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Abstract

While some DNA base modifications such as 5-methylcytosine have been known and studied for decades, recent discoveries of a number of other modified bases have stimulated research to understand their origin and function. Chemistry-based methods for their detection and analysis have proven to be important for advancing the field. Here, we feature a selection of methods that have helped advance the field, along with some key advances in the understanding of how the chemistry of modified bases affects biological functions. We also discuss fundamental questions in the field that remain unanswered.


Introduction 

The study of DNA in living systems has been mainly focussed on the primary sequence of the DNA letters G, C, A and T.  Watson-Crick base pair recognition provides the fundamental molecular mechanism for the genetic code and there have been huge advances in our knowledge of genes that encode proteins and also genetic changes that contribute to dysfunction and disease. Following the sequencing of a human reference genome by the International Human Genome Project, advances in DNA sequencing technology have enabled the primary code of DNA to be determined for the entire genomes of organisms and in particular humans on a scale that is approaching millions of genomes per annum.  Consequently, there is a considerable body of recently discovered fundamental insights on the primary sequence of genomes and their relationship with function.  These advances have created an explosive growth in genome-based applications in society that range from consumer testing (e.g. to define one’s ancestry) to the characterisation and management of diseases (such as cancers and rare genetic diseases) as an important dimension of personalised, genomic medicine.   

While the vital importance of DNA primary sequence is clear, there are other fundamental features of DNA that have been less studied and are consequently poorly understood.  The goal of this perspective is to discuss chemical modifications to DNA bases that are found within the genomic DNA of cells and organisms.  There has been a recent growth in interest in understanding how DNA modifications arise and also their effect on the structure and function of DNA with a view to ultimately appreciating their wider importance to the biology of organisms in normal and disease states. While there are DNA base modifications, such as the epigenetic base 5-methylcytidine, that have been known for several decades, a number of base modifications and the enzymes that install or remove them were only recently revealed in mammalian DNA.  This has re-invigorated the subject leading to the innovation of chemical tools and methodologies to detect specific chemical modifications within genomes.  Such advances continue and are driving research to understand which chemically modified bases have important functions and also the underlying molecular mechanisms.  
In this perspective we highlight some key discoveries and advances in analytical methods that have helped drive the field.  We focus on some of the key naturally occurring modifications to the canonical four bases that have been the subject of recent advances. We will emphasise the key role that chemistry has played and the opportunities that lie ahead with respect to key unanswered questions that remain.  For a more comprehensive review on the overall topic we refer you elsewhere.1–5 


Methods to detect and map modified DNA bases

The early discoveries on modified nucleobases were made by characterising the degradation products of nucleic acids. In 1925, the first discovered modified base 5-methylcytosine (5mC) was isolated from hydrolysed M. tuberculosis DNA and identified by comparing its picrate crystals with a synthetic standard.6 The advent of paper chromatography enabled confirmation of the original report on 5mC in 1950.7  Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) is now widely used for the detection and accurate quantification of global levels of modified nucleosides in nucleic acids. The emergence of next-generation DNA sequencing technologies has provided complementary methodology to enable mapping of modified bases in genomes, helping to unravel their biological roles. In this section, we briefly describe a selection of widely used approaches to detect and map modified bases. 
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Fig. 1. A: Detection of modified nucleosides by liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). B: Mapping modified bases by enrichment of DNA fragments containing the base-modifications and deep-sequencing of enriched fragments. C: Bisulfite-promoted selective deamination of C (but not 5-methylcytosine, 5mC) selectively alters the Watson-Crick hydrogen bonding for base-resolution sequencing of 5mC. D: Chemical and enzymatic transformations of 5mC and its oxidation products in DNA strands to resolve 5mC, 5-hydroxymethylcytosine (5hmC), and 5-formylcytosine (5fC) in oxidative and reductive bisulfite sequencing (oxBS-seq and redBS-seq) and TET-assisted bisulfite sequencing (TAB-seq).

Detection and quantification of modified DNA bases by LC-MS/MS
LC-MS/MS is a powerful tool for detecting and quantifying modified nucleosides from nucleic acids samples. Typically, DNA is enzymatically digested into nucleosides that are subjected to LC-MS/MS to resolve and identify modified nucleosides and tandem MS fragmentation products (Fig. 1A). External calibration combined with the use of a stable isotope labelled (SIL) analogue of the nucleoside of interest, as internal standard, enables accurate quantification.
Detection limits are down to sub-femtomole amounts (from 1 μg DNA this is <1 ppm of modification per nucleoside)8 and LC-MS/MS is thus the preferred method for the discovery, global quantification and comparative analysis of modified bases across different cell states, tissues and organisms. LC-MS/MS provides data on composition but not the sequence context of modified bases and therefore it is essential to control for potential nucleoside contaminants that may be external to the genome of interest.8 
The dynamics of formation and removal of base modifications in vivo can be followed by LC-MS/MS. For example, isotope tracing studies using various isotopologues of modified bases helped elucidate a pathway for the formation of 5-hydroxymethyluracil (5hmU).9 Moreover, by feeding cells with SIL L-methionine, the major source of methyl groups for DNA methylation, dynamics of 5mC and 5-hydroxymethylcytosine (5hmC) could be followed.10

Mapping modified nucleobases by chemical or antibody-based enrichment 
The position of a modification in genomic DNA can be approximately mapped by fragmenting the DNA to short (~200-400 bases) pieces, enriching for DNA fragments that contain the modified base, sequencing the enriched fragments at high depth, then aligning the sequenced reads to the reference genome (Fig. 1B). The resultant map indicates where modifications are by a peak in sequencing depth with a resolution limited to ~200 bases. A critical aspect to sequencing by enrichment is having a highly selective method to recognise and pull-down DNA with the subject modification.
A broadly used enrichment strategy is via DNA immunoprecipitation (DIP) with antibodies that recognise specific base modifications. In a first example of modified base immunoprecipitation, a 5mC-specific IgG antibody was used for the immunoprecipitation of cytosine-methylated DNA (MeDIP),11 and following this report, a multitude of high-affinity IgG antibodies have been raised against various modified bases, such as for N6-methyladenine (N6mA) where antibody-based recognition has been widely used.12–15 The specificity of antibodies for modified bases has however repeatedly been called into question. For example, the tendency of various IgG antibodies to bind to short tandem repeat regions was recently described.16 Maps of modified bases generated by DIP-sequencing must thus be interpreted with care, and controls plus orthogonal validation of key modification sites is generally required to ensure true positives in the obtained maps.
Covalent chemistry can also be deployed to specifically tag a modified base in DNA for subsequent enrichment. The performance of chemical pull-downs is dependent on the efficiency and chemoselectivity of the reaction. Early examples of chemical tagging include the enzymatic glycosylation of 5hmC or its conversion to cytosine 5-methylensulfonate followed by antibody recognition.17,18 The reactive aldehyde of 5fC was shown to react with hydroxylamines allowing direct chemoselective biotinylation, whereas the carboxylic group of 5caC can be labelled using an EDC-mediated coupling.19,20 The reactivity of aldehydes were used to map 5fC or 5hmU, where the chemical pull-down strategy has been found to be more robust than antibody-based recognition.21,22 
As the number and complexity of chemical base modifications discovered continues to grow, future challenges and opportunities include the development of antibodies (or other non-covalent binders of modified bases) with improved selectivity and to address the chemoselective functionalization of modified bases for which there is no chemistry yet developed. Small molecular entities offer less surface for unselective DNA binding, and since chemical pull-down strategies rely on covalent bonds, very stringent conditions can be used to wash away unselectively binding DNA, which might less be the case for antibody-based techniques. Such chemical functionalisation may also directly offer the possibility to sequence modifications at base-resolution.
Antibodies or chemoselective functionalisation of modified bases can also be used for imaging purposes. For example, immunocytochemistry with antibodies binding to 5mC and 5hmC revealed differences in methylation and hydroxymethylation between maternal and paternal DNA in mouse zygotes.23 Chemoselective methods to tag modified bases have also been used in imaging applications, i.e. to co-localise 5mC and 5hmC in single molecule FRET experiments.24 Improved molecular recognition or covalent chemistries targeting modified bases will help advance such applications.


Base-resolution sequencing of modified nucleobases
Sequencing modified DNA bases at single-base resolution is the gold standard for mapping exactly where such modifications occur in genomes.  The general principle requires distinguishing the modified base from the unmodified counterpart by a transformation that selectively alters the Watson-Crick readout during sequencing.  
The established standard for sequencing C modifications at base resolution was bisulphite sequencing (BS-seq) that exploits the hydrolytic deamination of cytosine bases in DNA mediated by bisulfite under controlled pH. The net result is that C is transformed to U with high efficiency, whereas 5mC remains intact (Fig. 1C). Thus, after bisulfite treatment C-to-T conversions mark positions that were unmethylated C, whereas Cs that remain were 5mC.25  However, the logic and applicability of this chemistry became questionable once 5hmC, 5fC and 5-carboxycytosine (5caC) were confirmed to exist in mammalian DNA, since 5fC and 5caC both convert to U upon reaction with bisulfite (and thus behave as per C) whereas 5hmC does not convert to U by bisulfite (and thus behaves as 5mC).1 This demanded chemistry that could disambiguate the various newly discovered modifications (Fig. 1D).  Example strategies include reductive and oxidative BS-seq (redBS-seq and oxBS-seq) that rely on either the selective chemical reduction of 5fC to 5hmC or the oxidation of 5hmC to 5fC prior to bisulfite treatment.26,27  Alternatively, the chemoenzymatic approach TET-assisted BS-seq  (TAB-seq) exploits the enzymatic blocking of 5hmC, and oxidation of 5mC to 5caC by TET-proteins prior to bisulfite conversion.28
There are several other examples of chemistries that enable direct readout of modifications such as 5hmC, 5fC and 5-formyluracil (5fU),29–32 that highlight the potential for chemistry to give rise to novel base-resolution sequencing approaches for other modified bases. There is also room for the improvement of current strategies, as recently shown by the creative deployment of bisulphite-free hydrolytic deamination of C using the AID/APOBEC family of DNA deaminases,33 or TET-assisted pyridine borane 5mC sequencing.34 Given that bisulphite treatment is known to degrade the majority of input DNA, milder processes could provide an advantage in the processing of smaller DNA samples.
Single molecule sequencing methods have the advantage of being able to directly read nucleotides and their modified derivatives within DNA, with single-molecule real-time (SMRT) sequencing and nanopore sequencing being the forerunners.35 These techniques have demonstrated their potential for the sequencing of base modifications and may be deployable more routinely on a genome scale with further developments. 


Modified cytosine bases

Since its discovery in the early 20th century 5-methylcytosine (5mC) has established itself as the 5th letter of the eukaryotic genetic alphabet. The biological roles of 5mC in mammals have been thoroughly investigated, whereas its more recently discovered oxidation products 5hmC, 5fC, and 5caC are the subject of ongoing studies in the field.

Methylation and demethylation at cytosine C5 in DNA
5mC is installed in the eukaryotic genome via direct methylation of C in DNA strands by DNA methyltransferases (DNMTs) which use S-adenosylmethionine (SAM) as the methyl donor (Fig. 2A). A transient covalent linkage between a nucleophilic cysteine residue of the DNMT enzyme and the 6-position of the cytosine base renders the 5 position nucleophilic enough for the methylation to occur.3 Methylation sites in genomic DNA are predominantly CG dinucleotides (CpGs), allowing for methylation to be copied to complementary and daughter strands. However, some regulatory regions, such as the CpG dense regions termed CpG islands, are usually unmethylated, and there are substantial amounts of 5mC at non-CpG sites found in mammalian stem cells and neurons.5
Demethylation can occur passively when methylation patterns are not maintained on newly synthesised DNA during replication. Loss of the methyl group can also occur by active demethylation, as observed for example during differentiation of pluripotent stem cells in early mammalian development. Active loss of the 5-methyl group is proposed to occur primarily via successive oxidation of 5mC to 5hmC, 5fC and 5caC (Fig. 2A). These oxidation steps are catalysed by ten-eleven translocation (TET) enzymes, which use an Fe(II) centre and 2-oxoglutarate (2-OG, also termed -ketoglutarate, -KG). Decarboxylation of 2-OG leads to formation of a transient highly oxidative Fe(IV)=O species that is responsible for the oxidation on the nucleobase.3 Both 5fC and 5caC can be recognised and removed by thymine DNA-glycosylase (TDG) that initiates base excision repair. TDG catalyses the hydrolysis of the corresponding glycosidic bond to afford an abasic site, which is ultimately replaced by an unmethylated cytosine in the sequence.
A proposed alternative to the excision of the oxidised 5mC derivatives is direct deformylation of 5fC or the decarboxylation of 5caC. It has been shown that 5caC can decarboxylate in the presence of thiols or if incubated with cell extracts in vitro36 via a mechanism that proceeds via transient addition of a thiol nucleophile to C-6 of 5caC, reminiscent of the enzyme-adduct formed during the action of DNMTs.3 A recent report has suggested that the direct deformylation of 5fC to C can occur in vivo.37 Isotope labelled (SIL) 5fC 2’-deoxynucleosides as well as its (R)-2’-fluorinated derivative were fed to mouse embryonic stem cells (mESC) and their metabolism was monitored, post incorporation into the genome, by LC-MS/MS. Deformylation product, namely 2’-deoxycytidine (dC) with fluorine tag or isotope labels, were detected, indicating that a C-C bond cleavage occurs in the studied cells. 
This study nicely exemplifies how the mechanistic chemistry of modified bases can be studied in the context of cellular mammalian genomes and there is much more in this regard that needs to be understood.
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Fig. 2. A: Methylation and oxidative demethylation pathway of C in mammalian DNA. C is methylated to 5mC by DNA-methyltransferase (DNMT) with S-adenosylmethionine (SAM). 5mC can subsequently be oxidised to 5hmC, 5fC, and 5caC by the Fe(II) dependent ten-eleven translocation (TET) enzymes using 2-oxoglutarate (2-OG) and  oxygen. Both 5fC and 5caC are recognised and excised by thymine DNA glycosylase (TDG), and C is restored via the base excision repair (BER) pathway. Alternatively, a direct deformylation or decarboxylation has been postulated, but enzymes catalysing these reactions have not yet been discovered. B: In a recent study, 5fC was shown to form Schiff-bases with histone 3 (H3) lysine (Lys) side chains in vivo by trapping the covalent interaction in situ by reduction with sodium cyanoborohydride.

Biological roles of 5mC oxidative demethylation intermediates
A number of lines of evidence suggest that the oxidised 5mC derivatives may play a more significant role than simply being intermediates of active 5mC demethylation. For example, 5hmC has been shown to mark actively transcribed genes, whereas 5mC is typically associated with promoters of silent genes.5,38 5hmC also marks enhancers (non-coding DNA regions that can increase transcription activity of nearby genes)  that define cell and tissue identity.39 Unlike 5mC, which is present at constant levels of typically 4-5% 5mC/C throughout different tissues, global 5hmC levels are highly tissue-specific as well as age-dependent, with levels ranging from 0.2% to 1.2% 5hmC/C.40,41 5hmC formation on a newly synthesised DNA strand seems to be de-coupled from 5mC formation.10 Of potential clinical relevance is the broad observation that global 5hmC levels are generally depleted in tumours, whereas 5mC is generally elevated, suggesting important roles for 5hmC metabolism in the biology of cancer.42
The aldehyde derivative 5fC is a largely metabolically stable DNA modification in vivo, with global levels in mammals that are tissue-dependent, varying from 0.00002 to 0.0011% 5fC/C in a way that is independent of 5mC and 5hmC levels.43 It has been shown that 5fC can influence the mechanical properties of DNA by introducing flexibility and altering the structure with the potential to affect the interaction with nucleosomes.44
Two recent studies revealed that 5fC can form Schiff bases with lysine side chains of histone proteins, and that these reversible interactions can be trapped using sodium borohydride or cyanoborohydride (Fig. 2B).45,46 This suggests a chemical mechanism for the control of nucleosome positioning by 5fC in vivo.
A more recent detailed study on 5fC-histone interactions showed that 5fC stabilises nucleosomes in vitro, with the highest degree of nucleosome occupancy at a level of 1-2 5fCs per nucleosome, with a significantly lower stabilisation effect for other C modifications.47 Furthermore, nucleosome position maps of mouse hindbrain and heart genomic DNA have shown nucleosomes are enriched at tissue-specific 5fC sites. Experiments with chromatin of mouse embryonic stems cells showed that 5fC can form Schiff-base linkages with histone H3 in vivo and that the reversible 5fC-H3 covalent interactions may cause transcription to be regulated, as judged by the location of active Pol II RNA polymerases relative to the 5fC-H3 Schiff base interaction sites. Overall, these recent results suggest molecular mechanisms by which the 5fC modification could exert control of gene expression. More work is needed to fully evaluate and understand the mechanisms involved.
Relatively little is understood about the rare carboxyl derivative 5caC (with levels in mESC of approximately 0.00005%). Both 5fC and 5caC were shown to be recognised by RNA Pol II and transiently slow down its activity, which may provide a way to regulate transcription.48 Mechanistic biological functions of 5caC however need to be elucidated and improvements in chemical tools may enable this in future.


Modified adenine bases

While rare modified adenine bases such as 2-aminoadenine and N6-carbamoylmethyladenine have been detected in phage DNA, only N6mA has so far been found to be relevant to the genomes of higher organisms. A significant body of research on N6mA in bacterial DNA has disclosed its importance for a number of processes that include restriction-modification, the regulation of replication, nucleoid organisation and chromosome segregation, as well as for the identification of newly synthesised strands for repair.49
The presence of N6mA in various eukaryotic genomes was confirmed in 2015.12–15 Since then, the interest in this modified base has rapidly increased, culminating in recent reports on N6mA in rodent and human genomes that suggest potential roles and clinical relevance.  Methylation of adenine at N6 occurs by direct nucleophilic attack by the exocyclic amine on SAM via an SN2 reaction catalysed by an DNA adenine methyltransferase (Fig. 3A). Among eukaryotes, DAMT-1 from C. elegans as well as N6AMT1 in human have been proposed as methyltransferases that are able to methylate the adenine N6 in DNA.12,50 As for 5mC, demethylation can also occur passively, or actively via an oxidative pathway requiring a Fe(II) and 2-OG-dependent dioxygenase.3 These enzymes catalyse the oxidation to N6-hydroxymethyladenine (N6hmA), a transient intermediate that spontaneously hydrolyses to adenine with release of formaldehyde. In mammals, Alkbh1 was found to possess DNA N6mA demethylase activity.50–52 A recent study describes the presence of N6hmA in mammalian DNA, with higher levels in lung carcinoma.53
While FTO-mediated demethylation of N6mA in RNA can occur via the intermediate N6-formyladenine (N6fA), this intermediate has not yet been observed for DNA adenine demethylation.54 Both N6hmA and N6fA intermediates have half-lives times in RNA of several hours under physiological conditions, suggesting the possibility that they might have biological functions. This reasoning may also apply to intermediates of DNA N6mA oxidative demethylation. 
The search for N6mA writers and erasers in higher eukaryotes is still at an early stage, and more efforts towards establishing enzymes with such activities are required for a better understanding of the presence, distribution, and roles of N6mA in mammals.
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Fig. 3. A: Methylation and the oxidative demethylation pathway of A in human DNA. A is methylated to N6mA by the methyl donor S-adenosylmethionine (SAM), a reaction that is catalysed by N6-adenine-specific DNA methyltransferase 1 (N6AMT). N6mA is oxidatively demethylated by alkB homolog 1 (ALKBH1) under use of oxygen and 2-oxoglutarate (2-OG) via the intermediate N6hmA. This intermediate was shown to be released and transiently stable in RNA and was recently detected in mammalian DNA. N6fA that can be formed in RNA has so far not been detected in DNA.  B: N6mA is enriched around transcription start sites (TSS) in the DNA of plants and fungi and is associated with active transcription. In animals, it has been associated with transposon repression, with the heterochromatin mark H3K6me3 (histone 3 lysine 6 trimethylation), and was found to be present at peak levels in early embryonic stages.


Efforts to map N6mA in genomic DNA and determine its biological roles in higher eukaryotes are relatively young, and differences in the levels, distribution, and function of N6mA across species, tissues, and developmental stages, make it difficult to draw a clear-cut picture as yet. Putative roles of N6mA are summarised in Fig. 3B. Briefly, in plants13,55 and fungi56, global N6mA levels range from 0.05% to 2.8% N6mA/A, with a high density of the modified base around transcription start sites that are generally associated with active transcription. In vertebrates, N6mA maps from mESC indicate that N6mA is enriched in mobile DNA elements called transposons, with high N6mA levels correlating with the suppression in the activity of transposons as well as downstream genes.51 Furthermore, N6mA levels vary during the development of zebrafish and pig embryos with peak levels of N6mA at early embryonic stages. In humans, global levels of 0.05% N6mA/A were found in blood-derived cells, with levels of up to 0.2 % N6mA/A in mitochondrial DNA, whereas human astrocytes had levels of a few ppm N6mA/A.50,52 In astrocytes, N6mA was strongly correlated to heterochromatin, indicating a possible cross-talk between adenine methylation and chromatin modelling.52 Thus N6mA would appear to be important to the reprogramming events that occur during development and the establishment of cellular identity. 
Recent reports of rodent and human genomic N6mA also suggest clinical relevance. In mouse, a study found that N6mA levels in the prefrontal cortex are stress-dependent, and a link to neurological disorders such as depression was proposed.57 In human, liver cancer tissues were found to have lower N6mA levels if compared to adjacent non-tumoral tissues, whereas glioblastoma cells had far higher N6mA levels (up to 0.1 % N6mA/A) than non-tumoral astrocytes.50,52 Of note, the putative human N6mA methyltransferases ALKBH1 was found to be upregulated in glioblastoma and liver cancer, which could indicate an increased turnover of adenine methylation and demethylation, as also suggested by the recently detected elevated levels of N6hmA in lung carcinoma tissue.53 
Regarding N6mA in vertebrates, some controversy has been raised with conflicting results from independent studies. A highly sensitive UHPLC-MS/MS approach using SIL internal standards could not detect N6mA in mESC as described before.8 Another study raised the question whether N6mA MeDIP signals in organisms with ppm levels of N6mA (mouse, zebrafish, frog) might be false positives due to off-target binding of used IgG antibodies.16 The same study also demonstrated the contamination of different N6mA MeDIP-seq datasets with significant levels of bacterial DNA fragments, which varied considerably between samples and could bias UHPLC-MS/MS measurements.
Overall, the evidence for the presence and function of N6mA in mammalian genomes is growing, but further studies are necessary to clarify some of the ambiguities and to also build an understanding of the underlying mechanisms. The development of improved methods for the detection and mapping of N6mA would play a key role in further advancement.


Thymine modifications

A variety of naturally-occurring thymine modifications have long been known to be present in the genomes of bacteriophages, often consisting of bulky groups attached to the C5 position.58,59 Examples include α-putrescinylthymine (putT), 5-dihydroxypentyluracil (5dhpU) and α-glutamylthymine (gluT) (Fig. 4A). Such hypermodifications can replace a large proportion of genomic thymine. Many are believed to provide protection from restriction-endonucleases released by the host upon infection of bacteria, whilst putT can also facilitate the packaging of DNA.
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Fig. 4. Structures of thymine modifications. A: Examples of naturally-occurring T modifications found in bacteriophage DNA: α-putrescinylthymine (putT), 5-dihydroxypentyluracil (5dhpU), α-glutamylthymine (gluT), and uracil (U).  B: Biosynthetic pathway of 5hmU and base J in trypanosomatids.

Beyond phages, thymine modifications have also been found to be important in certain eukaryotes. In contrast to many bacteriophages, the low-abundance T modifications here play a more regulatory role. In trypanasomatids, two modifications of thymine, 5-hydroxymethyluracil (5hmU) and β-D-glucopyranosyloxymethyluracil (base J) exist. The TET homologue enzymes, JBP1 and JBP2 oxidize T to 5hmU, some of which is then glycosylated by J-glycosyltransferase (JGT) to generate base J (Fig. 4B). 5hmU and base J replace 0.01% and 0.08% of thymine respectively in Leishmania major, and 0.02% and 0.5% in Trypanosoma brucei.22,60 Base J in particular has been observed by antibody-detection to be enriched within telomeric repeats61 and also plays an important role in transcriptional regulation, where a reduction in base J levels leads to alterations in transcriptional termination.62 The independent mapping of both 5hmU and base J has further elucidated the roles of these modifications in Leishmania major.22 In this study, the selective oxidation of either 5hmU by KRuO4, or base J by NaIO4 as previously demonstrated for glycosylated 5hmC,18 generates reactive aldehyde handles which were subsequently isolated using a nucleophilic biotinylated probe. Sequencing of the enriched DNA has provided genome-wide maps of 5hmU and base J revealing an accumulation of modifications in regulatory regions such as strand-switch and telomeric regions as well as tRNA genes, and a depletion within other genes. Whilst a high degree of overlap was observed between base J and 5hmU, a small number of loci enriched in 5hmU but not base J were also detected, possibly suggesting a role of 5hmU beyond an intermediate during base J biosynthesis. 
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Fig. 5. Alternative demethylation pathways of 5mC. A: oxidation of 5mC to 5hmC, followed by deamination generates 5hmU, which is recognized by SMUG1 as part of BER to initiate DNA repair. B: Deamination of unmodified cytosine by activation-induced cytidine deaminase (AID) generates uracil. When repaired by long-patch BER, 5mC sites nearby the initial deamination location may also be repaired to restore cytosine.

More recently, both 5hmU and 5fU have also been detected in the DNA of higher eukaryotes (~ 0.5 and 2.5 / 106 dN for 5hmU and 5fU respectively in mESCs).9 A possible source of these modifications is through oxidative DNA damage, however there is increasing evidence that alternative pathways can give rise to 5hmU in mammals. Isotopic labelling of nucleosides followed by LC-MS/MS quantification has revealed that up to 80% of 5hmU in mESC DNA is generated in a ROS independent manner.9 TET1 has been identified as a possible enzyme for T to 5hmU oxidation in vivo. An alternative route for 5mC demethylation has also been proposed, dependent on oxidation to 5hmC followed by deamination into 5hmU, thus initiating DNA repair by the BER pathway to restore cytosine (Fig. 5A). Up to 7% of 5hmU was derived from 5hmC upon TDG knockdown, offering some support for this hypothesis. Furthermore, specific reader proteins were identified that interact with the 5hmU:A base pair, including transcription factors which further suggests that this base may well have specific biological functions.
Another well-known modification of thymine is uracil (U). Deamination of cytosine gives rise to uracil, leading to mutagenesis by mismatch with A. In addition to spontaneous deamination, Activation-induced cytidine deaminase (AID) and apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like (APOBEC) enzymes also catalyse this reaction. This enzymatic process is vital during somatic hypermutation and class-switch recombination of DNA in B cells.63 A further alternative 5mC demethylation pathway, processive demethylation, has been proposed in which uracil formation is a key step.64 AID is suggested to deaminate cytosine sites upstream of 5mC. DNA repair by long-patch BER then restores cytosine in place of both uracil and the downstream 5mC, thus leading to overall 5mC demethylation (Fig. 5B).
More recently, uracil mapping has revealed a non-random distribution in human cell lines.65 In this study, genomic uracil was excised using uracil-N-glycosylase (UNG), and replaced by a biotinylated analogue. Uracil was found to accumulate within centromeres, intergenic regions and satellite repeats. These sites were also found to co-localize with CENP-A histone marks, possibly suggesting a role for uracil either in binding this mark, or as an intermediate during CENP-A assembly.
The removal of T modifications is mediated by multiple glycosylases. Uracil DNA glycosylases (UDGs) excise T modifications as part of the BER pathway. Examples include UNG for U, single monofunctional uracil glycosylase (SMUG1) for oxidized T derivatives, and methyl binding domain 4 (MBD4) for U:G mismatches. dUTPase enzymes also hydrolyse dUTP, thus removing it from the triphosphate pool.66
Although detectable in mammalian DNA, due to the low abundance of T modifications in these systems it remains a challenge to study the true significance of these sites. The development of sensitive detection and mapping techniques has and will further aid study into whether T modifications may play important regulatory roles in mammals, in addition to the better studied C modifications. In trypanosomatids, the potential role of 5hmU in its own right, beyond being an intermediate, also remains unanswered. 


Guanine modifications

A number of guanine modifications have been detected in DNA, many of which are associated with DNA damage such as oxidation, nitration and alkylation. In particular, one of the most abundant products of oxidative DNA damage is 8-oxoguanine (8oxoG), with levels measured at around 5 / 106 dN in mESCs.9 In the BER pathway, 8-oxoguanine glycosylases (OGG1 and OGG2) and formamidopyrimidine DNA glycosylase (Fpg) initiate repair of a number of oxidatively damaged bases including 8oxoG.
In addition to being a by-product of DNA damage, 8oxoG may play a role in transcriptional regulation under oxidative stress. During hypoxia, intracellular levels of reactive oxygen species (ROS) are elevated, facilitating the generation of 8oxoG. Gene regulation upon response to hypoxia is mediated in part by hypoxia-inducible factor 1-α (HIF1α). This transcription factor binds to the hypoxic response element (HRE) sequence in the promoters of hypoxia-inducible genes. In rat pulmonary artery endothelial cells, an accumulation of 8oxoG was found under hypoxic conditions within 0.9 % of protein-coding genes, in a drastically different distribution to that found under normoxic conditions. Genes that gained 8oxoG signal upon hypoxic stress were associated with transcriptional upregulation.67 In a separate study, introduction of the proinflammatory cytokine TNFα to murine MLE-12 cells increased ROS and 8oxoG levels, where binding of OGG1 to its substrate was suggested to participate in transcriptional upregulation.68 Thus, rather than viewing 8oxoG solely as a negative consequence of DNA damage, guanine in combination with ROS may act as a sensor for oxidative conditions.
In an intriguing hypothesis, it has been suggested that 8oxoG may be considered an epigenetic marker capable of controlling gene expression specifically in the context of 4-stranded G-quadruplex structures.69 The VEGF promoter is used as an example, whereby a sequence capable of folding into a G-quadruplex exists, which has five runs of guanine bases. As only four are needed for quadruplex folding, the fifth run is not usually involved in folding. Upon oxidative stress, 8oxoG is proposed to form within the quadruplex sequence and is excised by OGG1 as part of BER. The resultant abasic site decreases the melting temperature of duplex DNA, allowing for denaturation followed by folding of the quadruplex. The fifth run of guanines is used for folding to exclude the damaged base, and BER is continued by AP endonuclease 1 (APE1), which binds but inefficiently cleaves the abasic site in this context. This binding of APE1 is associated with transcriptional upregulation, whereby knockdown of APE1 minimized the effect. Whilst the potential of this pathway was demonstrated in a plasmid-based system, its significance within genomic DNA remains to be explored. 
Together, the studies highlighted here suggest that 8oxoG is worthy of consideration as a potential signalling molecule. Genome-wide mapping of this modification by both chemical pull-down and single-nucleotide approaches have revealed a non-random distribution of 8oxoG.70,71 Further mechanistic investigations are needed to delineate the details of how this mode of DNA oxidation is harnessed by cells to control gene expression. 

Abasic sites
The complete absence of a nucleobase at an abasic (apurinic/apyrimidinic, AP) site might also be considered a ‘base modification’ in a sense. Abasic sites do form in natural DNA and can be generated spontaneously, or enzymatically by a number of glycosylases. In addition to the role of abasic sites as a transient intermediate during DNA repair, there is emerging evidence that AP sites can in their own right trigger downstream biological mechanisms and pathways. Abasic site formation, and in particular the binding of APE1 to abasic sites was found to be essential for the transcriptional upregulation associated with 8oxoG in the context of oxidative damage at G-quadruplex sites.69 Despite the mutagenic potential of this non-coding site in vivo, steady-state levels of abasic sites and its β-elimination product have been measured at 0.88 and 1.7 / 106 dN respectively in mESCs by LC-MS/MS (Fig. 6). Given the severe consequences of persistent abasic sites, these levels are substantial and comparable to those of low-abundance modifications such as 5fC and 5caC.72 Together, these observations suggest that abasic sites may actively be involved in biological mechanisms in addition to their role as intermediates during DNA repair. Further investigation is required to determine the true significance of this modification and to assess whether abasic sites directly play a key role in biological regulation.

[image: ]
Fig. 6. AP site detection by derivatization to enable LC-MS/MS quantification.


Conclusion
In summary, there have been a number of discoveries and methodological advances in recent years that have rekindled interest in the dynamic chemical changes to the DNA bases and how they may exert control over biology.  The subject warrants further investigation and chemical innovation can help drive advances in areas where there are unanswered questions of great importance. 
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