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Abstract

Cells are continuously subjected to an array of reactive/toxic chemical species which are produced
both endogenously through metabolic pathways and taken up exogenously by diet and exposure to
drugs or toxins. As a result, proteins often undergo non-enzymatic covalent modifications
(NECMs) by these species, which can alter protein structure, function, stability, and binding
partner affinity. NECMSs accumulate over time and are linked to various diseases such as
Alzheimer’s disease, cancer, and diabetes. In the cellular proteome, histones have some of the
longest half-lives, making them prime targets for NECMs. In addition, histones have emerged as
key regulators of transcription, a function that is primarily controlled by modification of their tails.
These modifications are usually installed or removed enzymatically, but recent evidence suggests
that some may also occur non-enzymatically. Despite the vast knowledge detailing the relationship
between histone madifications and gene regulation, NECMSs on histones remain poorly explored.
A major reason for this difference stems from the fact that, unlike their enzymatically installed
counterparts, NECMs are difficult to both control and test in vivo. Here, we review advances in
our understanding of the effect non-enzymatic covalent modifications (NECMSs) have on the
epigenetic landscape, cellular fate, and their implications in disease. Cumulatively, this illustrates
how the epigenetic code is directly toxified by chemicals and detoxified by corresponding eraser
enzymes.
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1. Introduction

The cellular environment contains a range of metabolites that can chemically react with
nucleophilic functional groups within a given protein depending on the sequence, structure,
microenvironment, and half-life.(1) These chemicals are either endogenously generated or
taken up from the cellular microenvironment.(2) The accumulation of toxic modifications
occurs under normal physiological conditions, but can also be stimulated by various changes
in the cellular environment such as redox and metabolic states.(3) The main types of known
non-enzymatic covalent modifications (NECMs) include glycation, oxidation, cross-linking,
deamidation, and lipidation (Figures 1 and 2). Identified in numerous intra- and extra-
cellular proteins, NECMs have been shown to have a detrimental effect on protein structure,
function, and stability by either altering key amino acids or changing the protein backbone
structure entirely.(4-6) Indeed, high levels of NECM-modified proteins were found to
correlate with aging as well as an array of pathologies including Alzheimer’s disease,
cancer, cardiovascular disease, and diabetes.(7-9)

The core histone proteins, which include H2A, H2B, H3, and H4, have long half-lives that
can reach months in nonproliferating cells.(10) Histones compose the nucleosome functional
unit of eukaryotic chromatin, where an octamer of two copies of each core histone is
wrapped by ~150bp of DNA. An additional linker histone, H1, is deposited between two
nucleosomes and aids in the higher-order structural organization of chromatin.(11)Histones
have an irregular distribution in their amino acid composition, with an over-representation of
basic amino acids such as lysines and arginines. These residues primarily populate the
histones’ unstructured tails, which extend away from the nucleosome and undergo a variety
of regulatory post-translational modifications (PTMs), including acetylation, methylation,
and ubiquitination.(12) These modifications can directly affect the degree to which
chromatin compacts, and thus the accessibility of a genomic region, by disrupting the
electrostatic interaction between positively charged lysines and arginines and the negatively
charged DNA, as in the case of acetylation.(13,14) Other histone PTMs such as methylation,
which does not change the net charge of the residue side chain, primarily affect chromatin
structure by recruiting dedicated protein “readers” that bind and elicit change in the local
epigenetic landscape.(12) Extensive efforts have been invested to understand the
biochemical cascades coupling histone PTMs to transcription control in both healthy and
diseased cells.(15,16) Specific marks have been identified as gene activators (e.g., H3K4me3
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and H2BK120UDb) or deactivators (e.g., H3K9me3 and H3K27me3). Their misregulation can
lead to aberrant cellular functions and a variety of malignancies, including cancer.(17)

Specific histone PTMs are installed by a network of tightly regulated “writer” enzymes that
often utilize metabolic cofactors, which provide one link between metabolism and epigenetic
regulation.(18) For example, glucose influx perturbs the levels of acetyl-CoA and &
adenosylmethionine (SAM), both key cofactors of histone PTM writers. Cellular acetyl-CoA
concentration was shown to directly affect the levels of histone acetylation in multiple
genomic regions, establishing an important layer of epigenetic landscapes and affecting
transcription levels.(19) Similarly, SAM production is directly affected by glucose influx,
which then changes its occupation in many histone methyltransferases.(20) Moreover, many
“eraser” enzymes that regulate PTMs through their removal also utilize metabolic cofactors.
(18,19) An example is the JMJ histone demethylase family whose functions rely on a-
ketoglutarate, a key intermediate of the TCA cycle.(21)

Despite our deep understanding of these enzymatically installed histone PTMs and their
assorted functions, little is known about the role that NECMs play in transcription
regulation.(22) Histone proteins are prime candidates for NECMs because of their long-lived
nature, sensitivity to chemical modification, and the enrichment of nucleophilic lysine and
arginine residues on their tails. However, despite the observation of various non-enzymatic
modifications existing on histone tails, there have been few mechanistic analyses of their
regulation and direct functional consequences or downstream effects of their installation.
With recent strong evidence of a breadth of non-enzymatic modifications on histones (Figure
2), new interest arises for understanding their effect on cellular fate.(23) Here we review this
novel mechanism of epigenetic regulation and its implication in disease.

2. Acylation

Lysine acetylation on histones plays a critical role in maintaining the open-chromatin
configuration through capping of the positive charge of the e-amine, subsequently
abolishing the salt bridge between the formerly positive amine and negatively charged
phosphate backbone of DNA. This highly dynamic modification is regulated by the
antagonistic activity of histone acetyl-transferases (HATs) and deacetylases (HDACS).
(24)However, the reactive thioester of the acetyl-CoA cofactor has long been speculated to
react non-enzymatically with the target amine on lysines (Figures 2 and 3). In fact, its ability
to non-enzymatically acetylate histones /n vitro has been known for nearly half a century,
(25) though whether this reaction occurred physiologically was unknown until more
recently.

Analyses performed by Marmorstein and colleagues have suggested that the local
microenvironment may poise certain lysines to be hyperactive toward such NECMs,(26) and
the Meier group has used chemical biology techniques to probe and identify targets of non-
enzymatic acylation, including histones.(27) Further cellular assays and proteomics
experiments have illustrated that an even wider range of non-enzymatic acylations occurs on
histone proteins stemming from a variety of acyl-donors such as propionyl-, butyryl-,
crotonyl-, malonyl-, succinyl-, g-hydroxybutyryl-, and glutaryl-CoA.(28) In addition to
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short- and medium-chain acylation of lysine residues, an unbiased proteomics screen by
Hang and colleagues came to the surprising finding that the sole conserved cysteine residue
in histones, C110 in the core histone H3, undergoes S-palmitoylation.(29) However,
separating correlation and causality with regard to these modifications is crucial in
understanding their cellular functions. Due to the nature of the proteomic and metabolomic
experiments that originally identified many of these non-enzymatic acylation marks on
histones, their distinguishing functional roles from enzymatic acetylation, if any exist,
remain unclear and are the subjects of ongoing work in many laboratories.

Akin to acetylation, some of these marks may be subject to enzymatic installation. For
example, one of the earliest identified histone acylation marks, crotonylation, has been
shown to have an evolutionarily conserved function. Specifically, through a distinct genomic
localization pattern, crotonylation marks were localized to active sex-chromosome linked
genes.(30) The existence of a conserved function, as well as crotonyl-specific “reader”
proteins, but no dedicated “writer” (although p300 was shown to be able to utilize it /n vitro)
raises the question of whether crotonylation is purely non-enzymatic in nature.(28,31)
Furthermore, crotonylation has emerged as a link between the gut microbiota and epigenetic
signaling, strengthening the possibility that it may serve as an NECM.(32)

Finally, sodium benzoate, an FDA-approved drug and food preservative, was recently
reported to induce the generation of benzoyl-CoA, which in turn modifies histones through
an unknown mechanism and can be removed by the deacylase SIRT2. Utilizing chromatin
immunoprecipitation-sequencing (ChlP-seq) and RNA-seq analyses, Zhao and colleagues
demonstrated that benzoylation marks have relevance in active transcription and a distinct
pattern to canonical acetylation.(33) Together these evidence suggest an abundance of non-
enzymatic acylations occurring on histones that may compete against or enhance acetylation
or have a completely different epigenetic function.

3. Glycation/Glycoxidation

Glycation is one of the most prevalent NECMs and is characterized by the condensation of
the aldehyde form of monosaccharides (mainly glucose and fructose) with reactive groups
(mainly lysines and arginines), forming stable adducts (Figures 2 and 3). The initial
glycation product can be further oxidized and subsequently rearranged to form a series of
products generally referred to as advanced glycation end-products (AGES), which
themselves can undergo additional chemical transformation including the ability to form
cross-links.(34) In diabetes, hemoglobin glycation (HbALc) is routinely used as a diagnostic
marker, and glycation levels were shown to correlate with the severity of various
complications including neuropathy, nephropathy, and retinopathy.(5) Moreover, the
accumulation of AGE amyloids has been proposed to play a role in age-related
neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease.(35) Oxidative
stress due to increase in reactive oxygen species (ROS) enhances the formation of AGEs,
which in turn increases the presence of ROS in a positive feedback loop termed
glycoxidation.(36)
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An early and low-resolution analysis of histones extracted from diabetic murine liver cells
indicated a significant increase in AGE levels compared to normal mice liver cells.(37)
Additionally, /n vitro analysis of histone glycation has been performed using purified
recombinant H2B and H1 incubated with high levels of glucose and subjected to mass
spectrometry analysis.(38) Several sites on both histones were modified with various AGEs,
including sites known to carry enzymatically added PTMs. Moreover, placing these glycated
histones under oxidative stress enhanced the accumulation of oxidation on the histone over
nonglycated histones, illustrating that histones can undergo glycoxidation.

4. Glycation by reactive carbonyl species (RCS)

In addition to evidence of glycation by common monosaccharides, multiple recent reports
have identified the glycation of histones by reactive carbonyls. These species can be taken
up from the environment (via nutrition or alcohol consumption) but can also be generated as
byproducts of cellular metabolism, as in the case of the toxic glycolysis byproduct
methylglyoxal (MGO) (Figure 3).(39) RCS can spontaneously modify the amine and
guanidino side groups in histones via the Maillard reaction, first forming Schiff base
intermediates and then proceeding toward the development of AGEs (Figures 2 and 3). The
reaction Kinetics of RCS such as MGO are also often more rapid than for monosaccharides
like glucose or ribose.

Recent findings indicate that histones are not only specific targets of methylglyoxal
glycation in healthy cells,(40) but also that such glycation marks pathologically accumulate
in cancer.(41) Metabolomics analyses suggest that these adducts occur on specific sites on
histones that are known to undergo regulatory PTMs, and possibly even prevent enzymatic
PTMs from being installed.(40,41) Moreover, mechanistic investigation revealed that MGO
glycation can also directly change chromatin architecture by perturbing histone-DNA
contacts and promoting cross-linking.(41) Curiously, the abrogation of chromatin
architecture appears to take place in a two-step process, whereby chromatin first relaxes
(likely due to glycation events quenching the positive charges on lysine and arginine
residues) and then hyper-compacts (likely due to the formation of AGEs and cross-links
between histones and DNA). These findings are supported by yet another recent paper,
illustrating a direct effect of aldehydes on chromatin resulting in abrogation of stem cells.
(42) While the precise mechanism by which this takes place is not known, aldehydes can
react with either DNA, histones, or both, to induce this DNA damage, which provides a
direct link between alcohol consumption and disruption of the chromatin landscape.

5. Oxidation by reactive oxygen species (ROS)

Reactive oxygen species are chemical moieties primarily generated endogenously, as
byproducts of normal oxygen metabolism, and play an important role in cellular signaling.
ROS concentrations can vastly increase during environmental stress conditions, which have
damaging effects on both DNA and proteins in what is known as oxidative stress. The most
abundant damage occurs in the form of guanine lesions on DNA and oxidation of key
protein residues (primarily cysteine and methionine) (Figure 2).(43-45) This damage can be
lethal to cells and induce apoptotic death either via the DNA damage response (DDR) or
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unfolded protein response (UPR) and is associated with aging, cardiovascular diseases, and
neurodegeneration.(46) Exogenous uptake of various toxins (including environmental
chemicals, cigarette smoke, and various prescription and recreational drugs) can also induce
ROS formation through the generation of free radicals, which have been suggested to
promote various diseases including cancer.(47) However, cellular responses to oxidative
stress could also be critical for inducing positive signaling cascades in immune response and
inflammation, for example, when leukocytes are recruited to sites of injury following the
release of ROS by platelets.(48)

Despite their low incidence, all the core and linker histones contain multiple methionine
residues, and the canonical H3 variant contains two cysteine residues. Further studies are
needed to determine if these residues experience oxidation under hypoxic conditions, though
existing studies suggest that it is possible. In fact, the H3 cysteines were shown to be
involved in redox sensing through S-glutathionylation, leading to a more open chromatin
structure.(49,50) Importantly, the levels of S-glutathionylation increase with cellular
proliferation and decrease during aging, which are regulated through changes in cellular
transcription, potentially involving this NECM.

6. Electrophilic Lipid Peroxidation End Products

Through their free-radical form, ROS can also generate toxic bioreactive electrophiles by
endogenous peroxidation mechanisms or reacting with toxins taken up exogenously. This
highly reactive family of molecules modifies both proteins and nucleic acids and was shown
to disrupt cellular homeostasis, although the precise mechanism is not well understood. For
example, olefin aldehyde compounds, such as 4-oxo-2-noneal (4-ONE), react with lysine
residues in histones via Michael addition on key regulatory sites, which disrupts nucleosome
assembly and three-dimensional structure (Figure 2).(51) Interestingly, this histone NECM
can be reversed by the SIRT2 deacylase.(52) Moreover, isolevuglandins and other products
of free radical-induced oxidation of arachidonates were shown to react with H4 in
macrophages and lung carcinoma cells following stimulation, suggesting a role in the
inflammatory response.(53) Beyond these, histones were shown to be targets of other
electrophilic species, including acrolein,(54) which disrupt both nucleosome stability and
susceptibility to undergo other PTMs, suggesting these could change cellular function
through epigenetic mechanisms.

7. Formylation and Hydroxymethylation

Formaldehyde exists within the human body at concentrations up to 100 pM. This highly
reactive species is generated as a byproduct of enzymatic reactions in diverse pathways
including one-carbon metabolism, lysine demethylation, and alcohol metabolism.(55,56)
While the ability of formaldehyde to react with the e-amine of lysine residues within
proteins has been recognized for several decades,(57) the earliest reports of histone
formyllysine formation date back just over 10 years. In fact, histone formylation was first
discovered as a secondary product resulting from oxidative DNA damage. ROS or DNA-
modifying agents can react with DNA to produce 3’-formalphosphate species, whose labile
phosphate thioesters are easily attacked by nucleophilic lysine side chains (Figure 2).(58) In
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addition to this canonical formylation pathway, formaldehyde can react directly with lysine
side chains within proteins to form a hydroxymethyl lysine structure. This unstable
intermediate can be either subsequently oxidized into formyllysine or cross-linked to nearby
lysine residues if they are present (Figure 2). Formaldehyde has been used extensively in this
way as a cross-linking reagent in mass spectrometry and ChlP methodologies.(59)

All four core histones and the linker H1 histone were shown to undergo extensive
formylation in cells following a treatment with the enediyne antiproliferative drug
neocarzinostat.(59) Furthermore, formylation was found to occur not only on the histones’
unstructured tails but also within their core globular domains.(60) Moreover, formylation
was shown to compete with enzymatically installed PTMs at key residues for signaling as
well as to take place on histone residues shown to directly contact DNA.(58-60)

One mechanistic study went further to investigate the source of the endogenous
formaldehyde behind the modification of histone lysine residues. Despite the fact that lysine
demethylation reactions form a carbinolamine intermediate that can spontaneously collapse
to yield formaldehyde, metabolic labeling found that such reactions contribute negligibly, if
at all, to histone formylation.(59) Instead, formaldehyde produced either endogenously from
one-carbon metabolism or exogenously via the addition of DNA oxidizing agents must be
the source of lysine formylation. However, further studies are needed to determine whether
histone formylation is (patho-) physiological in nature or if such marks are merely
adventitious.

8. Homocysteinylation

Homocysteine thiolactone (HTL), an intramolecular thioester of homocysteine (Hcy), is
generated in human cells by methionyl-tRNA synthetase in an error-editing reaction that
averts translational incorporation of homocysteine into proteins.(61) Thus, HTL synthesis is
directly affected by the levels of cellular Hey, which occurs both as a result of a high-
methionine diet as well as under an array of pathological conditions.(62) HTL is known to
react with lysine residues on various proteins with detrimental effects to their structure and
function and has been implicated in diseases such as neurodegeneration (Figure 2).(61,62)

Multiple studies have not only identified Hcy modification of histone residues but also
ascribed them pathophysiological roles. First, mass spectrometry analyses found
homocysteinylation to occur throughout the N-terminal tails of histones extracted from cells
treated with pathophysiological concentrations of HTL.(62)Furthermore, Hcy modification
of histone H3 was found to correlate with both decreased methylation of key H3 residues,
including K9 and K27, as well as increased acetylation on H3 residues K18 and K23. These
data thus suggest a role for histone homocysteinylation in regulating crosstalk of canonical
enzymatic PTMs.

Another mechanistic report identified a deleterious effect of homocysteinylation on histones.
Specifically, all four core histones were shown to be modified by homocysteine on multiple
residues in neuronal tissue, with H3K79 becoming a major target following elevated Hcy
levels. Using ChlP-seq and RNA-seq assays, Zhang and colleagues demonstrated that an
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increase in H3K79Hcy level down-regulates the expression of selected neuronal-tube
closure-related genes.(63) This provides a potential mechanistic explanation to the known
correlation between high maternal Hcy levels and developmental neuronal tube defects.
Thus, a growing body of evidence has identified this non-enzymatic modification as a new
link between dietary intake, toxic sulfur metabolic intermediates, and developmental
regulation through epigenetic mechanisms.

9. Deamidation

Protein deamidation is an intramolecular process that occurs through cyclization of the
amide side-chain functionality of asparagine (or glutamine) residues onto the amide
backbone, forming a reactive succinimide ring. This reactive intermediate then hydrolyzes to
form either an aspartate or isoaspartate in place of the native asparagine residue (Figure 4).
(64) These alterations both introduce a side-chain negative charge and, in the case of
isoaspartate, the disruption of the amide backbone through a one-carbon homologation. The
deamidation of proteins is known to be dependent on both the protein’s sequence and three-
dimensional conformation. For example, proteins containing Asn-Gly junctions are known
to have a half-life of deamidation of as little as 30 h under physiological conditions.(65)

The structural alterations imposed by this NECM contribute to protein misfolding and
inactivation, although recent evidence suggests it regulates normal cellular functions and
may act as an internal clock for protein aging.(66) In fact, eukaryotic cells have developed a
mechanism to moderate the accumulation of isoaspartate through the activity of protein I-
isoaspartyl- O-methyltransferase (PIMT), a highly conserved enzyme which promotes
conversion of isoaspartate to aspartic acid. Decreased activity of PIMT has been associated
with aging, Alzheimer’s disease, and epilepsy.(67) Despite PIMT activity, isoaspartate still
accumulates in several long-lived proteins and was linked to cell senescence and cancer.(68)
In the context of histones, Aswad and colleagues used a specific PIMT inhibitor and a PIMT
knockout mouse model to identify isoaspartatyl-H2B accumulation in cells, suggesting the
deamidation contributes to altered gene regulation and ultimately shorter life span.(69) In
addition, deamidation of Asn3 of H1.0 was shown to accumulate /77 vivo in an age-
dependent manner in both liver and brain tissues.(70) Taken together, these findings support
a model wherein histone asparagine deamidation not only serves to mark protein aging but
also alters histone function in transcriptional regulation.

10. DNA-Histone Crosslinking

As mentioned above, the dynamic nature of chromatin allows for the rapid cellular response
to stimuli through changes in the accessibility of certain genetic regions, resulting in the
adjustment of the transcriptional program. However, the intimate bonding between the DNA
polymer and the associated histone proteins, which crucially enables the formation of an
organized chromatin structure, also makes both biomolecules susceptible to chemical cross-
linking with detrimental consequences. Indeed, a variety of exogenous environmental and
endogenous metabolic toxins, as well as harmful radiation (ionizing radiation, UV light),
were shown to induce chemical DNA-histone cross-linking under disease states (Figure 5).
One example is the carcinogen 1,2,3,4-diepoxybutane (DEB), produced from the metabolic
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activation of 1,3-butadiene (BD), which is taken up from air polluted from automobile
exhaust, urban air, and cigarette smoke. DEB can alkylate adenine or guanine bases to
produce 2-hydroxy-3,4-epoxybut-1-yl (HEB) monoadducts, which rearrange to form DNA-
DNA cross-linking.(71,72) Alternatively, it can react with nucleophilic amino acid side
chains of adjacent proteins, forming DNA-protein cross-linking. Tretyakova and colleagues
used high-resolution proteomics to survey all the DNA-protein cross-linking events which
are induced by exposure to DEB and found that among the 152 proteins identified, all four-
core histones and linker histone H1 contain these DNA-protein cross-links.(73)

N7-Methyl-2"-deoxyguanosine (MdG), which is the major product of a variety of alkylating
agents used for research and for cancer therapy, is a long-lived toxin that was shown to
directly react with histones and form cross-links with the DNA both /n vitroand in cells.(56)
This was suggested to be interfaced by the positive charge on the histone tails as illustrated
using histone mutagenesis.(74) In an attempt to understand other DNA-cross-linking events
induced by malondialdehyde, which is an abundant product of lipid peroxidation, Zhitkovich
and colleagues performed an /n vitro analysis to find that DNA-histone cross-links were
readily generated and stable for days under physiological conditions.(75) Additional /n vitro
analysis illustrated that one of the most common products of oxidative DNA damage, 8-
oxo0-7,8-dihydro-2"-deoxyguanosine (8-oxodGuo) forms quantitative DNA-histone cross-
linking involving the OGP®* trapping by the N-terminal amine of histones (Figure 5). These
cross-links, although not observed in cells, were stable under physiological conditions.(45)

Finally, it was recently shown that MGO glycation (see Glycation/Glycoxidation) rearranges
to form both histone-histone and DNA-histone cross-linking products in a cellular-metabolic
state-dependent manner (Figure 6).(41) These observed constraining cross-linking events
limit the decompaction range of chromatin fibers /n vitro as illustrated by several
biophysical analyses, including optical tweezers.(41) Moreover, it was observed to disrupt
chromatin architecture in cells, which affects the accessibility of transcription start sites.
Analogous to the MGO-protein Schiff base adduct, 5-formylcytosines (5fCs) react with
lysine residues with similar chemistry. DNA-histone cross-links formed by 5fCs were shown
to associate with tissue-specific nucleosome organization and increased nucleosome
occupancy /n vitroand in vivo.(76) Permanent disruption of the dynamic DNA-protein
interactions likely has serious biological consequences on cellular transcription, replication,
cell fate, and, ultimately, survival.(77)

Enzymatic Regulation of NECMs

While all the modifications described herein occur through uncatalyzed chemical reactions
between small molecules and active histone residues or as internal backbone modifications,
cells have evolved enzymatic mechanisms to control them. The regulation is generally
divided into three classes (1) removal, (2) destabilization, and (3) scavenging of reactive
molecule by small molecules or converting enzymes (see Tablel). For example, although
deemed irreversible, new findings indicate that early intermediates of glycation can be
removed from modified histones and DNA by DJ-1 (primarily MGO adducts) or destabilized
through phosphorylation by FN3 kinase (primarily glucose adducts) (Figure 3).(41) To
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regulate MGO levels and avoid its accumulation, cells utilize a cytosolic chemical quencher,
carnosine,(78) as well as the GLO1/GLO2 enzymes that convert MGO to d-lactate.(79)

In the case of the non-enzymatic acylation, although acetylation can be reversed by multiple
enzyme families, including both HDACs and sirtuins,(80) other non-enzymatic acylations
were shown to be reversed by only a single deacylase, SIRT2 (Figure 3). One exception is
crotonylation, which can be removed by HDACs 1, 2, and 3.(32) Formylation, on the other
hand, has shown resistance to removal by both HDACs and sirtuins, despite its similarities to
acetylation.(59) Sulfiredoxin, a sulfinic acid reductase, reduces cysteine sulfinylation and
acts on multiple proteins including DJ-1, which was shown to have key regulatory cysteines
sensitive to oxidation stress.(81) Despite the backbone rearrangement that takes place,
deamidation damage can be reversed through the enzymatic activity of PIMT, which, as
mentioned previously, converts the damaged asparagine residue to aspartic acid.

With most of the NECMs described here being heavily associated with aging as well as an
array of diseases, it is not surprising that many of their regulatory enzymes have driver
mutations in the same conditions (Tablel). For example, both DJ-1 and FN3K have been
indicated as oncogenes due to their overexpression in cancer. It is speculated that cancer
cells depend on their overexpression as a mechanism to overcome glycation damage which
is a byproduct of the Warburg effect (i.e., dependence on rapid glycolysis).(41) DJ-1, also
named PARK?7, has conversely also been implicated in neurodegeneration as a site-specific
mutation in a noncatalytic residue of DJ-1 induces familial Parkinson through an unknown
mechanism.(82) Histone deacetylaces are major targets in both neurodegeneration and
cancer and have FDA-approved drugs to both conditions. With more investigation of the
long-term effects of NECMs on cellular transcription and fate, targeting these enzymes for
therapeutic purposes, either through inhibition, activation, or induction, will become more
prevalent. Having these drugs in hand will also help researchers advance the understanding
of their mechanism of action as well as role in maintaining cellular homeostasis in health
and disease.

12. Outlook

While NECMs have been known to exist for decades, only in recent years has a better
understanding of their extent as well as cellular ramifications been established. Histone
NECMs are now known to occur under normal cellular conditions, but also to substantially
accumulate in disease states. Moreover, there are still multiple NECMs that have never been
explored in the context of histones or chromatin (Figure 2).

It is still not known whether NECM accumulation directly drives disease or is simply a
result or biomarker of an abrogated cellular state. One of the constraints in understanding the
causal role of NECMs is that it is difficult to distinguish enzymatic and non-enzymatic
modifications (as in the case of acetylation/acylation) or uncouple the general metabolic/
toxic effect from the non-enzymatic addition to chromatin of these reactive molecules. One
way to address this technical barrier is through the development of methodologies that allow
for the direct and site-specific manipulation of histones /in vivo.(83,84)
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A commonly proposed mechanism for the epigenetic effect of NECMs is their direct
competition with enzymatic modifications (Figure 6). Indeed, many NECMs occur on prime
regulatory sites such as H3K4, H3K9, H3R8, and H4K12.(40,41) For instance, a counter-
correlation between histone glycation and acetylation has been observed.(40,41) Since
acetylation is an abundant and dynamic modification, it has been suggested that acetylation
acts as a protective cap for histone lysine residues, which can be readily removed in response
to a change in cellular signaling.(41) This alteration in histone PTM pattern can affect the
binding of specific effector proteins such as readers and remodelers and thus change the
overall activity at the site of modification (Figure 6). Since many histone PTM readers rely
on multivalency,(85) many times a disruption of a single modification could drastically
lower the binding affinity to induce an effect.

Strong evidence for histone-DNA cross-linking also suggests that NECMs can affect cellular
transcriptional response by modulating chromatin architecture and dynamics. Indeed, cross-
linked DNA in glycated cells shows a substantial effect on the accessibility of transcriptional
start sites, which can explain the robust change of the transcriptional program.(40,41) In
addition, NECMs may also impair the three-dimensional topology and transcriptional
function of chromatin by tampering with the electrostatic interaction between histones and
DNA, which are essential for maintaining chromatin structure. This could take place by
modifying the histone or DNA charges, as in the case of lysine and arginine glycation.
Although poorly characterized, NECMs on the linker histone H1 detected before(86) might
alter its binding affinity or capacity to induce chromatin compaction. Finally, NECMs may
perturb the binding of architectural protein complexes such as cohesin, condensin, or CTCF,
which will alter chromatin configuration. Studies utilizing chromatin conformation capture
(3C)-based approaches will be required to examine these possibilities further.

Because NECM levels directly correlate with changes in the cellular microenvironment and
information from chromatin is a major upstream determinant of cell fate, it is easy to
envision NECMs on histones as a key factor in linking the two. Moreover, since epigenetic
changes are heritable, NECMs have potential implications in processes such as embryonic
development. Finally, since many exogenous toxicants and drugs either contain reactive
electrophiles or are metabolized into them, their potential reactivity toward histones could
serve to explain some of their physiological effects. In support, a recent thorough proteomics
analysis of nonsteroidal anti-inflammatory drugs and their cellular interactome profile found
that the most significant and specific targets are in fact H2A and H2B.(87)

In conclusion, despite a vast and ever-growing knowledge of the notion of enzymatic PTMs
forming a “histone code”, that determine the cellular transcriptional program, it is possible
that histone NECMs represent a missing chapter that may explain many inherited epigenetic
effects. Future efforts will determine the full scope of such phenomena and tease out their
direct roles on cellular response to the environment.
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Figure 1.
General schematic of NECM exposure and effect on chromatin. Environmental exposure to

reactive metabolites through nutrition, toxins (automobile gas, pollution, cigarette smoke),
damaging radiation (UV, ionizing), or drugs changes the cellular microenvironment and
introduces highly reactive species. These toxins react with various proteins in the cell, but
accumulate on histones, which have a very long half-life and highly accessible nucleophilic
tails. Non-enzymatic modification of histones competes with other regulatory enzymatic
modifications and changes chromatin architecture.
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Figure 2.
Chemical structures of reactive species responsible for NECMs and their resulting protein

adducts. A vast array of non-enzymatic modifications have been shown to occur /n vitro and
in vivo. Histone proteins have been shown to experience a majority of described NECMs
(red boxes), though others remain to be shown (gray).
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Figure 3.
Reaction mechanisms for chemical modification and enzymatic removal of glycation and

acylation marks. (Top) Lysine or arginine residues condense with aldehyde moieties in
reducing sugars and can then undergo further rearrangement to yield AGEs. DJ-1 functions
as a deglycase on early stage glycation adducts by participating in a hucleophilic addition—
elimination reaction. FN3K phosphorylates the Amadori product of reducing sugar adducts,
resulting in its destabilization and ultimate collapse. (Bottom) Lysine residues react with
acyl-CoA thioesters via nucleophilic addition—elimination. By an NAD-dependent
mechanism, SIRT2 removes acyl groups from the modified proteins.
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Figure 4.
Mechanism of asparagine deamidation and its reversal. Peptide backbone nitrogen attacks

the side chain amide, releasing ammonia to form a succinimide ring. Upon hydrolysis, either
aspartate or isoaspartate are formed. PIMT methylates the resulting carboxylate, forming an
ester that is spontaneously hydrolyzed by intramolecular attack from backbone amide
nitrogen to reform the succinimide ring. Successive rounds of this mechanism may be
required to fully repair deamidation.
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Figureb.
Mechanisms of DNA-histone cross-linking. (Top) Covalent bond formation between histone

and DNA via lysine e-amine condensation with 5-formylmethyl cytosine aldehyde to
produce a Schiff base. (Bottom) Two electron oxidation of 8-oxodGuo, a common primary
product of cellular oxidative damage, followed by nucleophilic attack by side chain arginine
or lysine forms covalent adducts between damaged DNA and histone side chains.
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Figure®6.
Protein NECMs as a new mechanistic link between microenvironmental stress and cell fate.

Abrogated metabolism and mutational stress (for example, in NECM repair enzymes)
promote accumulation of NECMs on histones. These adducts disrupt histones’ other
regulatory enzymatic modifications, altering the epigenetic landscape, thus leading to

Changes in chromatin architecture

Changes in cellular transcription

Cellular transformation

changes in the cellular transcriptome and inducing transformation. Diseased cells, in turn,
increase metabolic stress (through increased glycolysis in cancer, for example), generating
reactive metabolites and oxygen species that further drive this cycle.
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Table 1:

Summary of the enzymatic regulators of NECMs.
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Indicated in the table are all known enzymatic regulators of NECMs, listed with their functions, any associated

cofactors, and disease relevance.

Eraser/Regulator Detoxifying Function Cofactor  Disease correlation
SIRT2 Deacylation NAD Cancer
DJ-1 (PARK?) Deglycation None Parkinson’s disease, cancer

(GO and MGO)
FN3K Deglycation ATP Cancer

(Glucose)
Sulfiredoxin (SRX) Desulfination ATP Parkinson’s disease
Denitrosylase Denitrosylation None Innate immunity
PIMT Reverse the formation of isoaspartate  SAM Cancer, Alzheimer’s

disease

GLO1 Scavenge MGO and GO GSH Anxiety, cancer
Formaldehyde dehydrogenase Scavenge formaldehyde NAD Respiratory diseases (asthma)
(S-nitrosoglutathione reductase, GSNOR)
Alcohol dehydrogenase Convert alcohol to aldehyde NAD Alcoholism, drug dependence
(ADH)
Aldehyde dehydrogenase Convert aldehyde to carboxylic acid NAD Alcoholism, drug dependence,
(ALDH) neurodegeneration
Aldo-keto reductase Convert aldehyde to alcohol NADPH  Alcoholism, drug dependence, cancer
(AKR)
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