histone H1, acetylation of histone H2B, H4, hypoacetylation
of histone H4, methylation of histone H3 and H4 and
de-ubiquitylation of histone H2A are associated with nuclear
events of the apoptotic process (Table 1).14 In this review, we
examine and discuss the different histone protein residues
that have been shown to be regulated by post-translational
modifications during apoptosis – that is the apoptotic histone

mark – and how these marks may affect chromatin function
and structure during cell death (Figure 2).

Apoptotic Dephosphorylated Histone H1: the Lost Mark?

One of the first histone post-translational modifications
suggested to be linked to the apoptotic process was the
dephosphorylation of histone H1. Linker histone H1 is highly
phosphorylated in normal growing cells. A correlation be-
tween early apoptotic dephosphorylation of histone H1 and
the onset of typical chromatin oligonucleosomal fragmenta-
tion has been described.15,16 Two lines of evidence point to
histone H1 contribution to internucleosomal chromatin clea-
vage. First, H1 histones are associated with the linker DNA,
which connects two adjacent nucleosomes and is the site of
DNA cleavage during apoptosis. Second, linker histones
enhance the activity of DNA fragmentation factor 40 (DFF40/
CAD), the nuclease that cleaves DNA during apoptosis.
However, recent investigation revealed that there is no strict
correlation between initial apoptotic histone H1 dephosphor-
ylation and the onset of apoptotic DNA fragmentation. Histone
H1 dephosphorylation is neither a prerequisite for nor an
absolute consequence of internucleosomal cleavage. More-
over, the phosphorylation state of H1 histones does not seem
to influence the activation effect of H1 histones on the activity
of DFF40.17

Reciprocal Epigenetic Histone Marks of Dying and
Non-Dying Cells

Histone H2B phosphorylation at Serine 14 (H2B-S14ph) has
been proposed as an epigenetic marker of apoptotic cells,

Figure 1 Chromatin structure and histone-modifying enzymes. (a) Chromatin is made of repeating units of nucleosomes, which consist of B147 base pairs of DNA
wrapped around a histone octamer consisting of two copies of each of the core histones H2A, H2B, H3, and H4. Linker histone H1 is positioned on top of the nucleosome core
particles stabilizing higher order chromatin structure. The histones are subject to a wide variety of post-translational modifications, primarily on their N-terminal tails, but also
in their globular core region. (b) The dynamic nature of histone modifications. The modifications that occur on histone tails are shown together with the enzymes that lay
down and remove the marks. ac, acetylated; HAT, histone acetyltransferase; HDAC, histone deacetylase; HDM, histone demethylase; HMT, histone methyltransferase;
me, methylated; ph, phosphorylated; ub, ubiquitinylated
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induced by multiple death triggers18,19 whereas acetylation at
the adjacent Lysine 15 (H2B-K15ac) is a property of non-dying
cells. The H2B-S14ph mark, depending on the cell type or the

apoptotic agents used to trigger cell death, has been
associated either with chromatin condensation19 or with inter-
nucleosomal DNA fragmentation.20 These modifications ap-
pear to be reciprocal and deacetylation of H2B-K15 is
necessary to allow H2B-S14 phosphorylation.20 Phosphory-
lation of H2B-S14 is catalyzed by mammalian sterile twenty
(Mst1) kinase. Mst1 promotes H2B-S14ph in vitro and in vivo,
and the onset of H2B-S14 phosphorylation is dependent on
cleavage and activation of Mst1 by caspase-3, an aspartate-
specific protease and critical executor of apoptosis.19,21

Caspase cleavage of Mst1 promotes its nuclear translocation
and subsequent chromatin condensation.22 A similar mecha-
nism is present in yeast cells. Here, deacetylation of the H2B-
K11 histone mark, which is found in growing cells, is necessary
to allow the phosphorylation of the apoptotic mark H2B-S10 –
these are the corresponding residues for H2B-K15 and H2B-
S16 in human.23 Ste20 kinase, a yeast homolog of mammalian
Mst1 kinase, also translocates into the nucleus but in a
caspase-independent manner and directly phophorylates
H2B at Serine 10.24 The conservation of this H2B histone
mark and the enzyme system controlling its phosphorylation
from yeast to human points to an ancient mechanism likely to
regulate cell death in a wide range of organisms.

It is worth noting that, the regulator of chromosome conden-
sation 1 (RCC1) protein, a guanine nucleotide exchange
factor, reads the H2B-S14ph histone mark created by
caspase-activated Mst1, in turn reducing RCC1 mobility in

Table 1 Post-translational histone modifications associated with apoptosis

Histone modifications Enzymes
involved

Function and implication for apoptosis References

Phosphorylated H1 � Caspase(s) Enhances the activity of DFF40/CAD; increases internucleosomal chromatin
cleavage (controversial)

14–17

Phosphorylated H2A,
H2B, H3, H4

� ND Associated with apoptosis 11,12,14,48

Acetylated H4 � ND Apoptotic release of hypoacetylated and trimethylated histone H4 and
internucleosomal fragmented hypermethylated DNA originating from perinuclear
heterochromatin

49

Acetylated H2B and H4 � ND Associated with apoptosis 14,50

Methylated H3 and H4 � ND Apoptotic release of hypoacetylated and trimethylated histone H4 and
internucleosomal fragmented hypermethylated DNA originating from perinuclear
heterochromatin

43,49

H2a-ub � Caspase(s) Coincides with the onset of nuclear pyknosis and chromatin condensation 14,51

H2A.X-S139ph � DNA-PK Signal for the assembly of apoptotic g-H2AX ring, provide docking site for DNA repair
or pro-apoptotic factors

16,27

H2A-Y142ph � WICH
complex

Promotes the recruitment of pro-apoptotic factors to H2A.X-S139ph, inhibits the
recruitment of DNA repair factors to this site

29–31

� EYA-3 Promotes the recruitment of DNA repair factors to H2A.X-S139ph, induces DNA repair 29–31

H2B-K12ac � ND Associated with apoptosis 52

H2B-S14ph � Mst-1 Induced by multiple death triggers, promotes chromatin condensation alt.
internucleosomal DNA fragmentation sequesters RCC1 and reduces nuclear import
of pro-survival factors

18,19

� PKC-d Acinus-dependent PKC-d activation enhances H2B-S14 phosphorylation, which
correlates with chromatin condensation during apoptosis

53

H2B-K15ac � CBP/p300 Property of non-dying cells; loss of this mark is required for the appearance of the
H2B-S14ph apoptotic mark

18,19

H3-K27me � ND Associated with apoptosis in osteosarcoma cells 47

H3-T45ph � PKC-d Increases DNA accessibility, facilitates DNA fragmentation 42,43

H4-K16ac � hMOF Increases chromatin accessibility, promotes DNA damage-induced cell death 37,40,41,50

� SIRT1 Decreases chromatin accessibility, reduces DNA damage-induced cell death 40

ac, acetylated; me, methylated; ND, not determined for apoptosis; ph, phosphorylated; ub, ubiquitinylated. � arrow up: positive regulation; � arrow down:
negative regulation.

Figure 2 Apoptotic histone code. Specific histone modifications that have been
shown to occur in apoptotic cells are shown in red whereas the H2B-K15ac mark, a
hallmark of non-dying cells is shown in green. The enzymes reported to carry out
these modifications are shown in black. ac, acetylated; me, methylated; ph,
phosphorylated; ub, ubiquitinylated
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the presence of H2B-S14ph. RCC1 normally catalyzes the
formation of RanGTP in the nucleus, whereas hydrolysis
of RanGTP is stimulated by RanGAP1 and RanBP1 in
the cytoplasm. Its immobilization on chromosomes reduces
the level of RanGTP in the nucleus, which in turn leads
to the inactivation of the nuclear transport machinery. As a
consequence, nuclear localization signal-containing proteins,
including survival factors such as NF-kB-p65, remain bound
to importins a and b in the cytoplasm.25 Therefore, the
H2B-S14ph histone modification is not simply a hallmark
of apoptosis but also seems to directly contribute to the
inactivation of survival pathways including NF-kB.

DNA Repair/Survival or Cell Death: the Histone sWItCH

Phosphorylation on Serine 139 of the histone variant H2A.X
(H2A.X-S139ph; also called gamma-H2A.X (g-H2A.X)), in
response to DNA damage is the major signal for the assembly
of the g-H2A.X chromatin domain, a region surrounding an
unrepaired DNA double-strand break, that is characterized by
the accumulation of a large number of DNA damage response
proteins.26 However, g-H2A.X, a hallmark of DNA damage
response, also forms early during apoptosis induced by death
receptors agonists and stimuli targeting the intrinsic apoptotic
pathway.16,27,28 g-H2A.X is initiated in the nuclear periphery
immediately adjacent to the nuclear envelope whereas total
H2A.X remains distributed throughout the nucleus. This
process is referred to as the ‘g-H2A.X ring’.27,28 The g-H2AX
ring contains the activated checkpoints kinases, ATM, Chk2
and DNA-PK; the last being the main effector for apoptotic
g-H2AX phosphorylation. Notably, the g-H2AX ring formation
not only coincides with H2A.X-S139ph but also with the
apoptosis-associated histone modification H2B-S14ph.28

Although the regulatory mechanisms and signaling path-
ways controlling DNA repair and apoptosis are well charac-
terized, the precise molecular strategies that determine the
ultimate choice of DNA repair/survival or apoptotic cell death
remain incompletely understood. The recent discovery of
H2A.X Tyrosine 142 phosphorylation (H2A.X-Y142ph) by the
WSTF–ISWI ATP-dependent chromatin-remodeling complex
(WICH) and its dephosphorylation by the EYA phosphatases
(mammalian homologue of the Drosophila eyes absent), and
in particular EYA3, may provide substantial novel insight into
this process.29–32 Williams–Beuren syndrome transcription
factor (WSTF), a subunit of the WICH complex, bears a novel
kinase domain at its N-terminus that constitutively targets
H2A.X-Y142ph.29 This single histone modification appears to
determine the relative recruitment of either DNA repair or pro-
apoptotic factors to g-H2AX sites of DNA damage and
functions as an active determinant of repair/survival versus
apoptotic responses to DNA damage.30 In the presence of
H2A.X-Y142ph, binding of repair factors (MRE11, RAD50,
NBS1, 53BP1 and BRCA1) to H2A.X-S139ph, which is
mediated by mediator of DNA damage checkpoint protein 1
(MDC1), is inhibited, whereas recruitment of pro-apoptotic
factors such as the stress-response kinase JNK1 is pro-
moted.33,34 The simultaneous presence of Y142ph and
S139ph marks results in the direct binding of the PTB domain
factor Fe65, which mediates the effective recruitment of
JNK1.30 Thus, the balance of H2A.X-Y142ph phosphorylation/

dephosphorylation may constitute a novel switch mechanism to
determine cell fate after DNA damage.29,34

Histone Modifications Increase Chromatin
Accessibility and DNA Fragmentation

Histone post-translational modifications have the potential to
directly modulate nucleosome structure and consequently
DNA accessibility. Indeed, the acetylation state of lysine
residues regulates both the local chromatin dynamics as well
as higher order chromatin structure.35 Acetylation of histone
H4 on Lysine 16 (H4-K16ac) is a prevalent and reversible
post-translational chromatin modification in eukaryotes.36,37

This single histone modification both disrupts formation of
higher order chromatin structure and changes the functional
interaction of chromatin-associated proteins, thereby increas-
ing chromatin accessibility.37 It is worth noting that loss of
H4-K16ac is a common feature of a number of cancers.38

Histone deacetylases (HDAC) and histone acetyltransferases
control the acetylation state of lysine residues, including those
situated in the N-terminal ‘tails’ of histones. HDAC inhibitors
(HDACIs) comprise a diverse range of unrelated compounds
that all induce an accumulation of hyperacetylated histones
resulting in various biological effects, including cell death.39–41

Various inhibitors of HDAC activity can sensitize drug-
resistant cancer cells to DNA-damaging agents.41 However,
the mechanisms underlying the effects of HDACIs remain
poorly understood. A recent study revealed that the effect of
HDACIs is associated with increased acetylation of certain
lysines on histones H3 and H4, including H4-K16ac.40

Overexpression of the histone acetyltransferase human
orthologue of the Drosophila melanogaster MOF (males
absent on the first) gene (hMOF), known to specifically target
H4K16, was sufficient to mimic HDACI sensitization and
H4K16 acetylation, and importantly, knock down of hMOF
abolished the HDACI-mediated sensitizing effects as well as
the increase in H4K16 acetylation. Conversely, knock down of
the H4K16 deacetylase SIRT1 mimicked HDACI treatment
whereas overexpression of SIRT1 abolished H4K16 acetyla-
tion and significantly reduced the sensitizing effects of
HDACIs.40 Thus, the opposing effects of hMOF and SIRT1
regulate H4K16 acetylation showing that this histone mark
controls the sensitivity of cancer cells to DNA damage-
induced cell death.40

Another apoptotic epigenetic histone mark, which has been
proposed to be linked to increased DNA accessibility, is
phosphorylation of Threonine 45 within the histone core of
histone H3 (H3-T45ph). H3-T45ph increases dramatically in
apoptotic cells, around the time of DNA nicking. Protein kinase
C-d (PKCd), which itself becomes highly active after caspase-
3 cleavage, was identified as the agent responsible for H3-
T45 phosphorylation.42 H3-T45 has been shown to have an
important role in nucleosome structure.43 Therefore, given the
fact that H3-T45 occupies a structurally interesting position
within the nucleosome, it was postulated that phosphorylation
of H3T45 by PKCd during late apoptosis induces structural
change within the nucleosome to facilitate DNA fragmenta-
tion.42 Interestingly, it should be mentioned that in budding
yeast H3-T45ph has rather been linked to DNA replication
and its absence with replicative defects. In addition, no
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discernable increase in H3-T45 phosphorylation levels is
observed during cell death, indicating that H3-T45ph probably
does not function in the apoptotic pathway in yeast.44

Finally, phosphorylation of residue serine 10 on histone
H3 (H3-S10ph) is associated with two apparently opposed
chromatin states, namely the highly condensed mitotic
chromosomes and the relaxed chromatin of certain activated
genes during interphase (reviewed in Prigent and Dimitrov45).
H3-S10 phosphorylation also occurs when cells are exposed
to various death stimuli suggesting its possible implication in
the control of cell survival.46 However, the actual cellular
effects of H3-S10 phosphorylation remain enigmatic and it is
not yet clear whether H3-S10ph contributes to the apoptotic
program.

Perspectives

The ‘histone code’ hypothesis was proposed as a general-
ization of the discovery that combinations of covalent post-
translational modifications of histones influence chromatin
structure and lead to varied transcriptional outputs.7

Considering the long known influence of histone modifications
on the compaction of chromatin, it is reasonable that the
chromatin compaction as well as DNA fragmentation occur-
ring during apoptosis would need the modification of histone
marks. The direct links, uncovered in several recent publica-
tions, between apoptosis and histone modifications make it
unlikely that they are just a ‘useless’ feature of apoptosis.
Similar to the ‘death code’ in informatics, a whole palette
of histone modifications seem to occur during apoptosis,
creating an epigenetic code, which decides on the destiny of
the cell. In fact, several histone modifications have been firmly
linked to apoptosis-induced chromatin changes, providing
collective evidence for an ‘apoptotic histone code’ (Figure 1).

Notably, caspases, a family of cysteine proteases, which
have an essential role in the execution of apoptosis, control
histone-modifying enzymes and promote histone post-
translational modifications (i.e. H2A de-ubiquitylation, H2B-
S14 and H3-T45 phosporylation). In addition, the presence or
absence of specific epigenetic histone marks occurring during
apoptotic cell death appear to work as binding platforms for
the recruitment of protein complexes regulating cell life
and death decisions. For example, H2B-S14 phosphorylation
contributes to the inactivation of survival pathways by
immobilizing the nucleotide exchange factor RCC1 and
consequently the nuclear import of pro-survival factors.
H2A.X-Y142ph, in concert with H2A.X-S139ph/gH2A.X, also
acts as a binding site for proteins, contributing to the decision
between DNA repair and survival or cell death. In the
presence of H2A.X-Y142ph, recruitment of repair factors
to H2A.X-S139ph is inhibited whereas recruitment of
pro-apoptotic factors is promoted. Finally, several histone
modifications correlate with the occurrence of apoptotic-related
chromatin alterations; increased chromatin accessibility
(H3-T45ph, H4-K16ac), internucleosomal DNA fragmentation
(dephosphorylation H1, H2B-S14ph) and chromatin condensa-
tion (H2a de-ubiquitinylation, H2B-S14ph). Thus, the balance
between different histone marks may constitute a code that
determines cell fate. However, it should be mentioned that
a block of apoptosis was not always reported when the

described histone modifications were absent. There are
also contradictory reports in the literature regarding the
functional consequences for loss of histone mark. For
example, whereas downregulation of Mst-1, which results in
reduction of H2B-S14ph level, was reported to suppress
apoptosis,25 the combinatory treatment of HDACI and
glucocorticoid, repressing H2B-S14 phosphorylation and
internucleosomal DNA degradation, did not prevent apoptosis
in thymocytes.20 Thus, whether each of the histone marks
reviewed participates in the death process per se or is only
necessary for the disposal of the DNA still awaits additional
investigations.

In addition, further work remains to be done to better
establish the sequence of codes (i.e. combinations of histone
modifications, timeline of events and interplay of modifica-
tions) within the death code regulating the different nuclear
apoptotic steps. For example, how H4-K16ac-mediated
chromatin decondensation and the resulting increase in
sensitivity to death triggers such as DNA damage can be
linked to the H2B-S14ph and other epigenetic marks that
are associated with apoptotic chromatin condensation and
fragmentation.

The role of most apoptotic histone marks in diseases
remains to be discovered. It is well known that in cancer the
epigenomic landscape undergoes extensive distortion com-
pared to normal cells. The loss of H4-K16ac has already been
described for several cancer types and shown to influence
cancer cell sensitivity to chemotherapy.38,41 Another example
is the increased H3-K27 methylation, associated with apop-
tosis in osteosarcoma cells,47 which is also associated
with aberrant gene silencing in various forms of cancer and
reprogramming of the epigenome during development.
Considering the influence of other marks, such as H2B-
S14ph on cell death, more deregulation of histone modifica-
tions in disease could be imagined. In summary, these unique
histone modifications occurring during the course of cell death
already provide new features to monitor and study apoptosis.
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Note added in proof

For a computer, the ‘death code’ defines a routine whose job is
to set everything in the computer – registers, memory, flags –
to zero, including that portion of memory where it is running; its
last act is to stomp on its own ‘store zero’ instruction.
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