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Abstract

Epigenetic deregulation is intimately associated with the development of human diseases.
Intensive studies are currently underway to clarify the mechanism for the sake of achieving ideal
diagnostic and therapeutic goals. It has been demonstrated that enzymes with histone-modifying
activities can also target non-histone proteins, with the underlying mechanism remaining obscure.
In this review, we focus on a novel histone mimicry strategy that may be wildly adapted during
the non-histone substrate recognition process. Its potential clinical implications are also discussed.
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Epigenetics and human diseases: an overview

Coined as early as 1942, the term “epigenetics” is undoubtedly showing its popularity
nowadays (Waddington, 2011). While the field of genetics focuses on the study of inherited
genes, epigenetics deals with the issue beyond the genetic code: the epigenetic code, which
has been introduced to describe the determinants of gene features other than the changes in
DNA sequence (Wang et al., 2004; Turner, 2007; Jenuwein and Allis, 2001). More
specifically, within this immense field we are looking into processes such as DNA and RNA
methylation, protein modifications and chromatin structure remodeling, and digging out the
underlying mechanism of how they cooperatively take control of development. With the
advancing knowledge in epigenetics, we have been able to better appreciate the diversity
and delicacy of gene expression regulation, which makes every single creature in one
species distinct and unique. Among the various areas of epigenetics that embraces DNA,
RNA and proteins, histone modification is perhaps the most dynamic. As the chief protein
components of chromatin intimately wrapped by DNA, histones are subject to a wide variety
of post-translational modifications such as phosphorylation, acetylation, ubiquitination and
methylation, as well as their counterparts, i.e. dephosphorylation, deacetylation,
deubiquitination and demethylation. Carried out by the corresponding enzymes on specific
amino acid residues, these modifications function to affect histone-DNA affinity and
chromatin structure, and provide docking sites for nuclear proteins with further chromatin
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structure modulation or transcription regulation activities, in such a way that they present
and orchestrate epigenetic information to manipulate gene expression (Kouzarides, 2007).

Not surprisingly, epigenetic deregulation has been linked to many human diseases, including
but not limited to diabetes (Villeneuve and Natarajan, 2010), asthma (Adcock et al., 2005),
neuronal disorder (Urdinguio et al., 2009) and cancer (Jones and Baylin, 2007; Esteller,
2008). The very first case was documented in 1983 when researchers found an aberrant level
of DNA methylation in colorectal cancer patient tissues (Feinberg and Vogelstein, 1983).
Since then, a growing number of studies have demonstrated the contribution of abnormal
DNA methylation to human diseases, a typical example being promoter hypermethylation
and therefore silencing of tumor suppressor p16 frequently found in multiple human
carcinomas (Shima et al., 2011). Besides DNA methylation, the far more diversified histone
modifications play crucial roles in epigenetics and are often misrepresented in human
diseases. The undesirable and disease-causing epigenetic patterns are reminiscent of
anomalous chromatin regulator activities (Rodenhiser and Mann, 2006). In a recent
example, Jiao and colleaguesidentified common genetic mutations in pancreatic
neuroendocrine tumors, including mutations in MENL1 that encodes the transcription factor
Menin with the H3K4me3 histone methyltransferase mixed-lineage leukemia (MLL)
complex recruiting activity; and mutations in ATRX and DAXX that encode proteins to form
a complex harboring chromatin-remodeling adenosine triphosphatase activity (Elsasser and
Allis, 2011; Jiao et al., 2011). Attributed to the exome sequencing technology that reveals all
protein-coding regions in the human genome, many chromatin-regulating candidates remain
to be discovered.

The nature of diversity and specificity of enzymes with histone-modifying activities makes
them ideal yet challenging therapeutic targets. While earlier research focused on their
function on histones, as the initial name “histone-modifying” indicated, recent studies have
confirmed their roles on nonhistone proteins, rendering their targets to be more universal
(Morgunkova and Barlev, 2006; Lee and Stallcup, 2009; Egorova et al., 2010; Singh et al.,
2010; Peng and Seto, 2011). This adds another layer to the still elusive mechanism
governing the process of epigenetic regulation. What is the determinant, or driving force, of
these enzymes to target certain groups of proteins? What is the biologic consequence of
histones and nonhistone proteins “sharing” specific enzymes? Going further beyond the
level of molecular biology, does this “sharing” give us any medical implications? In this
review we put our focus on the recently emerged “histone mimicry” concept, which ideally
targets these questions.

Beginning with the “histone fold” idea

As early as two decades ago, Arents and colleagues identified a common motif shared by
four core histones when they performed crystallographic analysis to determine the structure
of the histone octamer (Arents et al., 1991). They found that individual polypeptides in the
central portion of histone chains are folded in a similar manner and named this helix-loop-
helix motif the histone fold (Arents et al., 1991). Driven by previous findings that a couple
of proteins such as TAF|;40 and TAF,60 from Drosophila and macro-H2A from rat also
contain histone-like components, Arents and colleagues reasoned that histone fold might
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also be prevalent in certain groups of nonhistone proteins. They performed computer-based
motif searches and sequence analysis, and indeed confirmed the presence of the histone fold
in a number of nonhistone proteins, most of which are involved in protein-protein or protein-
DNA interactions (Baxevanis et al., 1995). These proteins, which include transcription
factors and enzymes, were defined to form a distinct histone fold superfamily (Arents and
Moudrianakis, 1995). Further research by Arents and colleagues demonstrated that the
histone fold plays a role in DNA compaction and protein dimerization (Arents and
Moudrianakis, 1995).

The histone fold superfamily represents the earliest example of histones and nonhistone
proteins sharing a common motif. Recent studies, as reviewed below, have identified
additional cases. It should be noted, however, that when a certain group of proteins share a
common histone-like structure or sequence, they might appear to have significantly different
biologic functions. In addition, it remains to be determined whether these nonhistone
proteins are also subject to post-translational modifications by specific histone-modifying
enzymes. How the modifications of the nonhistone proteins coordinate with those of
histones to regulate the transcription process under certain biologic circumstances is worth
further study. Several excellent reviews have covered the findings of histone-modifying
enzymes targeting non-histone proteins, although the underlying mechanism is still unclear.
In the following paragraphs we aim to encompass recent discoveries featuring a novel
“histone-mimicking” mechanism used by nonhistone proteins to share with histones for
enzyme recognition. Its biologic significance, as well as potential therapeutic implications,
will also be discussed.

The introduction of the “histone mimicry” concept

While it has been over a century since histones were discovered, only recently did we begin
to appreciate their roles in transcription regulation (Kayne et al., 1988). Noticeably, the
histone code hypothesis was introduced one decade ago suggesting genetic information be
regulated in part by histone modifications (Jenuwein and Allis, 2001). These modifications,
as the hypothesis states, serve to recruit nuclear proteins with specialized recognition
domains to regulate gene expression. As the expansion of the list of nonhistone proteins that
are under post-translational modifications in a similar pattern to that of histones, a critical
question surfaced: does the histone code hypothesis also apply to nonhistone proteins?

Recently, Sampath and colleagues addressed this question by providing a typical example in
the name of G9a, which belongs to the Suv(3-9) family of SET domain histone
methyltransferases and possesses histone H3 lysine 9 methylation abilities (Sampath et al.,
2007). Through sequence alignment, they identified a short conserved sequence within the
N-terminal of G9a as well as its family member GLP (G9a-like protein). Interestingly, they
found that the sequence highly resembled the histone H3K9 methylation site. They
continued to confirm that G9a was subject to auto-methylation at lysine 165 within the
conserved sequence; and the auto-methylation was required for G9a to form corepressor
complex with HP1y, the euchromatic isoform of HP1 which was previously found to
recognize methylated lysines at the histone H3 tail through its prototypical chromodomain.
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Nuclear magnetic resonance(NMR) spectroscopy analysis further defined that HP1y binds
methylated G9a with similar manner to that of HP1y-methyl-H3K9.

Evidence presented by Sampath and colleagues offered several implications. First, there is a
complicated interplay between histone and nonhistone methylation systems and one of their
linkages would be the histone-like modification cassettes: the histone mimics. Second, the
histone code hypothesis might go beyond histone and apply more universally to nonhistone
proteins. Third, it might be possible to predict methylation targets based on their structure or
sequence similarity to histone methylation sites. Indeed, the initial studies performed by
Sampath and colleagues, as well as by others, have identified a number of proteins harboring
H3K9-mimicking cassettes and are potential targets of lysine methylation. Many of these
proteins are associated with chromatin regulation, including mAM (Sampath et al., 2007),
which is a murine ATFa-associated factor and stimulates the activity of histone H3K9
methyltransferase ESET; as well as NSD1 and NSD3 (Henkels and Khorasanizadeh, 2007),
which possess histone H3K36 methyltransferase activities. Last but certainly not least, the
identification and structural analysis of histone methylation mimics may aid in the design of
more potent and specific methyltransferase inhibitors, which are discussed in the later
portion of this review. In sum, the introduction of the histone mimicry concept helps to
improve our appreciation of epigenetic regulation network and diversify the epigenetic
research methodologies.

Taking it further: the Snail-LSD1 story and beyond

The Snail transcription factor is well known as the master regulator of epithelial-
mesenchymal transition (EMT) (Batlle et al., 2000; Cano et al., 2000; Savagner, 2001;
Nieto, 2002; Zhou et al., 2004), a signature process during embryonic development as well
as metastatic transformation (Thiery, 2002; Shook and Keller, 2003; Yang and Weinberg,
2008; Thiery et al., 2009). Loss of E-cadherin expression is a hallmark of EMT (Nieto,
2002; Thiery, 2002). Typically, Snail binds to E-cadherin promoter to repress its
transcription. It should be noted that as a transcription factor that “read” DNAs, Snail itself
does not have chromatin “editing” activities. To exert its function of transcriptional
repression, it needs to cooperate with molecules harboring chromatin modulation activities,
such as histone-modifying enzymes.

Using protein affinity-coupled mass spectrometry analysis, we recently identified lysine
specific demethylase 1 (LSD1) as a partner of Snail (Lin et al., 2010). LSD1 is the first
identified histone demethylase that specifically removes methylations of histone H3 lysine 4
(H3K4), a transcriptional activation mark (Shi et al., 2004). Overexpression of LSD1 has
been correlated with an adverse clinical outcome for patients with ER-negative breast cancer
(Lim et al., 2010). We speculated that Snail and LSD1 form a repressor complex to regulate
E-cadherin expression. Interestingly, we found Snail interacts with LSD1 through its highly
conserved N-terminal SNAG (Snail/Gfi-1) domain, the sequence of which strongly
resembles that of histone H3 tail. Computer modeling analysis further revealed that the
SNAG domain of Snail adopts a conformation that is superimposed by the histone tail and
binds to the enzymatic cleft of LSD1. Noticeably, Arg3, Arg8 and Lys9 of the SNAG
domain participated in critical contacts with LSD1, similar to the case of their counterparts
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Arg2, Arg8 and Lys9 of histone H3 (Lin et al., 2010). Based on our studies, we proposed a
model in which Snail uses its histone H3-resembling SNAG domain as a molecular “hook”
(or pseudo-substrate) to recruit LSD1 to the target gene promoters, where LSD1
demethylates histone H3K4 and suppresses transcription (Lin et al., 2010). Baron and
colleagues performed a more detailed structural analysis of SNAG-LSD1 binding and found
that the positively charged groups and hydroxyl side chains shared by N-terminal tails of
Snail and H3 enable them to fit into the catalytic cavity of LSD1 in a similar conformation
(Baron et al., 2011).

The histone H3-mimicry by SNAG may represent a common mechanism for some
transcription factors to recruit chromatin-modifying enzymes and cofactors. Since the other
members of the Snail/Scratch family also contain the SNAG domain, it is very likely that
they interact with LSD1 in the similar fashion. In addition, it is possible that Snail is
modified by LSD1 on its SNAG domain just like the histone H3 tail. To make an even more
adventurous hypothesis, LSD1 cooperates with a potential lysine methyltransferase to define
the methylation status of the SNAG domain of Snail: under specific biologic circumstances,
one might become tightly bound to and modify SNAG while the other goes off, or vice
versa. It would be tantalizing to characterize this dynamic “switch,” as well as specify the
other potential cofactors involved in this regulatory process. Chan and colleagues recently
reported an unbiased proteomic screen for histone H3 peptide-bound proteins (Chan et al.,
2009). Through a sensitive pull-down approach in combination with LC-MS/ MS analysis,
they identified 86 nuclear proteins that associated with histone H3 peptides harboring
different lysine modifications (Chan et al., 2009). Given the resemblance between the
histone H3 tail and the SNAG domain of Snail, we consider it reasonable to take a similar
strategy to identify interacting proteins of SNAG with or without lysine methylations. The
identification of the candidate proteins, followed by extensive structural analysis of the
potential complexes, could provide valuable resources for the characterization of the Snail-
involved epigenetic regulation network.

Shaking things up on an even broader scale, other families of transcription factors might
harbor some yet-to-know histone-mimicking motif, through which they compete with
histones for enzyme recognition. If that was the case, thosemotifs might first appear as
inhibitors of the chromatin-modifying enzymes, preventing them from access to their bona
fide targets: the histones. This possibility is somewhat confirmed through the SNAG-LSD1
structure analysis by Baron and colleagues (Baron et al., 2011). A fascinating question then
remains: after binding and bringing enzymes to chromatin, how will the histone-mimicking
motif get released to make room for histones? In the specific case of Snail, while we
hypothesized that it is overabundant amount of histone H3 at the chromatin region that
outcompetes the binding of SNAG, further experiments are required to address this issue
(Lin et al., 2010). Overall, the Snail-LSD1 story advises us to think of histone mimicry in a
more extensive and sophisticated setting (Fig. 1).

Implications on drug development

As mentioned above, epigenetic deregulation is almost always associated with human
diseases. Accordingly, epigenetic therapy, which aims to correct these defects by targeting
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specific epigenetic regulators, has emerged as a promising area of pharmacology given the
fact that unlike genetic alterations, epigenetic aberrations are potentially reversible (Egger et
al., 2004; Yoo and Jones, 2006; Kelly et al., 2010a). In 2004, Azacitidine, with the trade
name Vidaza, became the first FDA-approved epigenetic drug to treat bone-marrow cancer
and blood disorder (Issa et al., 2005). It is a cytidine analog and functions as a potent
inhibitor of DNA methyltransferases. In addition, innovative drugs targeting enzymes
involved in histone modifications are under development as well. Vorinostat (Zolinza,
formerly known as SAHA), for example, is a histone deacetylase inhibitor that was
approved by the FDA in 2006 to treat the rare cancer cutaneous T cell lymphoma (CTCL)
(Marks and Breslow, 2007). Since then, research has endeavored to investigate more DNA
methyltransferase inhibitors and histone deacetylase inhibitors, many of which are currently
under clinical or preclinical tests.

Also potentiality exists that several histone methyltransferase inhibitors will enter clinical
trials in the near future (Spannhoff et al., 2009). Recently, Chang and colleagues reported
that adding a lysine mimic to an established G9a inhibitor BIX-01294 could enhance its
potency in vitro and reduce cell toxicity in vivo (Chang et al., 2010). It remains to be
evaluated whether a certain inhibitor is substrate-specific, in this very case, prefers to protect
histones rather than G9a itself from methylation. Furthermore, Nicodeme and colleagues
reported that I-BET, a synthetic compound mimicking acetylated histones, can bind the
bromodomain and extra terminal domain (BET) proteins with high affinity, thus disrupting
BET protein-mediated assembly of chromatin complexes responsible for the expression of
key inflammatory genes (Nicodeme et al., 2010). In vivo studies further showed that I-BET
treatment conferred protection effect and suppressed inflammation in mice (Nicodeme et al.,
2010). While further efforts are still needed for the development of ideal small molecule
inhibitors in specific pathological circumstances, histone mimicry-based compounds do
show great promise. Clarification and systemical exploration of histone mimicry will cement
the molecular basis for drug development and eventually accelerate the bench-to-bedside
translation process. It would be definitely exciting, for example, to develop a SNAG-
mimicking compound that inhibits Snail recruitment of its accomplice LSD1, and therefore
denies pathogenic EMT.

Staying tuned: histone-mimicking goes global?

The abovementioned studies are highlighted by unprecedented findings of histone mimicry
adapted by enzymes and transcription factors. We speculate the histone-mimicking strategy
may be applied more broadly by the epigenetic system. A recent study on chromosome
segregation dynamics during mitosis provides us with another example. In this particular
study, Kelly and colleagues demonstrated that Thr3 phosphorylation on histone H3, a
hallmark of mitosis, is recognized by the Survivin subunit of the chromosomal passenger
complex (CPC) (Kelly et al., 2010b), which is an essential modulator of chromosome
segregation (Ruchaud et al., 2007). Based on their results, this interaction mediates the
recruitment of the CPC to chromosomes. Jeyaprakash and colleagues further demonstrated
that a phospho-mimic N-terminal sequence, which is also found in several mitotic proteins
including human Shugoshin 1, is responsible for Survivin binding (Jeyaprakash et al., 2011).
The identification of the epitopes present in both the histone H3 and several mitotic proteins
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indicated their mutually exclusive interactions with the CPC (Jeyaprakash et al., 2011).
Together, these studies offer us a clue: histone mimicry also applies to mitotic-associated
proteins and makes a contribution to the fine-tuning of the cell division process.

The good news is that the histone mimicry concept is becoming more recognized. It gives us
a fresh glimpse of the amazing post-translational modification network and stretches our
brains to think beyond the chromatin-based epigenetic landscape. Even in the world of
microorganisms, histone mimicry may be applied by some pathogens to compete with the
host chromatin for histone readers or editors (Tarakhovsky, 2010). Given the presence of
histone-mimicking proteins based on genome analysis, it remains to be seen, for example,
whether a certain virus uses this strategy to hijack the host epigenetic program. Considering
the far more complicated genomes of mammalians, especially we human beings, histone
mimicry may lurk in much wilder territories than expected. As an up-and-comer in the
flourishing field of epigenetic pharmaceutics, histone-mimicking compounds might work
together with other therapeutic approaches to ideally target specific human diseases. With
the deluge of modern molecular technology, more fascinating aspects about histone mimicry
are sure to be unearthed.
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Figure 1.
A model of transcription regulation using “histone mimicry”. A) Transcription factor(s)

interacts with a specific histone-modifying enzyme using its histone-mimicking motif. B)
The transcription factor binds its target gene using the DNA-binding domain, thus recruiting
the enzyme to the chromatin region. C) The overabundant amount of histone proteins at the
chromatin region outcompetes the histone-mimicking motif for enzyme-binding, allowing
the enzyme to modify histone and regulate target gene transcription.
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