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“5-hmC is now widely accepted as the sixth base in the mammalian genome,
following its precursor, 5-methylcytosine (5-mC), the fifth base.”

After its rediscovery in 2009, 5-hydroxymethylcytosine (5-hmC) and its natural creators, the
Tet dioxygenases, have received a tremendous amount of attention from the epigenetics and
other related communities [1,2]. 5-hmC is now widely accepted as the sixth base in the
mammalian genome, following its precursor, 5-methylcytosine (5-mC), the fifth base. To
elucidate the exact biological roles of this base modification, the development of new
analytical technologies, including detection and sequencing methods for 5-hmC, has become
essential.

The first two reports in 2009 used 32P-radioactive labeling 1D or 2D thin layer
chromatography to detect 5-hmC [1,2]. With a detection limit of approximately 0.08% of
total nucleotide, the thin layer chromatography method is able to detect 5-hmC in genomic
DNA from brain tissue and embryonic stem cells; however, it fails to yield a signal with
genomic DNA isolated from other cultured cells, especially cancer cells. More recently, a
more accurate HPL.C-mass spectroscopy method has been developed with isotope-labeled 5-
hmC as an internal standard [3]. This method allows a complete quantification of the 5-hmC
in all mouse tissues; however, the detection limit still needed to be improved. Since then
anti-5-hmC antibodies have become available and are widely used to detect 5-hmC [4-7].
However, this approach is not very quantitative owing to its density-dependent recognition
of 5-hmC, as expected [8]. Anti-5-methylenesulfonate — generated from 5-hmC after a
bisulfite treatment — antibodies have been demonstrated to be more quantitative than anti-5-
hmC antibodies [8]. However, these antibody-based methods cannot improve the detection
limit.
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In 2010, enzymatic labeling of 5-hmC began to emerge [9]. T4-B-glucosyltransferase (-
GT) is the first enzyme of choice, since it naturally transfers a glucose from UDP-glucose to
5-hmC in T4 bacteriophages. Two groups independently reported the use of B-GT to detect
and quantify 5-hmC. Szwagierczak et a/. used 3H radioactive glucose to label and quantify
5-hmC by scintillation counting [10]. Song et a/. used B-GT to transfer an azide-labeled
glucose to 5-hmC and subsequently attached a biotin group through the azido group via
copper-free click reaction [11]. This strategy allows for the detection and quantification of
5-hmC in a simple dot-blot assay using avidin-horseradish peroxidase. The approach of -
GT labeling greatly improved the detection limit of 5-hmC from 0.004-0.006% of total
nucleotide, and displayed a linear response to 5-hmC since the B-GT-based method is able to
label every single 5-hmC in the genome. With these highly sensitive methods, extremely
low levels of 5-hmC in other cultured cells, especially cancer cells, can be measured [11].
This is of particular interest since Tet enzymes may play important roles in various cancers;
however, cancer cell lines tend to have low levels of 5-hmC [11,12]. The B-GT-based
labeling approaches represent promising diagnostic tools for specific cancers.

Compared to simple 5-hmC detection, sequencing methods amenable for whole-genome,
next-generation sequencing of 5-hmC are much more desirable, especially if 5-hmC-
containing genomic DNA fragments can be enriched first. We generated the first genome-
wide 5-hmC distribution map using the same p-GT/azide—glucose/biotin-labeling method
[11]. The high specificity of the click chemistry and the highly selective and strong biotin-
avidin/streptavidin interaction enabled the robust and efficient pull-down of 5-hmC-
containing DNA for deep sequencing. The biotin—avidin/streptavidin enrichment approach
proved superior to the antibody-based pull down approach, which has a density-dependent
capture bias for 5-hmC [8]. Besides the azido group, other functional groups such as
aldehyde and ketone, which can be connected to a biotin via hydroxylamine—-aldehyde/
ketone condensation, can also be introduced through the p-GT-based labeling of 5-hmC
[8,13]. The specificity of the hydroxylamine-aldehyde/ketone condensation may introduce
high background since h ydroxylamine is known to react with cytosine.

In an alternative approach, Robertson et a/. demonstrated that J-binding protein 1 (JBP-1),
which is known to recognize glucosylated 5-hydroxymethyluracil, can also bind to
glucosylated 5-hmC [14]. Therefore, following B-GT treatment, 5-hmC-containing DNA
can be isolated by JBP1 and immobilized on magnetic beads. However, the specificity of
this JBP1-based pull-down of glucosylated 5-hmC needs to be compared with the antibody-
or chemical labeling-based methods.

Another enzymatic labeling strategy emerged from an interesting discovery made by
Liutkeviciaté ef al. who demonstrated that bacterial methyltransferases are able to label 5-
hmC with a sulfur- or selenium-containing moiety, which can be further functionalized with
a biotin group [15]. However, before this strategy can be applied to genomic DNA samples,
the sequence-specificity issue of bacterial methyltransferasesneeds to be solved and the
labeling yield needs to be improved.

The next challenge is to obtain whole genome, single-base resolution sequencing of 5-hmC.
To date, most pull down methods enable whole-genome determination of 5-hmC
distribution. In principle, some methods promise single-base resolution sequencing of 5-
hmC using either polymerase extension [11] or exonuclease digestion [13]. To this end,
recent advances in third-generation sequencing technologies, such as the single-molecule
real-time (SMRT) sequencing [16] and nanopore sequencing [17] have demonstrated their
ability to distinguish between 5-mC and 5-hmC on synthetic DNA templates. Further
technology development is required before these methods can be applied to real biological
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samples. Perhaps a combination of the above mentioned 5-hmC labeling methods and the
third-generation sequencing technologies will provide an attractive solution.

Besides genome-wide sequencing, methods that precisely detect 5-hmC at specific sites with
single-base resolution are also highly desirable; the most cost efficient way is to develop an
enzymatic or chemical transformation that is specific to 5-hmC and can be used for site-
specific high-resolution detection of 5-hmC, as what bisulfite treatment is for 5-mC [18].
Unfortunately, bisulfite treatment cannot distinguish between 5-mC and 5-hmC [18]. Certain
restriction enzymes or endonucleases can now be used to detect 5-hmC at specific loci with
the help of B-GT-mediated glycosylation; however, this approach is highly limited owing to
the sequence dependence of those enzymes [19,101]. Alternative chemical transformations
specific to 5-hmC have yet to be reported, and should be a focus of research in the future.
Without single-base resolution information of 5-hmC in the genome, particularly in
comparison to distributions of 5-mC revealed by bisulfite-based sequencing, the exact roles
of 5-hmC cannot be ascertained.

There still remains a lot to be learned regarding the biology of 5-hmC [20]. In the future
development of this newly born area of study, 5-hmC detection and sequencing methods
will play key roles to dramatically advance the field. Recently developed methods have
already demonstrated their impact and will continue to drive the development of this young
research field, especially if single-base resolution detection of 5-hmC can be accomplished
and made available to biologists in their everyday techniques in the near future.
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