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ABSTRACT

The integration of genetic and epigenetic information is essential for a comprehensive understanding
of genome function and regulation. Traditional sequencing methods often fall short in capturing both
genetic variants and epigenetic modifications such as 5-methylcytosine (5mC) and 5-hydroxymethylcy-
tosine (5hmC) simultaneously. Recent advances in 6-base sequencing have enabled the simultaneous,
base-resolution detection of canonical bases and key cytosine modifications in a single workflow. This
review explores the biological significance of 5mC and 5hmC, discusses current methods to achieve
6-base sequencing, and highlights recent applications in academic and clinical settings.

PLAIN LANGUAGE SUMMARY

This review describes the importance of studying DNA methylation, specifically two markers of DNA
methylation known as 5mC and 5hmC. DNA methylation is something that all human cells do and it
helps them control when and where genes are active. In this review, we give special attention to a new
class of technology that helps researchers detect both 5mC and 5hmC. In recent years, studies have
shown that 5mC and 5hmC form patterns across human DNA, and that these patterns help direct cell
behavior in ways that are different from one another. That direction is important for human develop-
ment and may also play a role in disease. Researchers are particularly interested in these markers
because several studies have shown that cancer cells often have unusual patterns of 5mC and 5hmC.
Until recently, studying 5mC and 5hmC has been difficult because researchers have lacked technology
that is able to differentiate between the two markers. What they did have allowed them to study DNA
methylation broadly, but these studies lacked the detail needed to separate 5mC patterns from 5hmC
patterns. Because of this, our understanding of DNA methylation is limited and lacking in consistency.
Here, we describe a new type of sequencing technology — known as 6-base sequencing - that can help
researchers reliably study both 5mC and 5hmC. So far, these studies have already revealed new aspects
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of human genetics and disease.

1. Introduction

Epigenetics was first defined in 1942 by the British developmen-
tal biologist Conrad Hal Waddington to describe the complex of
unknown processes that mediate the flow of information from
DNA to phenotype [1]. Nearly a century of study ensued, reveal-
ing a wide range of epigenetic processes that all share the
common trait of altering the accessibility of nucleic acid chains
without mutating their underlying sequence.

Among the most studied epigenetic processes is cytosine
methylation and hydroxymethylation. These modifications affect
cytosine’s interactions with DNA-binding proteins, including tran-
scriptional effectors, and are instrumental in the dynamic regula-
tion of transcriptional activity. Consequently, cytosine modification
plays a critical role in guiding cell fate decisions, preserving geno-
mic stability, and stabilizing cellular phenotypes. Mounting evi-
dence suggests that disruption of cytosine methylation and
hydroxymethylation patterns may be an early step in the genesis
and progression of multiple pathological conditions, including
colorectal cancer, Alzheimer’s disease, and others [2-5].

Studying the relationship between epigenetic aberrations
and genetic variation is essential to understanding complex
biological processes and disease mechanisms. However,
doing so has historically been challenging. Among the
many hurdles researchers face are basic technological limita-
tions that make it difficult to comprehensively study cytosine
modifications. Conventional sequencing technologies typi-
cally require separate workflows for genetic and epigenetic
analyses which limit the scope of epigenetic studies due to
increased sample input requirements, cost, and analytical
complexity.

The emergence of 6-base sequencing technologies repre-
sents a recent and significant advancement in the field of
epigenomics. By enabling the simultaneous detection of the
four canonical DNA bases (A, T, C, G) along with 5-methylcy-
tosine (5mC) and 5-hydroxymethylcytosine (5hmC), these
technologies offer a more comprehensive view of the gen-
ome and the factors that dictate gene-phenotype
relationships.
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Article highlights

e 5mC and 5hmC are stable epigenetic marks with distinct influences
over gene expression.

e 5mC is generally associated with gene repression; whereas 5hmC is
indicative of gene reawakening.

e Changes in 5hmC patterns appear to predict 5mC dynamics and may
prove to be valuable clinical biomarkers

o Traditional methylation sequencing conflates 5mC and 5hmC pat-
terns, reporting instead on total modified cytosine (modC).

* 6-base sequencing technologies enable simultaneous interrogation of
5mC and 5hmC patterns

e By resolving 5mC from 5hmC, 6-base sequencing is exposing new
dynamics in gene regulation, enabling sensitive detection of circulat-
ing tumor DNA (ctDNA), and more.

In this review, we delve into the epigenetic influence of
5mC and 5hmC, focusing on recent findings connecting these
modifications to disease processes and the potential of 6-base
sequencing technologies to deepen our understanding of
genetics and health.

2. Cytosine modifications and their functional roles

2.1. The epigenetic alphabet: beyond A, T, C, and G

Though 5-methylcytosine (5mC) was first observed in 1904 by
American chemists Treat Johnson and Robert Coghill of Yale,
the modified base wasn't recognized as a member of the core
genetic alphabet (A, T, C, G) until 1950 [6-8]. This ‘fifth base’
drew attention when Chargaff reported that DNA contained
equal amounts of adenine and thymine, yet cytosine levels
remained slightly — and consistently — below those of guanine
[9]. Gerard Wyatt, at the University of Cambridge, showed that,
to balance C and G levels, Chargaff needed to account for the
large fraction of 5mC in the genome [8-11].

5mC is formed when a methyl group (donated by
S-adenosylmethionine) is enzymatically transferred to the 5’
carbon of cytosine’s pyrimidine ring by for example human
DNA methyltransferases DNMT1, DNMT3A and DNMT3B [12].
Though not exclusive, 5mC is often formed where cytosine
precedes guanine residues in sequence (CpG dinucleotides),
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and is particularly enriched within heterochromatic (closed)
DNA [13]. Once formed, 5mC can be highly stable, with myriad
cellular mechanisms acting to preserve its patterns through
cell division [14].

However, 5mC is not a permanent epigenetic mark.
Demethylation may occur through both passive and active
processes. The former takes place during cell division when,
through various means, methyltransferase enzymes are pre-
vented from acting, thereby leaving newly incorporated cyto-
sine bases unmodified [15].

In contrast, active demethylation is an enzymatic process
that occurs in both dividing and non-dividing cells. Ten-Eleven
Translocase (TET) enzymes mediate the multistep process,
beginning with the oxidation of 5mC to form the stable inter-
mediate 5-hydroxymethylcytosine (5hmC). After subsequent
oxidation steps (forming the short-lived intermediates 5-for-
mylcytosine (5-fC), and 5-carboxylcytosine (5-caC)), base exci-
sion and repair machinery replace the modified base with an
unmodified cytosine (Figure 1) [15]. In recent years, the stabi-
lity and unique biological influence of the 5hmC intermedi-
ate — as well as its prominence in neuronal tissues — has led it
to be viewed as the 6th base in life’s genetic alphabet [16,17].

Both 5mC and 5hmC appear to be critical to genomic
function, each playing an active role across a wide range of
processes, from gene regulation to chromatin remodeling,
genomic stability and ultimately cell fate determination
[18-22].

2.2. The physiochemical consequences of cytosine
modification

The biological significance of 5mC and 5hmC is both recog-
nized and enigmatic. To date, there is no known somatic
vertebrate cell type that is viable in the absence of DNA
methylation machinery, suggesting a core requirement for
cytosine modification [23]. Yet, the precise mechanics of how
5mC and 5hmC exert influence over cell viability is not fully
understood.

At a high level, these markers influence cell behavior by
modulating DNA’s accessibility to transcriptional machinery.
While the addition of a methyl or hydroxymethyl group to
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Figure 1. Cytosine modification cycle. Schematic depicting the methylation of cytosine by DNA methyl transferase proteins, followed by passive (diffusion based)
demethylation or active demethylation through oxidation by Ten-eleven translocase (TET) enzymes. Oxidation of 5mC gives rise to 5hmC. Base excision repair (BER)
proteins, such as thymine DNA glycosylase (TDG) act to remove subsequent oxidation products (5-fC and 5-caC), replacing them with unmodified cytosine.



cytosine does not alter its base pairing, these moieties occupy
space in the major and minor grooves of the DNA helix. Here,
they can have both steric and physicochemical effects on the
DNA superstructure that ultimately affect protein-binding
dynamics [23,24].

The magnitude and direction of any cytosine modification’s
effect appears highly context dependent, influenced by the
bases surrounding the modified cytosine, chromatin structure,
and interactions with the protein’s DNA binding domain. As
a result, cytosine modifications can have simultaneously
opposing effects, such that 5mC in a specific locus both repels
certain transcription factors while attracting others [23-26].

It stands to reason that 5mC and 5hmC, possessing differ-
ent steric and chemical properties, affect protein binding in
distinct ways. Indeed, modeling of transcription factor-binding
preferences shows modification-specific effects. For example,
the CCAAT/enhancer-binding protein beta (C/EBP) transcrip-
tion factor has demonstrated a strong preference for binding
core recognition sequences containing 5mC but not 5hmC
[25,27]. Such an effect has been observed for many transcrip-
tion factors, including cAMP response element-binding pro-
tein (CREB1), upstream stimulatory factor 1 (USF1), and others
[25,28-30]. Therefore, these related modifications exhibit dis-
tinct effects on DNA-protein interactions and may play unique
roles in genomic function. It should be noted, too, that cyto-
sine modifications may have effects on DNA accessibility that
are independent of transcription factor binding [31].

Despite the complexity of predicting any single modifica-
tion’s effect on genomic activity, generalities have been
observed. Hypermethylation (concentrated formation of
5mCQ) is traditionally associated with transcriptional repression.
Enrichment of 5mC in gene promoters, for example, has long
been associated with repression of nearby transcriptional start
sites and reduced gene expression. Such an effect may be
mediated through a combination of decreased transcriptional

Figure 2. Waddington’s landscape. Cartoon depicting a ball poised above
a landscape of bifurcating valleys, representing the semi-stochastic guiding of
cellular differentiation. From: the strategy of the genes: a discussion of some
aspects of theoretical biology, C. H. Waddington, 1957, fig. 4 in chapter 2, p. 29.
This edition published in 2014 by Routledge, an imprint of the Taylor & Francis
group. © 1957 George Allen & Unwin Ltd. Reproduced by permission of Taylor &
Francis group [35].
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activator binding and increased recruitment of repressors. In
contrast, transformation of 5mC into 5hmC is typically asso-
ciated with emerging transcriptional activity from associated
genes, particularly when enriched in gene bodies [15,32-34].

The distinct effects of 5mC and 5hmC on transcriptional
effector recruitment provide cells with a means for honing
gene expression, and, by extension, cell identity. This is parti-
cularly relevant during embryonic development as stem cells
rapidly transition across cell states en route to terminal
differentiation.

2.3. Relevance of 5mC and 5hmC in development

Waddington defined the epigenome as a complex of pro-
cesses that helped to guide organismal development, specifi-
cally the derivation of differentiated cell types from a single
genome [1]. This was visually depicted as a ball (representing
a stem cell) rolling down a hill that progressively bifurcates
into distinct valleys (differentiated cell types) (Figure 2). In this
metaphorical image, unknown epigenetic factors make up the
valley walls that guide the ball’s progression and prevent its
lateral movement (transdifferentiation) [35].

Mapping current knowledge onto Waddington's landscape, we
can say that cytosine modifications (5mC, 5hmC) do function like
the valley walls, guiding and maintaining cell identity by regulat-
ing transcription factor binding and gene expression [31,36].

Following embryo fertilization, the zygote must bring two
distinct and unequal genomes into functional unity. Cytosine
methylation is a critical tool in this process. During a period of
significant epigenetic change, both parent genomes are
demethylated and subsequently remethylated, enabling cells
to hypermethylate (silence) redundant genes, establish neces-
sary gene expression profiles, and begin to both divide and
differentiate [37]. During this period, cytosine methylation
levels show a logarithmic rate of change as gene expression
requirements fluctuate across developmental time and space.
When nearing terminal differentiation, the rate of change
decreases as methylation levels stabilize into cell and tissue-
specific patterns [38,39].

As predicted by Waddington, these patterns play an impor-
tant role in defining and maintaining cell identity [40].
However, the influence that cytosine modifications have on
the genome goes well beyond the honing of gene expression.
These markers help to maintain genomic stability, drive
genetic mutation, and may be essential to the development
of common diseases. But, to understand the breadth of 5mC
and 5hmC influence, we must first be able to detect them.

2.4. Methylation detection technologies

Faithfully recording 5mC and 5hmC levels across the genome is
essential to advancing our understanding of human genomics
and may prove valuable for clinical decision making. Yet, simply
determining cytosine’s modification status, both locally and
globally, is a non-trivial task. Several methods have been devel-
oped to differentiate 5mC from unmodified cytosine with vary-
ing degrees of sensitivity, specificity, and scalability [41,42]. Many
of these methods require deep technical and bioinformatic
expertise, and few are capable of distinguishing 5mC from
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Table 1. Methylation sequencing technology.

Modality Method Resolution Input Mass (ng) Summary References
modC LC-MS/MS Global 1-1000 Highly sensitive and accurate for global quantification [43]
(5mC+ 5hmC) MeDIP-seq Regional 10--1000 Antibody-based enrichment; biased toward CpG-dense regions [44]
MBD-seq 500-1000 Uses MBD proteins for enrichment; misses low-density methylation [45]
EPIC array 500-1000 Probe-based hybridization; limited coverage [46]
WGBS Base-resolution 200-5000 Historical gold standard for 5mC detection; cannot distinguish 5hmC [47]
EM-seq 10-200 Enzymatic, bisulfite-free; detects both 5mC and 5hmC [48]
TAPS 10-200 Detects modC (5mC + 5hmC) [49]
5mC only TAPS-B Base-resolution 0.5-250 Detects 5mC specifically using BGT protection [50]
DM-Seq 10 Enzymatic, bisulfite-free [51]
PacBio 5-base HIFI 5000 Simultaneous detection of genetic and epigenetic information [52]
5hmC only hMeDIP-seq Regional 500-5000 Antibody-based enrichment; biased toward high-density 5hmC regions [53]
MSA Array 50-250 Probe-based hybridization; limited coverage [54]
oxBS-seq Base-resolution 1000 — 5000  Oxidizes 5hmC to 5fC; indirect inference of 5hmC [55]
TAB-seq 500-2000 Detects 5hmC specifically using glycosylation protection [56]
6-base evoC Base-resolution 5-80 Simultaneous detection of genetic and epigenetic information [57,58]
ONT 100 -1200 Simultaneous detection of genetic and epigenetic information [59,60]

A non-exhaustive list of available techniques and technologies for detecting cytosine modifications. Note that input mass ranges are based on published quantities
and should be interpreted as both approximate and highly dependent on context (quality of DNA source, desired coverage, etc.).

Abbreviations: modC =total modified cytosine; 5mC = 5-methylcytosine; 5hmC = 5-hydroxy methylcytosine; 5fC = 5-formylcytosine; 6-base =sequencing that
resolves 5mC, 5hmC, and the four canonical DNA bases (A, T, C, G). LC-MS/MS =liquid chromatography mass spec; MeDIP-seq = Methylated DNA
Immunoprecipitation sequencing; MBD-seq = Methyl-CpG binding domain sequencing; EPIC array = sequencing method based on bisulfite conversion and use
of the Infinium MethylationEPIC array technology; WGBS = whole genome bisulfite sequencing; EM-seq = enzymatic methylation sequencing; TAPS = TET-assisted
pyridine borane sequencing; TAPS-B = TET-assisted pyridine borane sequencing beta; DM-seq = direct enzymatic methylation sequencing; hMeDIP-seq = hydro-
xymethylated DNA immunoprecipitation sequencing; MSA Array = bisulfite conversion based methylation sequencing microarray; oxBS-seq = oxidative bisulfite
sequencing; TAB-seq = Tet-assisted bisulfite sequencing; evoC = duet evoC enzymatic conversion-based sequencing; ONT = Oxford Nanopore Technologies long-

read sequencing; BGT = beta-glucosyltransferase.

5hmC (Table 1). Because of this, progress in the field has been
marred by inconsistencies and technical limitations [31,33,42,61].

Fortunately, recent technological advances - such as the
advent of 6-base sequencing methods — may bring relief to
the field, greatly improving our ability to study these conse-
quential epigenetic markers.

2.5. What are you detecting, really?

Several methods for detecting 5mC have been developed, ran-
ging from high-performance liquid chromatography and mass
spectrometry to bisulfite sequencing [41]. Generally, these
methods can be categorized based on the resolution of their
readout and, consequently, their application in global, local, or
base-level analyses (Table 1). Here, we primarily focus our dis-
cussion on high-resolution technologies that provide base-level
readouts. For a comprehensive overview of current methylation
detection technologies and their applications, we refer the
reader to some influential reviews on the topic [41,62].
Currently, the most common approaches to methylation
detection rely on a bisulfite conversion step followed by either
whole genome sequencing (WGBS) or fluorescent detection
using microarray technology. In both cases, DNA exposed to
bisulfite will undergo a conversion wherein unmodified cyto-
sine bases are deaminated to uracil. Subsequent amplification
via polymerase chain reaction converts uracil into thymine
residues (representing a C to T conversion, denoted C>T). In
this reaction, 5mC and 5hmC are protected from conversion
and, following PCR, will be preserved as unmodified cytosine.
Following conversion, DNA may be interrogated by either
next generation sequencing (as in the case of WGBS) or by
probe hybridization (as in microarray technology). For WGBS,
unmodified cytosine bases can be differentiated from mod-
ified cytosines by comparing sequencing results from
untreated and bisulfite treated samples. In the latter, a gain

of thymine (C>T), indicates an unmodified base, while the
preservation of cytosine (C>C) denotes the presence of
either 5mC or 5hmC. For array-based technologies, modified
bases are detected through direct probe binding of con-
verted sequences.

Array-based methylation detection has been widely used
for targeted analyses, enabling researchers to conserve
resources while achieving base-level data for pre-defined
loci. However, these technologies often require a high input
DNA mass, and their accuracy may be reduced by probe cross-
hybridization, single nucleotide polymorphisms, and probe-
specific dye biases [63]. Additionally, arrays are inherently
limited in scope. Therefore researchers seeking a genome-
wide view of methylation opt for WGBS.

While WGBS has been widely used for many years, several
limitations have driven the field to look for alternatives.
Bisulfite conversion is a damaging process that greatly reduces
the amount of available material for sequencing [64,65].
Consequently, methods rooted in bisulfite conversion often
require high DNA input mass, which can be problematic for
applications with relatively little source DNA, such as circulat-
ing tumor DNA [66,67]. The development of post-bisulfate
library preparation methods may help to mitigate this issue
and reduce mass requirements [66].

Additionally, bisulfite conversion reduces genome com-
plexity, with the bulk of its resulting sequencing data contain-
ing just three nucleotides (A,T,G). This greatly complicates
sequencing analysis, slows the experimental process, and
increases false-positive matches during alignment [68].
Reduced genomic complexity also presents unique challenges
to researchers who hope to use cost-saving targeted sequen-
cing methods. Further, in relying on C>T conversion, this
approach obscures bona fide C>T polymorphisms, which
represent the most common mutations in the human genome
and in cancer [69,70].



Like most methods of methylation detection (Table 1), micro-
arrays and WGBS are unable to differentiate between 5mC and
5hmC - both will be conflated into a single total modified
cytosine (modC) readout. Such a conflation means that bisulfite
sequencing is not a true measure of DNA methylation. In reality,
it can only provide an assessment of cytosine modification levels,
with no indication of which modification type is present. Failure
to distinguish between these two biologically distinct epigenetic
markers can mask potential gene-phenotype links [33].

To overcome these issues, multiple single-base conversion
methods have been developed to enable differentiation of
5hmC from 5mC, including oxidative bisulfite sequencing, TET-
assisted pyridine borane sequencing-beta (TAPS-B), Tet-
assisted bisulfite sequencing (TAB-seq) and APOBEC-coupled
epigenetic sequencing [71-74]. Though valuable, these meth-
ods often require separate sample processing and sequencing
workflows, which may increase sample input requirements,
experimental costs, and time requirements. Additionally, gen-
erating phased epigenetic and genetic variation with these
methods is not often viable. As with any conversion-based
method, the reliability of these methods heavily depends on
conversion rate efficiency, which can be quite low [34,75]. Low
conversion efficiency can lead to both false positives and false
negatives.

There is a significant need for technology that enables the
simultaneous and unequivocal sequencing of the four canoni-
cal bases (AT,G,C) alongside both modified cytosine bases
(5mC and 5hmQ).

2.6. 6-base sequencing technologies

True 6-base sequencing technologies are defined as those that
can simultaneously identify all 6-bases (A, T, C, G, 5mC, and
5hmC) in a single workflow. At present, there are only two such
platforms: biomodal's duet evoC and Oxford Nanopore
Technologies (ONT). It should be noted that technologies like
Pacific Bio's 5-Base HiFi sequencing enable the detection of the
four canonical bases as well as 5mC. While this technology has
gained in popularity, it does not yet allow for 5hmC detection
and is thus not discussed in depth here. We refer interested
readers to some recent literature on the technology [76].

2.6.1. Oxford Nanopore technologies (ONT) for 5mC and
5hmC detection

Oxford Nanopore Technologies (ONT) offers a unique approach to
epigenetic sequencing by directly detecting DNA modifications
during sequencing, without the need for chemical conversion or
amplification. ONT platforms, such as the MinlON and
PromethlON, measure changes in ionic current as single DNA
strands pass through a nanopore. The resulting shifts in current
are base-specific and can be uniquely affected by base modifica-
tions, allowing for the detection of 5mC and, with more recent
models and algorithms, 5hmC. Machine learning models (such as
nanopolish, DeepSignal, and Megalodon) support signal shift
interpretation.

In a recent study, it was demonstrated that a single ONT
run may reliably distinguish 5mC from 5hmC at CpG sites
when models are trained on known standards [77]. This
same study demonstrated the technology’s ability to provide
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duplex sequencing data, thereby improving base-calling accu-
racy and enabling detection of asymmetric methylation.

The primary advantage of ONT's technology is that it
directly reads native DNA, preserving the integrity of both
genetic and epigenetic data. The lack of chemical and enzy-
matic conversion steps during library preparation means that
nanopore sequencing preserves the integrity of the original
DNA sequence and can be relatively quick. Further, and in
contrast to biomodal’s duet evoC, ONT’s long-read sequencing
provides long-range context that can be helpful when study-
ing allele-specific methylation [78].

Nonetheless, ONT has several drawbacks that must be
considered. The raw read accuracy for nucleotide sequences
has greatly improved in recent years, but error rates remain
relatively high, posing potential challenges for variant calling
in repetitive or low-complexity regions [77-80].

Diminished accuracy is partly related to the complexity of
inferring base identity, which requires subjective interpretation
of event data. Event data is the accumulation of statistics describ-
ing the nanopore’s current variance as DNA passes through the
polarized channel. This data is influenced by multiple bases at
a time, such that each pulse of recorded event data measures the
effect of roughly 6 bases at a time (depending on the length of
the nanopore sensing region). Not only can information be lost
as raw data is translated into event data for analysis, but base-
calling can vary depending on the software employed [81,82].
This is further complicated by the emerging nature of 6-base
sequencing - in order to infer 5mC or 5hmC’s presence, base-
calling models must be well-trained and leverage ground-truth
for both modifications [771.

Due to these limitations, certain sequence contexts are
prone to false-positive calls with nanopore technology. In
particular, GC-rich and repetitive regions — both of which are
commonly home to modified cytosine bases — are known to
elevate the false-positive rate of modified-base calls [77].

Practical limitations include the need for bioinformatics
expertise and the technology’s need for large DNA input
with a mass between > 100ng and 1ug [83]. Additionally,
fragmented DNA such as that of FFPE samples or cell-free
DNA (cfDNA) significantly limits achievable yield. Such require-
ments limit the technology’s application where available DNA
input material is low, as is often the case when working with
liquid biopsies, for example [84].

2.6.2. Biomodal’s duet multiomics solution evoC
Biomodal's duet evoC platform leverages a single, enzymatic-
conversion workflow that enables simultaneous detection of A, T,
C, G, 5mC, and 5hmC (Figure 3). It uses a two-strand system
wherein the original DNA strand is linked (via hairpin loop) to
a synthetic complementary strand. Subsequent enzymatic treat-
ments (including methyl transfer, glycosylation, TET oxidation, and
deamination) convert cytosine modifications into distinguishable
base-pairing patterns, which are decoded using a 16-state two-
base code [85]. Herein, base-calling is informed by a two-base
code, which improves accuracy and reduces bias.

In a recent comparative study [85], duet evoC demon-
strated 98.55% sensitivity and 99.95% specificity for 5mC
detection. The technology was shown to have high concor-
dance with comparable WGBS and EM-seq workflows, while
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Figure 3. 6-base sequencing with duet evoC. a. Schematic of six-base epigenetic sequencing laboratory workflow. Hairpins are ligated to double-stranded dna and
the strands are separated. The 3'-5' strand is omitted for clarity, but follows a similar procedure to the 5’3’ strand. An additional copy strand is synthesized using
Klenow exo-polymerase and short sequencing adapters are ligated. 5hmCs are protected by glycosylation by beta-glucosyltransferase (BGT) and a methyl-copy step
copies only the 5mCs from the original to the copy strand using DNMT5. All modCs are protected through oxidation by TET2 and glycosylation by beta-
glucosyltransferase (BGT). Treatment by APOBEC3A and UvrD helicase is used to simultaneously open up and deaminate the hairpin. Unprotected Cs are deaminated
from C to U (read as t). b. Overview of the resolution rules and states under the six- decoding model. A protected C on the original strand, signifying modc, is
denoted by pink in the diagram and table; a G opposite a protected C on the copy strand is denoted by light blue. The 5mC is denoted by a protected (pink)
C followed by a protected (blue) G and 5hmC is denoted by a protected (pink) C followed by an unprotected (black) G. Figure reprinted from fullgrabe et al. In
accordance with its creative commons attribution 4.0 international license: http://creativecommons.Org/licenses/by/4.0/ [82].

requiring lower DNA input. In addition, phased analyses are
improved through detection of genetic and epigenetic var-
iants on the same DNA molecule.

Thus far, duet evoC has been shown to have several advantages
for 6-base sequencing. Firstly, the technology uses an all-
enzymatic workflow that avoids harsh, DNA-denaturing bisulfite
treatments. This means the resulting data has higher library com-
plexity, more uniform coverage, and larger fragment recovery - all
of which translate to more reliable and comprehensive sequen-
cing. Secondly, duet evoC can be used on fragmented or damaged
DNA samples, meaning it can be leveraged to analyze a wide range
of sample types (including formalin-fixed, paraffin-embedded tis-
sues and cfDNA) [86]. TKTK

Additionally, duet evoC is compatible with illumina short-
read sequencing platforms, enabling its integration into exist-
ing sequencing pipelines. It is also notable that, unlike ONT,
duet evoC has an ultra low DNA input requirement (~5 ng),
making it well suited for cfDNA analyses [4,57,58]. Lastly, duet
evoC includes a built in error suppression modality that
removes PCR and sequencing errors before alignment.

As with any technology, duet evoC is not without its draw-
backs. It's a multistep assay and its current compatibility is
confined to short-read sequencing technology, limiting the
phasing of genetic and epigenetic variants across longer

genomic regions. Additionally, to resolve the 5th and 6th
bases requires collapsing paired end reads to a pseudo single
end format, which increases sequencing requirements.
However, the impact of this will be mitigated as the cost of
sequencing on short-read systems continues to drop [87].
Further, duet evoC’s reliance on base-conversion means
that its accuracy is heavily dependent on conversion effi-
ciency. Lack of efficiency can lead to false positive and false
negative interpretations. At present, the high conversion effi-
ciency of biomodal’s technology mitigates this risk [88].

3. The epigenetic mechanisms of disease

Over the past century, many thousands of genetic associations
have been identified linking disease phenotypes to underlying
genetic mutations [88]. Yet, this extensive list only describes
associations for a third of known human diseases, very few of
which can be wholly attributed to discrete mutations [89]. It is
increasingly clear that disease is driven by the combination of
genetic and epigenetic factors not by either alone.

Therefore to better understand, diagnose, and treat human
disease, it is necessary to study the influence of both genetic and
epigenetic variation. Much of what we know about the influence of
cytosine modifications is born from traditional technologies like
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WGBS. Yet, progress has been complicated by statistical noise and
contradictory findings due, in part, to the conflation of 5mC and
5hmC by many technologies. With the advent of 6-base sequen-
cing, however, new insights are being gained. Below, we briefly
review how cytosine modification may contribute to disease
pathology, highlighting along the way where 6-base sequencing
is helping to advance the field.

3.1. Mutational hotspots

Cytosine modification has been shown to contribute to dis-
ease pathology through multiple non-exclusive mechanisms.
One such mechanism concerns the physical nature of 5mC,
which closely resembles the chemical structure of thymine.
Cytosine frequently undergoes spontaneous hydrolytic deami-
nation, which results in the formation of uracil (C>U). Base
excision repair (BER) machinery can readily detect the discor-
dant base pairing (U:G) and take action to restore cytosine.
However, when 5mC undergoes deamination, it results in
thymine. Attempts to resolve this mispairing (T:G) can, at
minimum, result in an epigenetic mutation as the deaminated
base is replaced with an unmodified cytosine. Alternatively, if
BER machinery fails to recognize the mispairing before DNA
replication, the deaminated 5mC will be paired with an ade-
nine on the newly synthesized strand, leading to a stable C>T
mutation [69,90,91]. Indeed, C>T mutations are among the
most common in the human genome, accumulating in an age-
dependent manner and frequently implicated in disease gen-
esis [69,91].

Therefore, loci with 5mC represent mutational hotspots
from which diseases like cancer, neurodegeneration, and
other heritable diseases can arise [69,91,92].

The extent to which 5hmC deamination occurs, much less
its contribution to stable genomic mutation remains unclear.
However, studies have shown that deamination of 5hmC can
produce 5-hydroxymethylated uracil (5hmU). The resulting
5hmU:G mispairing may be restored to cytosine through mul-
tiple repair mechanisms, including long-patch BER similar to
5mC. If the latter occurs, it may inadvertently lead to the loss
of cytosine modification in neighboring residues [16,93]. The
aberrant loss of 5mC and 5hmC in the region would then
constitute an epigenetic mutation.

3.2. Genomic instability

Beginning early in embryonic development, 5mC (alongside
multiple other epigenetic factors) plays a critical role in estab-
lishing and repressing heterochromatic regions of the gen-
ome. Heterochromatin is essential to chromosomal
segregation, telomere formation, and genomic stability [18-
20]. Among its many roles, heterochromatin helps to repress
the expression of repetitive and transposable elements. When
expressed, these elements may reinsert into the genome at
random loci, potentially disrupting gene expression, prompt-
ing chromosomal rearrangements, and increasing DNA
damage. The collective effect of abnormal transposable ele-
ment expression is increased genomic instability and
increased likelihood of disease development [94-96].
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In helping to repress transposable elements contained
within heterochromatin, 5mC is essential to genomic stability.
In one recent study, Sepulveda et al. [22] used a combination
of WGBS, ONT, and duet evoC 6-base sequencing to show that
dysregulation of TET proteins prompted global hypomethyla-
tion, including notable loss of 5mC in several heterochromatic
loci. Hypomethylation in these regions correlated with both
a corresponding increase in 5hmC levels and the expression of
transposable elements - specifically endogenous retroviruses
(ERVs), intracisternal A-type particles (IAP) retrotransposons,
and a family of long interspersed elements (L1) - contained
therein [22]. Such a finding is significant because it indicates
that 5mC has a repressive influence over transposable ele-
ments that are frequently expressed in cancers, Alzheimer's
disease, and other such conditions [95,96].

Additionally, Sepulveda et al.’s [22] use of 6-base sequen-
cing to distinguish 5mC from 5hmC enabled them to observe
the dynamics of heterochromatin demethylation in finer tem-
poral detail, noting that 5hmC levels spike rapidly following
TET dysregulation. Therefore, detection of 5hmC in hetero-
chromatic regions may be an early indicator of approaching
genomic instability.

3.3. Surrogate mutations

A potential consequence of genetic mutation is abnormal
gene expression. In the development of cancer, for example,
gain of function mutations in oncogenic transcription factors,
loss of function mutations in tumor suppressor genes, or
regulatory element mutations can drive malignant transforma-
tion. C>T mutations occurring in the Telomerase Reverse
Transcriptase (TERT) promoter are among the most common
mutations observed across cancer types [92,97,98]. These
mutations enable recruitment of ETS transcription factors to
the TERT promoter, leading to increased promoter activity and
a greater proliferative potential in affected cells.

However, such mutations are not required to inspire patho-
logical gene expression. Epigenetic changes - including DNA
methylation, disrupted patterns of histone modifications, and
chromatin remodeling - can occur independently of genetic
mutations and are capable of both initiating and sustaining
cancerous growth [99]. By affecting mitotically heritable
changes in gene expression, deposition of 5mC and 5hmC in
both gene bodies and regulatory elements can function as
surrogate mutations [100,101].

Here again, TERT is a good example. Multiple reports sug-
gest that, in the absence of promoter mutations, increased
expression of the TERT enzyme is achieved in malignant cells
by altering promoter cytosine methylation status [102].
Though not well understood, it's hypothesized that excessive
formation of 5mC in the TERT promoter may repel repressive
transcription factors (such as WT1) without displacing activat-
ing transcription factors, leading to a net increase in gene
expression.

Of note, a recent study suggests that the co-occurrence of
genetic mutation and loss of 5hmC in the TERT promoter is
associated with aggressive cancer phenotypes in thyroid can-
cers, indicating a potentially synergistic relationship between
genomic mutation and cytosine modification [103]. Such
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results also highlight the potential prognostic value of mea-
suring 5hmC.

While cytosine modification can function as a surrogate
mutation, it's notable that 5mC and 5hmC formation is
dynamic and reversible. Indeed, hypermethylation of the
BRCA1 promoter has been observed in triple negative breast
cancers and can indicate tumor-cell vulnerability to platinum-
based agents. Yet, unlike loss of function mutations in BRCA1,
promoter methylation can be reversed following treatment,
giving rise to treatment resistant subpopulations [104].

In these examples, we see that cytosine modifications at the
gene level may not only play a critical role in tumor transforma-
tion by emulating tumor-driver mutations, but their dynamic
nature may enable tumor cells to respond and adapt to environ-
mental triggers. These illustrative examples are just a few of
many, and we encourage those interested in 5mC and 5hmC'’s
influence over tumorigenic gene expression to read some of the
listed reviews on this subject [99,105-107].

Differential patterns of 5mC and 5hmC are associated with
nonmalignant disease progression as well. Over the past decade,
several studies have reported distinctive methylation patterns
that are associated with Alzheimer's disease and some of its
defining characteristics [2,3,108]. Though less studied, 5hmC
shows a 10-fold enrichment in brain tissue and is expected to
play a prominent role in neurodegenerative disease [109,110]. In
support of this, postmortem examination of Alzheimer brain
tissue from 1079 patients has demonstrated substantial reduc-
tions in 5hmC proximal to disease-associated genes, with
a notable absence of detectable genetic mutations [111].

Similar results have been reported for Parkinson’s disease,
amyotrophic lateral sclerosis (ALS), fragile X-associated tremor/
ataxia syndrome (FXTAS), Friedreich ataxia (FRDA), and
Huntington'’s disease (HD) [112-114].

3.4. Cultivating disease progenitor cells

Disruptions in 5mC and 5hmC patterns on both a local and global
scale may be a fundamental process to both the formation and
maintenance of pathological cell identities. A strong example of
this can be found in the cancer epigenome.

Though substantial differences exist between cancer types,
the transformation and evolution of tumor cells is believed to
follow a similar progression, whereby initiating mutations
increase the likelihood of further mutation and clonal expansion.
Each generation of clones accumulate a new complement of
mutations that eventually give rise to a heterogeneous tumor
cell population [115].

As made clear above, mutations that initiate tumorigenesis
and contribute to intratumoral heterogeneity do not need to
be exclusively genetic. Abnormal distribution of 5mC and
5hmC is hypothesized to be a foundational step toward malig-
nant transformation [116]. Feinberg et al. have proposed
a model of cancer development that begins with the altera-
tion of methylation patterns, which consequently elicit stem-
like properties in cells and leave them vulnerable to the effects
of tumor driver mutations [116].

This epigenetic progenitor model is supported by several
lines of evidence. Indeed, while the methylation status of

individual genes may vary, hypomethylation at the genomic
level is ubiquitous across cancer types and has been observed
at every stage of the tumor lifecycle, from pre-malignant to
advanced stages [105,116,117]. The ubiquity of hypomethyla-
tion (and local hypermethylation events) supports the notion
that early epigenetic changes in cancer progenitor cells are
maintained during clonal expansion.

Additionally, the prevalence of putative tumor driver
mutations in nonmalignant tissues suggests that the influ-
ence of these powerful mutations is dependent on additional
factors, one of which may be epigenetic context [118].
Cytosine modifications have already been demonstrated to
regulate the influence of tumorigenic mutations, as high-
lighted in prostate cancer. Among the most heritable forms
of cancer, genetic studies have identified roughly 160 risk-
associated loci for prostate cancer. Though thousands of
single nucleotide polymorphisms (SNPs) can be found in
these loci, they collectively explain only 28% of the disease’s
total familial risk [119-122].

In a recent study, Ahmed et al. found that one of these risk loci
harbors a cis enhancer for the MYC oncogene [119]. Efforts to link
SNPs within this enhancer to MYC activity had thus far produced
mixed results. The authors show that enhancer activity is depen-
dent on the methylation status of a nearby CTCF binding site.
Hypermethylation of this preferred CTCF binding site drives the
protein to seek out lower affinity alternatives, including
a secondary binding site located near the MYC enhancer locus.
Binding to this secondary site alters DNA geometry, enabling
enhancer activity and subsequent MYC expression.

In other words, neither hypermethylation of the CTCF bind-
ing site nor mutation of the MYC enhancer are consequential
on their own. It is only when combined that an oncogenic
effect is observed.

Similar results were found by Galasso et al. in chronic
lymphocytic leukemia (CLL) [123], wherein the effect of
a SNP (rs1001179) in the catalase gene was found to be
modulated by the concomitant demethylation of neighboring
CpG dinucleotides. The combination of local hypomethylation
and genetic mutation of the CAT gene not only led to its
malignant expression, but may prove to be a valuable tool
for predicting disease aggressiveness.

Feinberg’s epigenetic progenitor model [116] is further
supported by the epigenetic link to clonal hematopoiesis
(CH). CH is a pre-malignant condition in which a single hema-
topoietic stem cell acquires a somatic mutation and expands
to produce a disproportionately large fraction of circulating
blood cells. Although initially viewed as benign, recent find-
ings indicate that CH is associated with an increased risk of
hematologic cancer and cardiovascular disease, as well as
overall mortality for these conditions [124].

Notably, the mutations that drive clonal expansion frequently
occur in genes responsible for DNA methylation maintenance,
including DNMT3A and TET2. Loss-of-function mutations in
these genes can disrupt global 5mC and 5hmC patterns, result-
ing in a mosaic of epigenetic states that permit greater plasticity
and potential activation of oncogenic programs [124,125].

Recent findings using 6-base sequencing support the
notion that repatterning of cytosine modifications is an



early step in disease development. Puddu et al. analyzed
cfDNA and showed that combining 5mC and 5hmC signals
significantly improves early detection of colorectal cancer
(CRC), compared to treating them as a single signal [4].
They observed that many regions with increased 5hmC in
stage | CRC later showed decreased 5mC in stage IV, sug-
gesting progressive demethylation during tumor evolution.
These findings indicate that 5hmC enrichment marks early
disease stages, while loss of 5mC becomes more pro-
nounced in advanced stages, highlighting the complemen-
tary value of both modifications for detection and
monitoring.

Notably, the most sensitive method for detecting circu-
lating tumor DNA (ctDNA) across stages combined the indi-
vidual analyses of 5mC and 5hmC patterns, such that 5mC
+ 5hmC achieved an area under the curve of 0.95, outcom-
peting 5mC alone (0.7), 5hmC alone (0.54), and modC (0.66).
This is significant because the Centers for Medicare &
Medicaid Services guidelines suggest that blood based bio-
marker testing for CRC should have a minimum of 74%
sensitivity at 90% specificity [126]. Puddu et al’s 5mC+
5hmC model exceeds this, showing an 85% sensitivity at
95% specificity [4].

These findings may at first appear contradictory: why
would the combination of 5mC and 5hmC measurements
be different from modC? The answer is related to the finer
resolution gained by observing individual marker changes,
specifically where gain of 5hmC co-occurs with the loss of
5mC. In analyses that use modC, these anti-correlated loci
may appear to cancel out, obscuring the changes that are
occurring on a base-level. By analyzing 5hmC independently
from 5mC, these changes can be recorded as distinct pat-
terns. Subsequently combining the analysis of these patterns
enables ctDNA to be defined by more complex, distinctive
patterns, ultimately enabling more sensitive ctDNA
detection.

Together, these findings strongly suggest that global rear-
rangement of cytosine modifications is an early step in disease
development, one that may increase cellular plasticity and
create a permissive genomic environment wherein disease-
driving mutations can influence cellular behavior. Such
a model for disease development is also hypothesized to
apply to nonmalignant conditions where alterations in cyto-
sine modifications are similarly observed throughout disease
development [116].

4. Embracing the 6-base genome

With the recent development of 6-base sequencing technolo-
gies, it is likely that we'll see a significant expansion in our
understanding of epigenetic disease mechanisms over the
next decade. Already, this technology is driving advancements
in academic and clinical settings.

4.1. Fundamental research

Despite decades of progress, many questions remain about
the fundamental workings of epigenetic gene regulation.
How, for instance, do asymmetric cytosine modifications affect

EPIGENOMICS 109

cell behavior; when are these modifications most influential;
and why is 5hmC so enriched in neuronal cell types?
Answering these questions will not be easy, but technologies
like 6-base sequencing can help by exposing the dynamics of
gene regulation in high resolution.

Enhancer regulation, for example, has proven to be
a complex process involving both chromatin modifications
and DNA methylation. Acetylation of histone 3 at lysine 27
(H3K27Ac) proximal to enhancers increases DNA accessibility,
transcription factor binding, and the expression of gene net-
works under the enhancer's influence [127,128].
Demethylation of enhancer sequences would be expected to
have a similar effect and correlate closely with histone acet-
ylation dynamics. However, results thus far have been discor-
dant, with some studies reporting that enhancer
demethylation may lag behind histone acetylation (and gene
expression changes) by as much as 48 hours [31,129,130].
Results from Guerin et al. suggest that this discordance may
be explained by the conflation of 5mC and 5hmC [31].

Using a combination of bisulfite and 6-base sequencing,
Guerin et al. [31] detailed the time course of enhancer epige-
netic changes during stem cell differentiation. Using bisulfite
sequencing, they found that histone acetylation, transcription
factor binding, and gene expression all preceded the loss of
modified cytosine (modC), suggesting that cytosine modifica-
tions may be decoupled from gene expression dynamics.

However, with 6-base sequencing, Guerin et al. [31]
reported that conflating 5hmC and 5mC obscured key tem-
poral dynamics of DNA demethylation. Their observations
show that 5hmC levels begin to spike at enhancers prior to
histone modification and transcription factor binding, priming
the location for increased activity providing sufficient signal
such that machine learning algorithms could faithfully predict
future chromatin accessibility based on 5hmC patterns.

To achieve full demethylation took several days, accounting
for the apparent lag observed with bisulfite sequencing. In
conflating cytosine modifications, bisulfite sequencing saw the
balanced spike in 5hmC and loss of 5mC as a net neutral,
leading to the misleading readout of little to no change in
cytosine modification levels.

The gain in resolution achieved through 6-base sequencing
enabled Guerin et al. [31] to reveal new insights into the tem-
poral process of enhancer activation and demonstrate the value
of 5hmC in neuronal progenitor cell differentiation. These results
reflect a broader trend wherein 6-base sequencing exposes
nuanced demethylation dynamics, often showing 5hmC levels
spiking before modified cytosine levels dip [4,22].

Further nuance into enhancer regulation was recently pro-
vided by Hardwick et al., who used a form of 6-base sequen-
cing to assess the symmetry of cytosine modifications as they
appear on the DNA double helix [131]. The vast majority of
modified cytosines occur in CpG dinucleotides. Each CpG loci
in the double helix has two cytosine residues that can be
independently modified. Importantly, some DNA-binding pro-
teins have shown a preference for either dual or hemi-
methylated dinucleotide sites [132-134].

Through 6-base sequencing, Hardwick et al. found that
5hmC was a predominantly (98%) asymmetrical modification,
occurring on only one of two CpG cytosines [131]. Further,
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they show that asymmetrical hydroxymethylation was most
prominent among primed enhancers (as opposed to active
enhancers). These results indicated that the symmetry (or
lack thereof) of 5hmC formation may play an important role
in defining and maintaining enhancer states.

4.2. 5mC and 5hmC as clinical biomarkers

In addition to supporting basic research on the mechanics of
epigenetic influence, 6-base sequencing is being used for
clinical applications as well, particularly in the identification
and development of potential biomarkers.

4.2.1. Early cancer detection

Cytosine modification is already the subject of significant
focus as a blood-based biomarker for early cancer detection
[135]. Epigenetically reprogrammed tumor cells may release
DNA into the bloodstream through various means. This ctDNA
may carry diagnostically valuable mutations and epigenetic
patterns [136]. However, distinguishing ctDNA from the far
more abundant milieu of cfDNA that originates from healthy
tissue is non-trivial. To be identifiable, ctDNA fragments must
carry a mutational pattern that is unique to the malignant
genome. The more detailed this pattern is, the more reliable
its identification will be.

At present, ctDNA is most often defined by genetic muta-
tions but this approach faces significant limitations for early-
stage cancer detection. The burden of nonsynonymous muta-
tions in known cancer genes does not differ substantially
between early- and late-stage tumors [137]. Moreover, small
tumors shed fewer DNA fragments, making mutation-bearing
ctDNA exceedingly rare [138]. In contrast, aberrant DNA
methylation arises early in tumorigenesis and affects thou-
sands of CpG sites across the genome. By exploiting these
widespread and tissue-specific epigenetic alterations, methy-
lation-based assays can aggregate signals across multiple
CpGs within individual fragments. This strategy enhances sen-
sitivity at low tumor fractions and improves specificity by
mitigating sequencing noise.

This was emphasized by Klein et al. [139] who showed that
ctDNA detection based on cytosine modification patterns
(measured with WGBS) could improve the positive predictive
value of ctDNA detection across several cancer types. But
while overall sensitivity was 90.1% for stage IV cancers (at
99.5% specificity), sensitivity at stages I-lll was only 40.7%. As
with genetic mutation, the shift in modC may be too subtle in
early-stage cancers and limit reliable ctDNA detection.
However, as discussed above, distinct methylation patterns
can be obscured when 5mC and 5hmC are conflated.
Therefore 6-base sequencing may help to further improve
ctDNA recognition and early cancer detection [4,5].

Recent evidence also suggests that considering patterns
from both genetic and epigenetic data can also improve
detection sensitivities. Wang et al. examined the benefits of
using multiomic data in the detection of ctDNA from hepato-
cellular carcinoma (HCC) patients [140]. Identifying genetic
mutations and DNA methylation patterns (modC) improved
detection sensitivity by 50% compared to mutations alone,
and 33% compared to methylation alone.

Collectively, these studies suggest that the inclusion of
cytosine modifications in ¢fDNA analysis can support sensitive
ctDNA detection and, specifically, that 6-base sequencing can
be particularly beneficial by exposing higher resolution epige-
netic patterns.

4.2.2. Tracing tissue of origin

Recent studies, including Klein et al., have demonstrated the
feasibility of using ctDNA methylation signatures to classify
tumors by tissue of origin [117,139]. This capability is particu-
larly valuable in the context of multi-cancer early detection
(MCED) and cancers of unknown primary (CUP) [139,141].
Despite these advances, certain tissues remain challenging to
distinguish due to overlapping methylation profiles. For exam-
ple, tumors originating from the upper gastrointestinal tract
and pancreas often exhibit similar methylation signatures,
complicating precise classification. Moreover, the resolution
of current classifiers is limited by the depth and breadth of
reference methylation datasets, as well as by the technical
constraints of ctDNA analysis. The integration of genome-
wide maps of both 5mC and 5hmC could hold promise for
improving tissue-of-origin inference.

4.2.3. Tumor characterization and therapeutic guidance

Several recent studies have demonstrated the value of study-
ing 5hmC and 5mC as distinct biomarkers for primary tumor
characterization [100,101,142-144]. In keeping with the trend
of 5hmC forecasting early epigenomic changes, Guler et al,
found that anti-PD1 therapeutics elicited an early change in
cfDNA 5hmC levels among patients with non-small cell lung
cancer [142]. This gain of 5hmC helped to predict which
patients were likely to show a diminished response to treat-
ment. Further examination showed that 5hmC patterns prior
to treatment could similarly be used to estimate treatment
response. These results suggest that the incorporation of
5hmC profiling in ctDNA analysis can help guide therapeutic
decision making and potentially forecast disease recurrence.

5. Conclusion and future perspectives

Cytosine modification is essential to human life, so much so
that 5mC and 5hmC are now recognized as the 5th and 6th
DNA bases [11,17]. Together, these epigenetic markers guide
stem cells down Waddington’s landscape, enabling stem cells
with identical genomes to differentiate and give rise to dis-
tinct cell types. It is increasingly clear that these same epige-
netic markers can guide cells toward a pathological identity.

In the above sections, we describe how 5mC and 5hmC are
likely to exert influence, physically altering interactions
between DNA and the proteins that bind it. Importantly,
5mC and 5hmC have distinct effects on protein binding and
should therefore be considered independently when studying
both developmental and pathological processes.

Both 5mC and 5hmC appear to have important roles to
play in disease pathology. Abnormal patterns of modC are
well documented in disease contexts, with extensive evidence
showing global hypomethylation as a hallmark of the cancer
genome [145]. Hypomethylation may lead to the expression of
oncogenic gene networks, increased genomic instability, and



increased cellular plasticity. Similarly, the local hypermethyla-
tion of tumor suppressor genes may facilitate transformation
and affect therapeutic response. Notably, 5mC and 5hmC exist
alongside genetic mutations and may affect the functional
consequences of these variants (and vice versa).

The vast majority of studies exploring the impact of cytosine
modifications have relied on WGBS and related technologies.
Though valuable, these technologies are unable to differentiate
between 5mC and 5hmC, providing instead a readout of the
total cytosine modification (modC) level. Consequently, most
studies reporting on DNA methylation have not studied DNA
methylation specifically. In conflating 5mC and 5hmC, these
technologies obscure the dynamic loss of 5mC and gain of
5hmC that may occur as genes reawaken from a silenced
state. The result of this is lower resolution sequencing, contra-
dictory results, and decreased sensitivity in biomarker detection.

To date, only two platforms are capable of faithfully report-
ing on the four canonical bases (A, T, C, G) as well as both 5mC
and 5hmC (so-called 6-base sequencing).

ONT's long-read sequencing technology enables rapid
6-base sequencing and provides long-range context that can
be valuable for phased analyses. However, accurately inferring
base identity from subtle shifts in nanopore current is a non-
trivial task. This is particularly challenging when attempting to
call bases like 5hmC, for which ground truth training data may
be limited. Additionally, the technology requires a high mass
of input DNA, and suffers from yield limitations with fragmen-
ted DNA (e.g., cfDNA) which may limit its application in bio-
marker detection.

In contrast, biomodal's duet evoC platform provides
a direct readout of base identity, enabled by a multistep
enzymatic conversion workflow. The process requires rela-
tively little input DNA (as low as 5ng) and its use of enzymatic
conversion preserves sample integrity. This means that duet
evoC is ideal when sequencing fragmented or damaged sam-
ples, such as those found in formalin-fixed, paraffin-embedded
tissues and liquid biopsies.

6-base sequencing has already shed important light on the
dynamics of epigenetic gene regulation. In multiple circum-
stances, 5hmC has been shown to be an early indicator of
gene expression change, preceding detectable loss of 5mC on
both a local and global scale [4,22,31]. This information may
be valuable for early disease detection, predicting therapeutic
response, and deepening our understanding of basic genomic
processes.

In the near future, we're likely to see an expanding applica-
tion of 6-base sequencing, particularly in the context of neu-
rodegenerative disease. 5hmC is known to be enriched in
neuronal tissue and has already been implicated in the patho-
physiology of conditions like Alzheimer’s and Parkinson'’s dis-
ease [146,147]. 6-base sequencing may help to resolve the
epigenetic changes that occur early in disease and potentially
reveal valuable diagnostic biomarkers.

From a broader perspective, 6-base sequencing is still in its
early days, but it is already reshaping our understanding about
what can be asked about genome regulation. In the coming
years, its integration with single-cell and spatial methods
should illuminate how 5mC and 5hmC patterns vary within
tissue architectures, across cell lineages, and in response to
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environmental and pathological pressures. In parallel, cou-
pling genetic and epigenetic data in allele-aware analyses
will sharpen our understanding of how sequence variation
and cytosine modification act together to drive phenotypic
change.

Given these advances, researchers are likely to transition
away from antiquated technologies that measure only modC
in favor of more detailed readouts. If pursued with methodo-
logical rigor and thoughtful experimental design, these
advances will not only deepen our mechanistic understanding
of gene regulation but also accelerate the discovery of clini-
cally actionable biomarkers, moving us closer to connecting
the topology of Waddington’s landscape to real-world trajec-
tories of health and disease.

6. Future perspective

In the coming years, 6-base sequencing technologies are likely
to become standard in DNA methylation studies, with parti-
cular promise in the study of cancer and neurodegenerative
disease. Additionally, as researchers embrace multiomics, we
will likely see an expanding integration of 6-base sequencing
with other omics and single-cell technologies. We expect that
the increased adoption of 6-base sequencing technologies
(and their continued evolution) will lead to myriad discoveries
that advance our understanding of both human genetics and
disease development; while also giving rise to clinically valu-
able biomarkers. We are undoubtedly entering an exciting era
for epigenetic research.
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