
REVIEW

Histone target selection within chromatin:
an exemplary case of teamwork

Marie-Eve Lalonde, Xue Cheng, and Jacques Côté1
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Histone modifiers like acetyltransferases, methyltrans-
ferases, and demethylases are critical regulators of most
DNA-based nuclear processes, de facto controlling cell
cycle progression and cell fate. These enzymes perform
very precise post-translational modifications on spe-
cific histone residues, which in turn are recognized
by different effector modules/proteins. We now have a
better understanding of how these enzymes exhibit such
specificity. As they often reside in multisubunit com-
plexes, they use associated factors to target their sub-
strates within chromatin structure and select specific
histone mark-bearing nucleosomes. In this review, we
cover the current understanding of how histone modi-
fiers select their histone targets. We also explain how
different experimental approaches can lead to conflict-
ing results about the histone specificity and function of
these enzymes.

Chromatin is a very dynamic structure, allowing com-
paction of DNA in the cell nuclei. The basic unit of
chromatin is the nucleosome, which is composed of an
octamer of the four canonical histones (H2A, H2B, H3,
and H4), around which 147 base pairs (bp) of DNA is
wrapped. Many actors regulate access to the DNA within
chromatin, such as ATP-dependent remodeling com-
plexes, histone chaperones, histone variants, and chroma-
tin-modifying complexes. Post-translational modifications
(PTMs) of histones mostly occur on their N-terminal tails.
They play a major role in the regulation of the chromatin
dynamic by either influencing its higher-order structural
organization or recruiting different proteins implicated
in diverse biological functions. Four major histone modi-
fications have been shown to influence chromatin acces-
sibility; namely, lysine acetylation, lysine/arginine meth-
ylation, serine/threonine phosphorylation, and lysine
ubiquitination. More recently, new PTMs, including ly-
sine acylation or crotonylation and serine glycosylation,
have begun to emerge, but little is known about how they

influence chromatin dynamics (Tan et al. 2011; Zentner
and Henikoff 2013).

Histone PTMs can be deposited on or removed from
chromatin by different enzymes. These ‘‘writers’’ and
‘‘erasers’’ of histone marks include different kinases and
phosphatases, ubiquitin ligases and deubiquitinases,
lysine/arginine methyltransferases, and demethylases.
To date, numerous lysine methyltransferases have been
identified, and each can either mono-, di-, or trimeth-
ylate and may act on only a specific methylation status
of a residue. Conversely, there are two classes of histone
lysine demethylases identified: the LSD1 family (found
only in humans/mammals) and the Jumonjis (Greer and
Shi 2012).

Lysine acetylation entails the addition of an acetyl
group on histone residues by histone acetyltransferases
(HATs) and their removal by histone deacetylases
(HDACs). HATs and HDACs were the first modifiers
isolated, and since then, countless studies have exten-
sively described their interactions with chromatin. Not
only has characterization of HATs and HDACs been
very useful to understand their recruitment to chroma-
tin and their specific activity, but they have also served
as a model of how other types of modifiers use similar
features for their own binding and activity. There are two
major classes of HATs: the GNAT (Gcn5 N-acetyltransfer-
ase) family and the MYST (Moz, Ybf2 [Sas3], Sas2, and
Tip60) family. Other HATs with less clearly conserved
catalytic domains also exist, the most recognized being
CBP/p300. Acetyl marks are removed by three major
classes of HDACs, classified according to their homology
with the yeast enzymes Rpd3, Hda1, and NAD-dependent
Sir2/sirtuin (for review, see Steunou et al. 2014).

Histone PTMs can influence chromatin accessibility in
two ways. Some modifications have direct impact on its
structural organization by affecting nucleosome proper-
ties or higher-order chromatin structure. Other modifi-
cations can also act as docking sites for histone PTM
‘‘readers,’’ which bind chromatin through their histone
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modification recognition domains (Musselman et al.
2012b). Some of these factors may also alter chromatin
conformation, and the majority are involved in cellular
functions such as DNA replication or repair, cell cycle
progression, or transcriptional regulation. Therefore, PTMs
play a major role in controlling various nuclear processes.
A well-balanced homeostasis of the incorporation of these
PTMs is thus required for the cells to maintain a tight
regulation of cellular pathways. Not only does the de-
position timing play a crucial role, but their genomic
localization also needs to be highly specific. In fact, many
diseases have been associated with the misincorporation
of histone marks. Several other reviews have focused on
the mechanisms of PTM misregulation leading to disease
(Chi et al. 2010; Fullgrabe et al. 2011; Smith et al. 2011;
Dawson and Kouzarides 2012; Shen and Laird 2013;
Steunou et al. 2014).

Most of the chromatin-modifying enzymes have adopted
a very ingenious strategy to guarantee such accurate
deposition and specificity of histone PTMs. These cata-
lytic proteins are generally found within large multisub-
unit complexes. Many subunits of these complexes con-
tain different histone recognition modules that can bind
chromatin on particular histone marks. Together, they
cooperate to bind and target only specific residues on
chromatin (Yun et al. 2011; Musselman et al. 2012b).
Moreover, some of these complexes also possess more
than one activity. For example, the SAGA complex has
both acetyltransferase (Gcn5) and deubiquitinase (Ubp8)
activities (Ingvarsdottir et al. 2005; Lee et al. 2005),
while the related ATAC complex possesses two acetyl-
transferases (Gcn5 and Atac2) (Suganuma et al. 2008).
Other complexes, such as TIP60, combine chromatin
remodeling (H2A.Z incorporation by the p400 subunit)
and modifying activities (acetylation by the Tip60 sub-
unit) (Kusch et al. 2004; Altaf et al. 2009). These large
complexes are thus multifunctional and can act in differ-
ent cell processes by achieving various modifications
depending on the cellular context. This review describes
the major determinants that allow enzymes to modify
histones in their specific physiological context, select-
ing, for example, specific nucleosomes and histone tail/
residues. As a great deal of data has accumulated in the
past years concerning these multisubunit chromatin-
modifying complexes, clarification is needed on some
issues regarding factors required for substrate specificity
and action on chromatin. We also shed light on some
discrepancies related to these different complexes that
can be found in the literature.

The molecular context of substrates and enzymes
influences the specificity of histone modifiers

Histone substrates

Since chromatin is a dynamic structure, histones can be
incorporated or evicted at various stages. Newly synthe-
sized histones are normally incorporated during the S
phase of the cell cycle, while eviction can occur during
processes such as transcription, replication, and repair.

Therefore, a pool of free histones can be isolated in the
nucleoplasm, although the majority is still bound to
chromatin. Both conditions can also be recreated in vitro,
where free histones and chromatin/nucleosomes may be
used to characterize diverse modifying activities. More-
over, fewer physiological substrates like monomeric
recombinant histone and histone N-terminal synthetic
peptides are also frequently used. These different sub-
strates have allowed identification of context-specific
activities (Fig. 1A,B). For instance, some enzymes react
only with nucleosomal histones. The Dot1 methyltrans-
ferase, which is responsible for the methylation of H3K79
in yeast, is able to accomplish this only in the context
of chromatin and has no activity on free histones or re-
combinant H3 (Lacoste et al. 2002; Ng et al. 2002;
Fingerman et al. 2007). The same is observed in the case
of Set2 methyltransferase, which methylates H3K36
mainly in a chromatin context (Strahl et al. 2002), al-
though minor relative Set2 activity has also been reported
on histone tetramers and core histones (Du et al. 2008). In
contrast, some other enzymes are able to acetylate only
nonnucleosomal histones. The yeast acetyltransferase
Rtt109, which is found in complex with the histone
chaperone Vps75, acetylates H3K56 of newly synthesized
histones in the nucleoplasm but does not acetylate nucle-
osomal H3 (Han et al. 2007). The Asf1 chaperone is also
required for Rtt109 to acetylate H3K56 by presenting H3–
H4-associated dimers to the enzyme (Recht et al. 2006;
Adkins et al. 2007). Other enzymes can modify both free
histones and nucleosomes but show clear preferences in
vitro, as shown by CBP/p300 acetyltransferase’ s stronger
activity on free histones compared with chromatin
(Ogryzko et al. 1998; Ito et al. 2000; Deng et al. 2003).
Interestingly, some HAT complexes can target both free
and nucleosomal histones in vitro but will show differ-
ential specificity for each substrate. The MYST complex
HBO1–JADE can acetylate both H3 and H4 on free
histones but is much more specific for H4 in the context
of nucleosomes (Doyon et al. 2006; Saksouk et al. 2009;
Lalonde et al. 2013). The same is true for the MOZ/
MORF–BRPF MYST complex and the equivalent yeast
NuA3 complex, in which both H3 and H4 can be acety-
lated on free histones, but only H3 gets acetylated on
nucleosomes (John et al. 2000; Ullah et al. 2008; Lalonde
et al. 2013). In addition, acetylation of a specific histone
tail may be detected only in the context of chromatin. This
is the case for human TIP60 and homologous yeast NuA4
complexes, which are specific for acetylation of H2A and
H4 when using chromatin as substrate, while very low
levels of acetylated H2A are detected with free histones
(Allard et al. 1999; Doyon et al. 2006). Similarly, Gcn5-
containing HAT complexes target the H2B tail only in
a chromatin context (Grant et al. 1997, 1999; Allard et al.
1999). Overall, while most nuclear histone modifiers are
less active on nucleosomal substrates as compared with
free histones, their real histone specificity is better
revealed when using their physiological substrate. This
extends even to the histone proteins themselves, as se-
quence variations between species can affect apparent
specificity when using modifiers from heterologous sys-
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tems. This is largely seen with the less conserved H2A/
H2A.Z and H2B N-terminal tails (e.g., Allard et al. 1999;
Altaf et al. 2010).

Histone modifier enzymes

Another aspect that influences specificity of histone
modifiers is the molecular context in which they reside
when used in assays. This context specificity is demon-
strated when recombinant enzymes show differential
activity when compared with their native complexes.
Since most of the chromatin-modifying enzymes are
normally contained in multisubunit complexes, their
associated factors may help potentiate their nucleosomal
activity and may also change their specificity of action
(Fig. 1C). The Gcn5 HAT is found within different com-
plexes in vivo; namely, ADA/HAT-A2, SAGA, SLIK, and
ATAC (Steunou et al. 2014). Recombinant yGcn5 enzyme
mainly acetylates H3 and, to a lesser extent, H4 in free
histones but is unable to target nucleosomes (Kuo et al.

1996; Grant et al. 1997). Its specificity toward free histones
is not drastically changed within native complexes, but
it is now able to modify chromatin substrates with a
specificity corresponding to its in vivo action toward H3
and H2B (Grant et al. 1999; Suka et al. 2001). Esa1/
Tip60(KAT5) acetylation activity also shows distinctive
results when comparing both the recombinant proteins
and the native complexes. It always acetylates H4 and H3
and weakly acetylates H2A on free histones, whereas only
the native complexes (NuA4/TIP60-p400) can target chro-
matin, modifying H4 and H2A as reported in vivo (Allard
et al. 1999; Suka et al. 2001; Doyon et al. 2006). Thus, in
several cases, native complexes enable the enzymes to
modify chromatin substrates. In most other cases, it can
also potentiate their activity toward their physiological
substrates, greatly increasing their specific activity. Many
methyltransferases are also active as recombinant proteins
toward free histones but require associated factors in
native complexes to efficiently target chromatin. Such is
the case for MLL/Set1 and EZH2, which use associated

Figure 1. Mechanisms of substrate selectivity endowed by chromatin-modifying enzymes themselves or their associated factors. (A)
Binding of associated factors enables enzymes to act on free histones but not on nucleosomes. (B) Specific structure/motifs/domains
within the enzyme itself ensure its activity on nucleosomes rather than on free histones. (C) Accommodation in the multisubunit
complexes enables enzyme activities on nucleosome substrates. (D) Various recognition/reader domains within associated factors guide
enzymatic activity to specific histone modification chromatin landscape.
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subunits to enable their activity on nucleosomes (Shilatifard
2012; Herz et al. 2013). In these examples, the recombi-
nant enzymes show little to no activity on free histones.
Human EZH2 needs to reside in the Polycomb-repressive
complex 2 (PRC2) complex in order to methylate H3K27
on both chromatin and free histones (Margueron and
Reinberg 2011). Thus, associated factors found within
these multisubunit chromatin-modifying complexes are
often key players for the enzymes to have substantial
and specific activity on chromatin. Furthermore, as for
the substrate context, the use of native modifier com-
plexes more closely recapitulates the in vitro histone
specificity that corresponds to in vivo targets.

Associated factors enable enzymes to modify histones
in the context of chromatin

Evidence shows that the distinct behavior of recombinant
enzymes and their native complexes makes sense when
considering the fact that this incorporation actually
endows the enzymes with the ability and specificity to
act on chromatin. Kinetic differences shown in studies
comparing individual HAT subunits with their respective
physiological complexes further highlighted the impor-
tant chromatin-binding property that associated factors
lent to the enzymes. For example, incorporation of Esa1
into the core complex Piccolo NuA4 enhances its cata-
lytic efficiency on nucleosome substrates by 3500-fold
compared with Esa1 alone (Berndsen et al. 2007), making
it strikingly more active on chromatin than on free
histones (Boudreault et al. 2003). This significant differ-
ence can be explained by the presence of the Piccolo
NuA4-associated factors Yng2 and Epl1 (Boudreault et al.
2003; Selleck et al. 2005; Chittuluru et al. 2011; Huang
and Tan 2013). Similarly, the presence of Ada2 and Ada3 is
required for Gcn5-containing complexes to act on chro-
matin (Sendra et al. 2000; Balasubramanian et al. 2002;
Carrozza et al. 2003). Yng2 is part of the inhibitor of
growth (ING) family of tumor suppressors, which are
primarily found as subunits of conserved HAT or HDAC
complexes in eukaryotes (Doyon et al. 2006). These factors
are required for efficient modification of chromatin by
NuA4, NuA3, Tip60, HBO1, MOZ/MORF, and Rpd3L in
vitro and in vivo (Saksouk et al. 2008; Ullah et al. 2008).
Notably, the chromatin acetylation property provided by
ING proteins lies outside of their PHD (plant homeodo-
main) (Boudreault et al. 2003; Doyon et al. 2004; Selleck
et al. 2005; Chruscicki et al. 2010), a module associated
with the binding of methylated histones (Musselman et al.
2012b). Interaction of the MSL1 and MSL3 subunits with
the MOF catalytic subunit leads to its H4K16-specific
HAT activity on chromatin in vitro and in vivo (Morales
et al. 2004; Smith et al. 2005). As for the MLL1/Set1
methyltransferases, it has been reported that a fully as-
sembled MLL1 core complex containing a stoichiometric
equivalent of the catalytic subunit MLL1 and associated
subunits WRAD (WDR5, RbBP5, ASH2L, and DPY-30) is
required for nucleosomal H3K4 methylation (Patel et al.
2011), although the specific mechanism appears intricate
(Shilatifard 2012; Couture and Skiniotis 2013). In parallel,

methyltransferase EZH2, residing in the PRC2 complex,
requires the SUZ12 and RbAp46/48 subunits to bind
nucleosomes and Eed to stimulate methylation of nucle-
osomal H3K27 (Margueron and Reinberg 2011).

Interestingly, results from multiple studies indicate
that specific protein domains present in these associated
factors also contribute to chromatin binding, enabling
activity toward nucleosomal histones. For example, while
PHD fingers and chromodomains are mostly thought of as
reader modules for histone methyl marks, a number of
them are essential for modification of histones in the
context of chromatin regardless of methylation. For in-
stance, PZP (PHD–Zn knuckle–PHD) domains are pres-
ent in the scaffold proteins BRPF/JADE of HBO1 and
MOZ/MORF HATcomplexes. This domain acts as a single
functional entity and is essential for chromatin binding
and acetylation by these complexes both in vivo and in
vitro (Foy et al. 2008; Saksouk et al. 2009; Avvakumov
et al. 2012; Lalonde et al. 2013). The binding mechanism
appears to occur through coordinated association of the
PZP with histone H3 N-terminal tails and nucleosomal
DNA (Saksouk et al. 2009; Liu et al. 2012; Lalonde et al.
2013). Moreover, the Esa1 chromodomain, while not re-
quired for activity on free histones, is essential for acety-
lation of chromatin substrates by piccolo NuA4 (Selleck
et al. 2005; Huang and Tan 2013). Although this domain is
proposed to recognize methyl marks in the homologous
human enzyme (Tip60) (Sun et al. 2009; Jeong et al. 2011),
its mutation cripples the activity of the yeast complex on
recombinant nucleosomes lacking any PTMs and is lethal.
This again supports the idea that the domain recognizes
a histone–DNA interface in the nucleosome particle,
which is corroborated by biochemical/structural data
(Huang and Tan 2013). Similarities can be drawn to
Drosophila MOF, also part of the MYST HAT family,
which has a chromobarrel domain required for the acety-
lation of H4K16. This domain not only directly binds to
nucleic acids but also potentiates MOF’s enzymatic activ-
ity after chromatin binding (Conrad et al. 2012). Another
example is the PHD present in the Rco1 subunit of the
Rpd3S HDAC complex. It enhances the overall affinity of
Rpd3S for nucleosomes, cooperating with the chromodo-
main of Eaf3 that provides specificity for H3K36 methyl-
ated nucleosomes, a marker of genes transcribed by RNA
polymerase II (RNAPII) (Li et al. 2007). These examples
highlight different mechanisms that these modifying en-
zymes have adopted to selectively act on histones within
the context of chromatin.

Selection of specific PTM-carrying nucleosomes
by modifier enzymes or their associated factors

Many of the associated factors found within the chroma-
tin-modifying complexes can act as readers of histone
PTMs via their different chromatin recognition domains.
By recognizing various histone marks, these domains
promote the binding of regulatory complexes to distinct
loci and, in some cases, orient them to target a specific
histone tail (Fig. 1D). For example, methylation can be
read by many domains such as PHD, CHD, and Tudor,
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while acetylation markers mainly recruit bromodomain-
containing proteins. Musselman et al. (2012b) provide
a detailed review on the different types of chromatin
recognition domains and their modes of binding. Subunits
of MYST acetyltransferase complexes contain many of
these recognition modules. First, they possess an ING
protein (or Yng in yeast) that has a PHD with high
affinity for H3K4me3 (Martin et al. 2006; Shi et al. 2006;
Champagne et al. 2008; Hung et al. 2009; Saksouk et al.
2009). The presence of this domain is linked to the
binding of these different modifying complexes near the
transcription start site of active genes, where H3K4me2/3
is concentrated (Saksouk et al. 2009; Avvakumov et al.
2012; Lalonde et al. 2013). This interaction can potentiate
acetylation of the histone H3 tail. Indeed, the presence of
the ING4/5 (or yeast Yng1) subunit in complexes stimu-
lates H3K14 acetylation when H3K4 is di-/trimethylated
(Taverna et al. 2006; Hung et al. 2009; Saksouk et al. 2009;
Avvakumov et al. 2012; Lalonde et al. 2013). Interestingly,
it does so even in the HBO1–JADE1 complex, which
generally targets the H4 tail on nucleosomes, slightly
changing its histone tail specificity (Saksouk et al. 2009).
Therefore, ING proteins have two distinct modules that
function in driving chromatin (de)acetylation by different
native complexes. As mentioned above, besides the PHD–
H3K4me2/3 interaction, they also contain an N-terminal
region that potentiates activity on chromatin substrates
(not on free histones) (Boudreault et al. 2003; Selleck et al.
2005; Doyon et al. 2006; Chruscicki et al. 2010). On the
other hand, this N-terminal chromatin-binding function of
ING proteins appears less important in complexes like
HBO1 and MOZ/MORF that contain a potent chromatin-

binding PZP domain (in JADE/BRPF scaffold subunits)
(Saksouk et al. 2009; Avvakumov et al. 2012). In these
cases, the mechanism of binding and modification of
chromatin becomes a complicated cross-talk between pro-
tein domains and histone tails (Fig. 2A). In fact, the PZP
domain allows binding to nucleosomes in part through an
interaction with the H3 tail. This interaction is very
sensitive to the methylation status of H3K4, as it is
disrupted even by monomethylation (Saksouk et al. 2009;
Qin et al. 2011; Lalonde et al. 2013). Interestingly, the
regulated presence of the ING subunit with its PHD
reverses this sensitivity to H3K4me (Saksouk et al. 2009;
Avvakumov et al. 2012; Lalonde et al. 2013). In addition to
the PZP domain, the BRPF scaffold subunit of the HBO1
and MOZ/MORF HAT complexes contains a PWWP
domain that binds H3K36me3 and regulates binding to
chromatin in vivo (Fig. 2A; Laue et al. 2008; Vezzoli et al.
2010). Furthermore, BRPF proteins also contain a bromo-
domain with good affinity for Kac, but the physiological
target and function of this domain remain to be elucidated
(Filippakopoulos et al. 2012; Lalonde et al. 2013).

The MSL3 subunit of the MOF HAT complex is linked
to X-chromosome dosage compensation mechanisms. It
possesses a chromodomain that promotes acetylation of
H4K16 by allowing spreading on H3K36me3-containing
chromosomal regions (Larschan et al. 2007; Sural et al.
2008). The Eaf3 subunit (MRG15 in humans) of the Rpd3S
deacetylase complexes has a related chromobarrel do-
main that also binds H3K36me2/3. While this interaction
is not important for recruitment of the complexes to the
body of active genes, it is required for histone deacetyla-
tion to occur behind the elongating polymerase to stabi-

Figure 2. Multiplicity and multivalence of histone
reader and chromatin-binding modules within histone
modifier complexes, reflecting multifunctional epige-
netic effectors. (A) The case of the MOZ HAT complex.
The native tetrameric MOZ histone H3-specific acetyl-
transferase complex is depicted with its known domains
of interaction between subunits, with specific histone
marks, and with nucleosomes. (DPF) Double PHD fin-
gers. For simplicity, the small uncharacterized hEaf6
subunit is not presented. (B) Local propagation of a
histone mark by chromatin modifiers. This is achieved
through an associated reader module that recognizes the
same mark that is deposited by the enzyme, allowing
modification of the second histone tail within the
nucleosome and/or the tails on the neighboring nucleo-
somes. This mechanism is thought to be critical for
epigenetic inheritance during replication/cell division.
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lize nucleosomes and avoid spurious transcription (for
review, see Smolle et al. 2013). This Eaf3/MRG15 protein
is also part of the NuA4/TIP60 acetyltransferase com-
plex, but its role in less understood, although it is again
likely linked to transcription elongation. As mentioned
above, modifying enzymes themselves can also contain
histone mark reader modules. The MOZ/MORF HATs
have tandem PHDs that favor interaction with H3K14ac
and unmodified H3R2 (Ali et al. 2012; Qiu et al. 2012).
Tip60 has a chromodomain that can interact with
H3K4me1 at the transcription enhancer elements (Jeong
et al. 2011). Clearly, MYST family acetyltransferase com-
plexes contain many histone PTM recognition domains
(e.g., Fig. 2A). Further study will be required in order to
fully understand how these different modules cooperate to
target very specific loci.

Besides MYST family HAT complexes, other multi-
subunit histone-modifying complexes also harbor many
PTM recognition modules. The Gcn5-containing SAGA
complex includes the Sgf29 subunit with its tandem
Tudor domains. This module binds to H3K4me2/3 and is
required for H3 acetylation by the complex in vivo
(Vermeulen et al. 2010; Bian et al. 2011). The PRC2 is
responsible for the deposition of H3K27me3 at silenced
genes. Its catalytic activity resides within the EZH2 sub-
unit but also depends on at least three other subunits in
human cells: SUZ12, Eed (equivalent to the Drosophila
ESC), and RbAp46/48 (Margueron and Reinberg 2011). The
C-terminal of Eed contains a WD40 domain that can bind
to H3K27me3 and ensures the propagation of the repres-
sive mark on chromatin by allowing the allosteric activa-
tion of the methyltransferase activity of the complex
(Margueron et al. 2009). Moreover, in flies, the N terminus
of the ESC protein has been shown to bind directly to
histone H3 and promote H3K27me3 (Tie et al. 2007). In
addition, one of the alternative complex subunits, PHF1/
Pcl, can also modulate the PRC2 complex activity (Cao
et al. 2008; Sarma et al. 2008). Its N-terminal Tudor
domain can recognize H3K36me3-containing chromatin,
either inhibiting Ezh2 from methylating H3K27 or pro-
moting its spreading and silencing on embryonic stem cell
genes (Abed and Jones 2012; Musselman et al. 2012a; Cai
et al. 2013). The Set1 methyltransferase is a member of the
COMPASS complex (MLL1/Set1a/Set1b complexes in
humans). Local propagation of a histone mark is frequently
achieved through a subunit/reader module associated with
the enzyme that recognizes the deposited PTM (Fig. 2B).
As for Eed in PRC2, the H3K4me2/3-binding PHD of the
COMPASS subunit Spp1 favors deposition of the same
histone mark that it recognizes (Acquaviva et al. 2013).
This is likely also the case for the LSD1 H3K4 demethylase
complex, as its PHD-containing BHC80 subunit binds to
unmethylated H3K4 and is required for the repressive
transcriptional activity of the complex (Lan et al. 2007).

Furthermore, PSIP1/LEDGF/p75, another important
factor that associates with the MLL HMT complex, has
a newly characterized PWWP domain that binds both
DNA and H3K36me3 (van Nuland et al. 2013). Again,
some histone PTM-binding modules can also be found
within the enzymes themselves. The MLL1 methyltrans-

ferase has four PHDs, where the third can bind to
H3K4me3 (Chang et al. 2010; Wang et al. 2010). The third
PHD of MLL2 and the single PHD of MLL5 also both
recognize this same histone mark (Ali et al. 2013, 2014;
Lemak et al. 2013). This is likely related to Spp1 function
in homologous yeast COMPASS (see above) for efficient
propagation of this critical histone mark. In contrast, the
MLL4 triple PHD finger cassette associates with un-
modified histone H4 or asymmetrically dimethylated
H4R3me2 (Dhar et al. 2012). Similarly, the Jhd2 H3K4
demethylase possesses a PHD required for the enzyme to
bind nucleosomes, but its binding function is indepen-
dent of the H3 tail (Huang et al. 2010). Finally, another
clear example of cross-talk between a reader module and
catalysis within a modifying enzyme is PHF8, a H3K9
demethylase that contains a PHD specific for H3K4me3
and required for the catalytic activity of the protein
(Feng et al. 2010; Fortschegger et al. 2010; Horton et al.
2010). In this case, these antagonistic histone marks can
be efficiently kept away from each other.

Selection of the specific histone tail to be modified
by enzymes on nucleosomes: new intriguing mechanisms

While associated factors/domains in native complexes can
enable the activity of modifying enzymes on chromatin
substrates and direct them to specific PTM-carrying nu-
cleosomes, it was generally thought that the selection of
the histone tail and residue to be modified was mostly
performed by the enzyme itself. Domains have been
mapped in modifying enzymes that bind one specific
histone tail or region within a nucleosome in order to
target another. For example, the N-terminal region of
the Set2 methyltransferase interacts with the H4 tail
within the nucleosome in order to target K36 of H3 for
methylation (Du et al. 2008). Similarly, Dot1 methyltrans-
ferase contains an acidic patch in the C-terminal that can
bind to a basic patch contained in the N-terminal tail of
H4, and this interaction is required for H3K79 methylation
(Altaf et al. 2007; Fingerman et al. 2007).

As mentioned above, some reader subunits like ING
proteins in HBO1 complexes can slightly change speci-
ficity by increasing activity toward H3 without affecting
acetylation of the main H4 target (Saksouk et al. 2009).
However, recent work has shed light on a new mechanism
by which some subunits in native modifying complexes
can strictly select which specific histone tail gets targeted
by the catalytic subunit. We and others have recently
discovered that the HBO1 HAT enzyme exists in different
native complexes with JADE or BRPF paralogs as scaffold
subunit (Doyon et al. 2006; Mishima et al. 2011; Lalonde
et al. 2013). While the HBO1–JADE and HBO1–BRPF
complexes acetylate H3 and H4 equally on free histones,
they are exclusively specific for H4 (JADE) or H3 (BRPF)
on chromatin (Lalonde et al. 2013). Thus, the HBO1-
associated scaffold subunit directs which histone tail gets
acetylated by the enzyme on chromatin. In fact, a small
region at the N terminus of both the JADE and BRPF
proteins is responsible for selecting the H3 or H4 tail for
acetylation. This is a conceptually novel regulatory mech-
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anism in which the histone tail specificity of an enzyme is
determined by the native complex it resides in and in
which an exchange of subunits leads to a completely
distinct acetylation specificity (Fig. 3B). This has clear
implications on conclusions that can be drawn from
experiments using modifying enzymes outside of their
physiological environment (e.g., transient overexpression
without associated factors). The small region mapped on
JADE and BRPF proteins is related to a similar N-terminal
region of the EPC1/Epl1 scaffold subunits of the TIP60
(humans) and NuA4 (yeast) H4/H2A-specific HAT com-
plexes. It previously had been shown to be important for
binding to nucleosomes and for acetylation and was found
to interact with the histone H2A N-terminal tail within
the nucleosome (Selleck et al. 2005; Chittuluru et al. 2011;
Huang and Tan 2013). Further analysis demonstrated that
this domain was essential for Tip60/NuA4 to acetylate the
nucleosomal H4 tail, while acetylation of the nucleosomal
H2A tail was still detected (Lalonde et al. 2013). Thus, this
small basic region of EPC1/Epl1, through its interaction
with the H2A tail, appears to orient the Tip60/NuA4
complex in a specific manner on the nucleosome so that
the catalytic subunit can acetylate the H4 tail. The fact
that acetylation of H2A is still possible implies that
different mechanisms of nucleosome binding are at play
to acetylate the two tails.

Conflicting reports on specificity of histone modifiers:
Where is the truth?

The fact that the apparent in vitro specificity of histone
modifiers is affected by several factors may explain the
presence of many discrepancies in the literature related to

their real targets. As discussed above, the molecular
context of the substrate itself influences the apparent
specificity of modifiers (free histones or N-terminal pep-
tides vs. chromatin). The use of recombinant or overex-
pressed enzymes compared with protein complexes also
generates a great deal of variation in reported specificity.
Overall, the use of native purified activities or reconsti-
tuted complexes with their physiological substrates like
nucleosomes is by far the best way to recapitulate the
real in vivo specific targets of histone modifiers. It is now
clear that associated factors within chromatin-modify-
ing complexes are crucial in allowing enzymes to modify
nucleosomal histones, select specific PTM-carrying nucle-
osomes, and, in some cases, choose which histone tail/
residue is targeted. Therefore, apparent discrepancies have
accumulated in the literature about the specificity of
several modifiers, since many experiments were per-
formed using, for example, histone peptides as substrate
and/or only the enzymatic subunits outside of their
natural multisubunit complexes. In fact, transient over-
expression of monomeric enzymes or even of other com-
plex subunits often creates a distinct phenotype. For
example, the MYST HATscaffold subunit BRPF1 is mainly
localized in the cytoplasm when individually overex-
pressed (Ullah et al. 2008). However, when cotransfected
with its enzymatic partner, MOZ, its localization turns
out to be mainly nuclear. Interestingly, the localization
of the MOZ protein itself within chromatin varies when
overexpressed individually. In this condition, it dislikes
H3K4me3 chromatin but colocalizes with H3K14ac marks,
as shown by immunofluorescence experiments (Qiu et al.
2012; Dreveny et al. 2014). In contrast, since native MOZ is
found in a complex with BRPF and ING subunits (Fig. 2A),
its genome-wide localization correlates with H3K4me3-
enriched chromatin regions through the PHD of ING5
(Champagne et al. 2008; Lalonde et al. 2013). The caveat
here is to take into account the limitations in interpret-
ing results from individual studies based on the different
materials used and methods adopted.

Besides the discrepancy resulting from different exper-
imental strategies, the potential tissue-specific activities
could also contribute to the seemingly divergent results.
For example, complete depletion of the MOZ acetyltrans-
ferase in mouse embryos decreases the acetylation of
H3K9 at specific genomic loci, although the MOZ com-
plex has been shown to acetylate H3K14 in chromatin
(Doyon et al. 2006; Ullah et al. 2008; Voss et al. 2009;
Lalonde et al. 2013). Furthermore, while depletion of the
HBO1 acetyltransferase by siRNAs in HeLa or H1299
cells leads to a significant decrease of H4 acetylation (K5,
K8, and K12) and appears to have an impact on cell cycle
progression into S phase (Doyon et al. 2006; Miotto and
Struhl 2010; Havasi et al. 2013), its complete knockout in
mouse embryos shows only a loss of H3K14ac in mouse
embryonic fibroblasts with no apparent replicative defect
(Kueh et al. 2011). These differential phenotypes indicate
that chromatin modifiers can also have tissue-specific
activities and that the expression level of associated factors
in different tissues or cell lines may influence their
function. In fact, as mentioned above, HBO1 can associate

Figure 3. Selection of histone tail specificity of chromatin
modifiers resides in the enzymes themselves or can be decided
by domains within associated factors. (A) Domains within the
enzymes themselves select a specific histone tail for modifica-
tion. (B) Exchangeable associated factors (AFs) can associate with
the same enzyme and bind distinct histone domains within the
nucleosome, leading to different histone tails being selected for
modification.
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with either the JADE or BRPF scaffold proteins, and this
association is responsible for changing the enzyme’s
histone tail specificity (Lalonde et al. 2013). Although
the BAF complexes act as chromatin remodelers and do
not directly modify any histone residue, they have also
been well documented for their tissue-specific variability
(Hargreaves and Crabtree 2011). Indeed, during differenti-
ation of embryonic stem cells into neuronal progenitors,
BAF complexes undergo a complete subunit rearrange-
ment in which BAF45a and BAF53a are replaced by the
BAF45b and BAF53b subunits (Lessard et al. 2007). More-
over, the BAF60c subunit is only required for heart de-
velopment in embryonic cells (Lickert et al. 2004). This
supports the notion that chromatin-modifying complexes
also undergo complex reorganization in which associ-
ated paralog subunits are selected through differentia-
tion of the cells or are simply differentially expressed
in various tissues. Such a mechanism provides a likely
explanation for a number of the divergences observed in
the literature.

Numerous PTMs exist on the various histone tails,
making it logistically difficult to develop highly specific
antibodies that both recognize a precise mark on a specific
residue and have epitopes that are not altered by neigh-
boring marks. It is no small point that one of the keys to
the recent advances in the chromatin field has been the
use of such antibodies. Unfortunately, one often sees
antibodies with epitopes designed to recognize a specific
acetylation or methylation mark that will also cross-react
with another acetylated or methylated lysine residue. The
use of such deficient tools clearly gives rise to inaccuracies
that are often overlooked. Egelhofer et al. (2011) have
estimated that about one out of four available commer-
cial antibodies against histone modifications do not pass
the specificity test by Western blot analysis. Moreover,
many antibodies (22%) do not generate reproducible data
for chromatin immunoprecipitation (ChIP) experiments
(Egelhofer et al. 2011). On the other hand, binding of
antibodies against a precise histone modification is often
inhibited by the presence of a nearby secondary histone
mark, which blocks the recognition of the antibody
epitope (Bock et al. 2011; Fuchs et al. 2011). Many of
the observed in vivo phenotypes following depletion of
chromatin modifiers rely on the specificity and sensitivity
of these antibodies. To address any potential misinterpre-
tations brought about by using these antibodies, quantita-
tive mass spectrometry of histone modifications offers
a more direct method to assess clear in vivo phenotypes.
Additionally, while specific histone residues in yeast can
be mutated to test for loss of signal, true controls for
modification recognition in mammalian cells are lacking.
Along with the aforementioned case of HBO1 and MOZ
depletion, variable results have also been observed after
depletion of different ATAC subunits. Whereas depletion
of the Atac2 HAT subunit in both mice and humans
creates a loss of H3K9, H4K5, H4K12, and H4K16 acety-
lation (Guelman et al. 2009), only H4K16ac is lost in flies
(Suganuma et al. 2008). Also, depletion of the Ada2 subunit
leads to a decrease of H3K9ac and H3K14ac in HeLa cells
(Nagy et al. 2010), while its mutation in flies creates a drop

in H4K12ac (Ciurciu et al. 2008). Discrepancies have also
been observed for the Ash1L methyltransferase (homolog
of Drosophila Ash1). Depletion of this protein by shRNA
in 293T cells creates a loss of H3K4me3 in vivo (Gregory
et al. 2007), while depletion in mouse embryonic stem
cells mostly shows a loss of H3K36me3 (Miyazaki et al.
2013). These observed contradictions might be the result
of poor antibody detection/specificity or varied roles of
these enzymes in different tissues. On the other hand, in
vivo depletion/overexpression of modifiers can easily pro-
duce indirect effects on other histone modifications not
deposited by the enzymes. These indirect effects can be
seen clearly on bulk chromatin but most often during ChIP
analysis. They can occur due to global changes in chro-
matin dynamics, well-established cross-talk between his-
tone marks, transcription activity, and/or cell cycle pro-
gression and can vary between cell lines and different loci.
Since several histone marks are regulated during the cell
cycle, any slight changes due to overexpression or knock-
down of factors can mislead the investigator into linking
a chromatin modification to a specific enzyme. In light of
these possibilities, extra care should be taken when char-
acterizing chromatin modifiers. Thus, the best experimen-
tal approach remains a combination of in vivo and in vitro
studies in which targeted histone residues are validated in
the test tube as well as in the cell. In addition, the use of
native purified activities and physiological substrates in
biochemical assays is the most credible approach to
characterize the true specificity of histone modifiers.

Regulation of modifiers by noncoding RNA and selection
of nonhistone substrates by associated factors

Recent years of studies have also witnessed the emerging
functional interaction between noncoding RNAs and
histone-modifying complexes through their associated
factors. These interactions play important roles in the
demarcation of chromatin domains, establishment of
specific regional chromatin structures, and regulation of
gene expression (Bonasio et al. 2010; Smolle et al. 2013;
Hiragami-Hamada and Fischle 2014) and further high-
light the importance of associated factor-mediated pro-
cesses in the targeting of histone modifiers.

As we come to know more about the different chro-
matin-modifying complexes, their associated factors, and
their specificity, reports of a number of nonhistone sub-
strates targeted by these modifiers are emerging in the
literature. Associated factors present within these com-
plexes may also contribute to the acetylation specificity
of these nonhistone substrates. A few targets have been
identified for the MYST acetyltransferase family (for a
detailed review, see (Sapountzi and Cote 2011), including
the p53 tumor suppressor protein, which can be acety-
lated on different lysine residues by these enzymes (Sykes
et al. 2006; Tang et al. 2006, 2008; Li et al. 2009; Rokudai
et al. 2009, 2013). The MOF MYST acetyltransferase has
been shown to be part of two separate complexes, MOF–
MSL and MOF–MSL1v1 (Smith et al. 2005; Li et al. 2009).
Both complexes comprise two entirely different sets of
subunits, and only the second can target p53 acetylation
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on K120, a mark favoring the apoptosis program instead
of simple cell cycle arrest (Li et al. 2009).

Conclusion

Besides appreciating the intriguing mechanisms and the
outstanding ‘‘teamwork spirit’’ that chromatin-modifying
complexes have adopted for their precise and specific
activity, scientists are also witnessing the mounting com-
plexity of chromatin modulation produced by recent years
of studies. With the help of their associated factors,
chromatin-modifying enzymes are targeted to nucleo-
somes via distinct recognition/binding domains that
also participate in specific histone tail selection. Regula-
tion of the deposition of these PTMs not only influences
the structural organization of chromatin but also controls
a variety of cellular pathways. Indeed, misregulation of
PTM deposition may contribute to the onset of tumori-
genesis. It is therefore not surprising to find anti-cancer
agents targeting histone modifiers and PTM reader mod-
ules (Rodriguez-Paredes and Esteller 2011; Dawson and
Kouzarides 2012). Nevertheless, challenges remain, as the
detailed picture of chromatin regulation by modifying
complexes has not been fully unveiled, which particularly
calls for complete and rigorous design of experiments and
strict and critical interpretations of the data in the chro-
matin/epigenetic research field.
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