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1. History of 5-Hydroxymethylcytosine

The genetic material is constructed from the four DNA
nucleosides 2’-deoxyadenosine (dA or dAdo), 2’-deoxygua-
nosine (dG or dGua), thymidine (Thd or dT), and 2’-
deoxycytidine (dC or dCyt; Scheme 1). These four building
blocks are assembled inside a DNA double helix whose
structure was deciphered by Watson and Crick in 1953.[1] In
multicellular organisms, all cells possess the same genetic
content; however, cells might perform vastly different func-
tions. A neuronal cell, for example, is designed to conduct
electrical signals along axons while a muscle cell is involved in
performing contractive motions. The same genetic material
manifests in the different functions of different cells, which is

only possible because cells differ in the
kind and number of active genes.
During cellular development, cells
switch unneeded genes off on their
way to specialization. Chemically,
long-term gene silencing is achieved
by the methylation of the base cytosine
(dC) at position C5 in special CpG
islands.[2]

The methylation pattern is a crucial part of the epigenetic
information and a critical marker that distinguishes cells. The
underlying nucleoside 5-methyldeoxycytidine (mC or 5-MedC
or M or 5 mC) is often considered to be the fifth base of the
genome. After fertilization and at certain points of the
embryonic development, a large number of the methylation
marks are erased.[3] As a consequence, this allows embryonic
stem cells to differentiate into any possible specialized cell. In
certain cases this genome-wide demethylation occurs without
cell division and thus without the synthesis of new DNA. The
methyl group therefore has to be actively removed by
enzymes. The mechanism underlying this active demethyla-
tion is of utmost interest, because it is speculated that some
cells might have the possibility to actively demethylate their
genetic material in order to re-differentiate.[4] In other words:
One might be able to move differentiated cells into a less
differentiated state by a process called active demethylation,
which would have great potential for research and therapeutic
applications.

Recently, the search for this active demethylation process
moved in a new direction. In 2009 two independent reports
published back-to-back in Science showed that mammalian
genomic DNA contains not only 5-methylcytosine but also 5-
hydroxymethylcytosine (hmC or 5-HOMedC or 5 hmC), which is
now considered to be the sixth base of the genome of higher

5-Hydroxymethylcytosine (hmC) was recently discovered as a new
constituent of mammalian DNA. Besides 5-methylcytosine (mC), it is
the only other modified base in higher organisms. The discovery is of
enormous importance because it shows that the methylation of cyto-
sines to imprint epigenetic information is not a final chemical step that
leads to gene silencing but that further chemistry occurs at the methyl
group that might have regulatory function. Recent progress in hmC
detection—most notably LC-MS and glucosyltransferase assays—
helped to decipher the precise distribution of hmC in the body. This led
to the surprising finding that, in contrast to constant mC levels, the
hmC levels are strongly tissue-specific. The highest values of hmC are
found in the central nervous system. It was furthermore discovered that
hmC is involved in regulating the pluripotency of stem cells and that it
is connected to the processes of cellular development and carcino-
genesis. Evidence is currently accumulating that hmC may not exclu-
sively be an intermediate of an active demethylation process, but that it
functions instead as an important epigenetic marker.
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organisms.[5] Interestingly, hmC was already found in mam-
malian DNA 40 years ago.[6] These findings, however, re-
mained in doubt because later studies were unable to
reproduce the data and even the new publications report
much lower levels of hmC.[7]

1.1. 5-Hydroxymethylcytosine as a Nucleobase in Bacteriophage
DNA

The discovery of hmC in mammals was a milestone for
epigenetic research. The base itself, however, has long been
known to be a component of the DNA of special bacterio-
phages. This was discovered in 1952, even before the 3D
structure of DNA was deciphered.[8] Certain phages incorpo-
rate hmC, with help from the corresponding triphosphate,
into their genetic material. A subsequently acting glucosyl-
transferase finally loads a glucose moiety onto the base,
thereby creating highly a- or b-glucosylated phage DNA.[9]

This glycosylation is part of a protecting strategy used by
DNA bacteriophages to escape the action of bacterial
restriction enzymes. These otherwise degrade invading dou-
ble-stranded DNA in a bacterial defense process. In addition,
the phage reprograms the cell to produce nucleases which
degrade non-hmC-containing DNA in an attempt to clear the
infected cell from its own genetic material.[10]

1.2. 5-Hydroxymethylcytosine as an Oxidatively Damaged
Nucleobase

5-Hydroxymethylcytosine was also suspected to be
formed at mC sites in response to oxidative stress in normal
DNA. It was shown in in vitro studies that one-electron
oxidation of mC causes formation of hmC in an aerated

aqueous solution under UV-A irradiation.[11] This is possible
in the presence of the type I photosensitizer menadione,
which yields the unstable peroxyl radical or hydroxyperoxide
intermediates. These decompose to hmC.[11,12] Another study
showed that treatment of mC under Fenton conditions (Fe2+/
Cu2+ and H2O2) or with benzoylperoxide in CBrCl3 also
yielded hmC.[13] Since then it is speculated that hmC could be
one of the major oxidative degradation products of mC
(Scheme 2).

On the basis of data obtained with dT, it was proposed
that 20 molecules of hmC per cell per day are formed as an
oxidatively generated lesion.[14] Interestingly, hmC can also be
photochemically converted into dC after elimination of
formaldehyde.[12b] However, its oxidative formation under
in vivo conditions could not yet be confirmed. An important
observation was that under oxidative conditions not only hmC
but also 5-formyldeoxycytydine (fC or 5-CHOdC or 5fC) and 5-
carboxydeoxycytidine (caC or 5-COOHdC or 5caC) are
formed.[11, 12] While fC can be deformylated via the hydrate,
caC can be decarboxylated, which leads to the regeneration of
cytosine. It is this reactivity which spurs the current idea that
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Scheme 1. The canonical DNA nucleosides dG, dA, dT, and dC.
Cytosine can be modified to mC and hmC in mammalian tissues. hmC
could be further oxidized to the putative demethylation intermediates
fC and caC, but have never been found in vivo.
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hmC might be an intermediate in the long searched for
pathway that enables active demethylation.

2. Detection Methods

2.1. Global Quantification of 5-
Hydroxymethylcytosine

In the two reports that
appeared in Science 2009,
Heintz and Rao and their co-
workers isolated DNA from
purkinje neurons and embry-
onic stem cells, respectively.[5]

The DNA was digested enzy-
matically to the nucleoside
level. Finally, the nucleoside
mixture was treated with a
kinase and 32P-ATP to transfer
a radioactive phosphate group
onto the primary 5’-hydroxy
group. Subsequent 2D chro-
matography, HPLC, and MS
analysis of the nucleotides en-
abled both groups to detect
hmC as a new component in
genomic DNA (Scheme 3a).
Kriaucionis and Heintz seren-
dipitously discovered that
0.6% of all the cytosine resi-
dues in purkinje neurons and
about 0.2% of all the cytosine
residues in granule cells are
hydroxymethylated. They fur-
ther found that hmC is present
in many tissue types, although
the detection limit (ca. 0.08 %)
of their technique did not
allow this to be studied in
detail.[5a] The amount of hmC
in embryonic stem cells stud-
ied by Rao and co-workers
was even lower, with only

0.1% of the cytosine moieties carrying a 5-hydroxymethyl
group.[5b]

With the help of isotope-labeled hmC as an internal
standard for an accurate HPLC-MS method, Carell and co-
workers investigated the distribution of hmC in mouse tissues
(Scheme 3a).[15] It was found that the amount of 5-hydroxy-
methylcytosine varies substantially between different tissue
types. Whereas the amount of 5-methylcytosine is constant at
around 4.5% (values are always given in% of all cytosine
derivatives) in all tissues, it was discovered that organs such as
liver and testes have very low, heart and kidney medium, and
tissues of the central nervous system high amounts of hmC
(Figure 1a).[15a] A more detailed survey of various brain
tissues again showed that the 5-hydroxymethylcytosine levels
vary from 0.3% in retina and cerebellum to 0.7% in cerebral
cortex and hippocampus.[15b] The latter are the brain areas
involved in higher cognitive functions. These results are

Scheme 2. One-electron oxidation of mC yields the two main products
hmC and fC.[12a]

Scheme 3. Methods for the detection and quantification of hmC. a) Quantification of DNA nucleosides or
nucleotides after enzymatic digestion. b) Enzymatic glucosylation of hmC and subsequent detection by
radioactivity or click reaction with biotin.
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exciting, especially in light of recent findings that locus-
specific active demethylation occurs in fully differentiated
neurons as a response to learning and memory formation.[4,16]

Another interesting result is the discovery that the hmC
values increase during the development of the brain. The
hmC value in the hippocampus of 90 day old adult mice is
almost double that in 1 day old mice (Figure 1c).[15b] A similar
correlation was later shown for the cerebellum (Figure 1c).[17]

Together, this hints at a role of hmC in brain maturation and
neuronal development.

In an alternative approach for the detection of hmC,
Leonhardt and co-workers used the phage b-glucosyltransfer-
ase to load radioactive labeled UDP-[3H]glucose onto the
hydroxy group of the hmC base within DNA (Scheme 3b).[18]

They determined the amounts of hmC with a liquid scintilla-
tion analyzer. By using this method the researchers were able
to measure the tissue distribution of hmC and to establish that
the presence of mC is required for the formation of hmC. This
was achieved by measuring hmC values in DNMT triple
knockout cells which had lost the ability to methylate cytosine
residues.

Jin, He, and co-workers beautifully extended the method
developed by Leonhardt and co-workers by employing UDP-
6-azidoglucose and the same phage b-glucosyltransferase to
load hmC-containing DNA with azide moieties.[17] By using
click chemistry they were able to attach biotin units to each
hmC residue, which allowed them to isolate hmC-containing
DNA strands for subsequent sequencing analysis. They were
furthermore able to quantify the amount of hmC in DNA by
using biotin-specific antibodies. With this method Jin, He, and

co-workers not only confirmed the age effect but showed,
furthermore, that hydroxymethylation is accumulated in
intragenic regions. In contrast, mC is predominantely found
in CpG islands, which occur in promoter regions. Interest-
ingly, hmC was found to be enriched in genes that are linked
to angiogenesis and hypoxia. HIF-prolyl hydroxylases, a well-
known class of oxygen-sensing enzymes, are related to the
TET enzymes, which form hmC (see below).[19] This led Jin,
He, and co-workers to speculate that hmC might be involved
in an oxygen-sensing and regulation process.

The authors further confirmed that hmC is present only at
very low levels in cultured cells (Figure 1b).[17] Recent
staining experiments with a polyclonal antibody against
hmC showed that hmC is present in nuclei of all cell types
and confirmed the uneven distribution found in the quantifi-
cation experiments.[15a] High amounts were detected in the
differentiated neurons of the dentate gyrus (Figure 1 d).
Areas that are rich in neuronal stem cells, in contrast, did
not stain well, thus indicating that the hmC is present in
substantially lower amounts in the corresponding nuclei.

Further detection methods that enable isolation of hmC-
containing DNA strand fragments include the use of J-
binding protein 1 (JBP1) bound to magnetic beads.[20] These
proteins bind to glucosylated 5-hydroxymethyluracil, which is
called the J base and is present in trypanosomes and related
kinetoplastids.[21] Robertson et al. could show that JBP1 binds
tightly to glucosylated hmC, thereby allowing isolation of
hmC-containing DNA by simple incubation of the DNA with
magnetic beads.[20] By using this method it was discovered that
hmC levels are higher in the promoter regions of the NANOG
and OCT4 genes which are associated with pluripotency.

Further LC-MS/MS-based quantification of hmC was
carried out by several research groups.[22] The hmC as well as
the mC values were lower in Dnmt1 and Dnmt3a double
conditional knockout (DKO) mice than in the control experi-
ments, while no difference in the hmC levels was observed for
each single conditional knockout (SKO) experiment.[22a] This
additionally supports the formation of hmC from mC. With
the development of specific antibodies against hmC, it
additionally became possible to quantify the amount of the
base by classical dot-blot techniques.[23]

An interesting discovery by Klimasauskas and co-workers
was that methyltransferases are able to bind to hmC-
containing DNA and that they can replace the OH group
by a sulfur- or selenium-containing moiety, which allows
hmC-containing DNA strands to be chemically modified
(Scheme 4a).[24] In an earlier study, the same authors showed
that bacterial methyltransferases are, furthermore, capable of
adding formaldehyde to cytosine residues to yield hmC.[25]

Interestingly, the reverse reaction to remove the hydroxy-
methyl group was also observed and could be a conceivable
mechanism of active demethylation (Scheme 4 b). The for-
mation of formaldehyde in vivo would not be problematic for
cells, because formaldehyde is a known by-product of the
metabolism and is, for example, also formed by histone
demethylases or certain DNA repair enzymes.[26]

Figure 1. Distribution of hmC in the mammalian body. a,b) Quantifica-
tion of hmC in different mammalian tissues and different cell lines.
c) hmC values rise during the development of the mouse brain
(normalized values). d) Immunolocalization of hmC in mouse hippo-
campus. Anti-hmC (green) and Hoechst 33342 nuclear dye (blue),
mESC: mouse embryonic stem cells.
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2.2. Site-Specific Detection of 5-Hydroxymethylcytosine

The method of choice for sequencing epigenetic informa-
tion, bisulfite, unfortunately fails to detect hmC, which makes
it currently tremendously difficult to sequence genes directly
for the position of hmC bases.[27] Bisulfite deaminates cytosine
moieties to uracil, while leaving mC intact.[28] In addition,
bisulfite reacts with the hydroxymethyl group by converting it
into the 5-methylenesulfonate.[29] As this reaction product
does not lead to deamination and possibly blocks poly-
merases, discrimination of hmC and mC is currently impos-
sible. The 5-methylenesulfonate generated from hmC, how-
ever, was used to raise an antibody that allows detection and
quantification of hmC via the sulfonate.[30] Alternative
bisulfite-independent sequencing principles also cannot dis-
tinguish between mC and hmC or have not yet been tested.[31]

In addition, standard restriction enzyme based sequencing
does not distinguish mC and hmC. However, recent progress
has been made in this direction with the use of glucosyl-
transferases in combination with the restriction enzymes
MspI, HpaII, and GlaI, which are, however, very restricted in
their sequence specificity.[32] Furthermore, the endonuclease
PvuRts1l has been identified to specifically act on hmC.[33] In
the future, nanopore sequencing might be a solution to the
problem. First studies showed that this sequencing method is
indeed able to distinguish between mC and hmC in both
single- and double-stranded DNA.[34] Finally, modern se-
quencing-by-synthesis methods could yield sequence-specific
information about hmC on the basis of kinetics of dNTP
binding and incorporation.[35]

3. Enzymology of 5-Hydroxymethylcytosine
Formation

Parallel to the development of new quantification and
site-specific detection methods for hmC, the enzymology
behind the formation of this new base was investigated. In
their initial report Rao and co-workers discovered by using
bioinformatic methods that hmC is formed post-replicatively

by oxidation of mC with the help of the TET1 (ten-eleven
translocation) enzyme.[5b, 36] Currently, three TET enzymes
(TET1–3) are known. All of them are FeII- and 2-ketogluta-
rate-dependent oxidases, which efficiently convert mC into
hmC both in vitro and in vivo.[5b,37] Besides the catalytic
subunit with the iron-binding site, they contain a binuclear
zinc-chelating CXXC domain that is found in many chroma-
tin-interacting proteins.[5b, 38] The consensus reaction mecha-
nism of a-ketoglutarate-dependent dioxygenases is shown in
Scheme 5.[39]

3.1. The Role of 5-Hydroxymethylcytosine and the TET Enzymes
during Cellular Development

Levels of 5-hydroxymethylcytosine are dynamically regu-
lated in stem cells and during differentiation.[40] Only TET3 is
highly expressed in oozytes and zygotes, and a recent study
showed that after fertilization mC is converted into hmC only
in the male but not the female pronucleus.[23, 41] The data
suggest that the event that was always considered to be a
genome-wide demethylation of the parental genome is
actually a genome-wide hydroxymethylation which is medi-
ated by TET3. After the reprogramming of the paternal
genome, TET3 levels decrease rapidly in the two-cell stage. In
cultured embryonic stem cells, in contrast, it was discovered
that TET1 and TET2 are highly expressed while the TET3
levels were found to be low.[42] The TET3 levels increase again
when the stem cell differentiates. Differentiation is further-
more accompanied by a reduction in the TET1 and TET2
levels. If adult cells are de-differentiated to induced pluri-
potent stem cells, TET3 levels were found to decrease while
TET1 and TET2 levels again increased, thus showing the
reversibility of the process. In conclusion, these data show
TET1 and TET2 are both linked to the pluripotency network
and the differentiation potential of stem cells.

Scheme 4. a) Methyltransferase-dependent derivatization of hmC with
either cysteamine or selenocysteamine and further functionalization
with any fluorescent group. b) Reversible conversion of dC into hmC
with formaldehyde and methyltransferases.

Scheme 5. Reaction mechanism of a-ketoglutarate-dependent dioxy-
genases. The reaction proceeds by a one-electron reduction of a key
iron(IV) intermediate. During the reaction the cofactor a-ketoglutarate
is decarboxylated to succinate.
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siRNA-mediated knockdown of TET1 in stem cells
showed that the absence of this enzyme causes morphological
changes to the embryonic stem cells.[37] These results could,
however, not be reproduced by another research group.[42a] In
addition, the embryonic stem cells moved towards differ-
entiation, again showing that high TET1 and thus hmC levels
are important for the maintenance of embryonic stem cells.[37]

In a further study, Koh et al. showed that TET1 depletion
leads to a mesoderm/endoderm bias, whereas knockout of
TET2 alters neuroectoderm differentiation.[42a] At the genetic
level, the TET1 defect caused increased methylation of the
NANOG promoter, which leads to the loss of pluripotency.[37]

The relationship between methylation of the NANOG
promoter, TET1, and TET2 is, however, very controversia-
l.[37, 42a,43] It was also discussed that the NANOG and OCT4
gene products might be involved in regulation of the TET1
and TET2 enzymes.[42a] Chromatin immunoprecipitation
revealed that OCT4 binds to noncoding sequences of the
TET1 and TET2 genes, which supports the theory that the
DNA hydroxylases are regulated by the pluripotency factor
OCT4.[42a] An overview of the investigated TET, hmC, and
mC values in each developmental stage is depicted in
Figure 2.

In combination, the data suggest that TET1 and TET2 are
important to maintain pluripotency, while TET3 is associated
with differentiation processes. hmC is consequently involved
in the formation of pluripotent cells, maintenance of pluri-
potency, and differentiation into the germ cell lines.

3.2. The role of 5-Hydroxymethylcytosine and the TET Enzymes in
Cancer

It was found that many myeloid cancers (leukemia)
feature a mutation in TET2, which in turn reduces the ability
of cells to hydroxymethylate cytosine bases. It was found that
TET2 has an important role in normal myelopoiesis and that
impaired formation of hmC is associated with myeloid
tumorgenesis.[30] Surprisingly, it was discovered that patients
with an impaired TET2 function also have lower mC levels.
Since hmC is known to be formed from the precursor mC, this
decrease is counterintuitive, again showing the complexity of

epigenetic programming mechanisms. It
was hypothesized that loss of TET2
function may reactivate a stem cell like
state that is characterized by hypome-
thylation and general genomic instabil-
ity.

Another enzyme that is impaired in
many cancer types is isocitratedehydro-
genase (IDH).[44] A mutation of IDH
leads to the accumulation of 2-hydroxy-
glutarate in the cells.[45] This small mol-
ecule is a known competitive inhibitor
of the 2-ketoglutarate-dependent en-
zymes, which is now considered to con-
tribute to cancer development through
inhibition of the TET enzymes.[46] Fur-
ther support for impaired hydroxylation

in cancers comes from the observation that all the cancer cell
lines studied so far only show extremely small hmC values.[17]

The measurement of hmC levels by one of the above
described methods may consequently be a valuable tool for
the early diagnosis of cancer.

To gain evidence that reduced hmC values are the cause
and not just the consequence of cancer, Koh et al. injected
normal and TET-depleted stem cells into mice. While wild-
type cells formed highly differentiated benign teratomas,
TET-deficient stem cells developed very aggressive tumors
that were in a highly proliferative state.[42a] This elegant
experiment showed that hmC is of utmost importance for the
correct function of cells and that disturbing the hydroxy-
methylation of DNA can lead to serious defects.

4. Regulatory Function

Despite the tremendous research effort in the last two
years, the exact biochemical functions of hmC remain
enigmatic. Although it is established that the sixth base is
involved in gene regulation during development and carcino-
genesis, and evidence is increasing that hydroxymethylation is
associated with actively transcribed genes, the exact bio-
chemical mechanisms behind these findings are still un-
clear.[37, 40,47] How the information on the DNA is translated
into cellular signals needs to be clarified in particular. For mC,
special methyl-CpG binding domains (MBD) enable the
cross-talk between epigenome and proteome, however,
specific hydroxymethyl-binding domains remain to be found
(Figure 3). Importantly, mC-binding proteins such as MeCP2
or the DNMTs are known not to bind hydroxymethylated
DNA, thus suggesting complementary roles of the two
epigenetic DNA modifications.[48]

Another possible function is that hmC is an intermediate
in an oxidative demethylation process. However, Carell and
co-workers were not able to find either 5-formyl- or 5-
carboxycytosine in somatic cells, even when large amounts of
DNA were analyzed.[15a] This shows that if hmC is involved in
an oxidative active demethylation mechanism, the intermedi-
ates do not accumulate to any detectable level. Furthermore,
no evidence for an alternative active demethylation mecha-

Figure 2. Levels of mC, hmC, and the TET enzymes during cellular development.
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nism which would proceed via deamination to hmU and
subsequent base excision repair could be found. These results
were supported by a study by Iqbal et al. , whose data suggest
the absence of these demethylation mechanisms in the
zygote.[23] Recently, Guo et al. were able to find an active
demethylation process when they overexpressed TET and
APOBEC proteins in neurons.[16c]

5. Chemical Synthesis of 5-Hydroxymethylcytosine-
Containing DNA and Biophysical Studies

Two main areas arose in the chemical research of hmC.
Firstly, it was important to develop phosphoramidite building
blocks that allow efficient incorporation of hmC into DNA.
Secondly, isotope-labeled derivatives of the cytosine modifi-
cations were synthesized, which can be used as internal
standards in MS-based quantification or for metabolic label-
ing.[13b, 15, 22b,49]

Synthetically, two strategies evolved: the synthesis of hmC
via hmU[14, 15b, 50] or by metal-catalyzed functionalization of 5-
iododeoxycytidine (Scheme 6).[15a, 51] The first strategy was
used by Sowers and co-workers to develop the first phos-
phoramidite building block, in which the 5-hydroxymethyl
group is protected with a cyanoethyl moiety.[14] Recently, the
synthesis was elegantly streamlined by Hansen et al.[50b] The
building block is routinely used for the generation of hmC-

containing DNA but requires rather harsh deprotection
conditions (60 h, 60 8C, conc. aq NH3), thus limiting the
ability to synthesize DNA strands which contain further
functionalities such as biotin, which are needed for many
biochemical experiments. A further phosphoramidite was
developed by de Kort et al. , used an acetate to protect the
primary hydroxy group. It could be deprotected under mild
conditions in a two-step sequence (NaOH and NH4OH).[50a]

Carell and co-workers designed a phosphoramidite building
block which utilizes a cyclic carbamate group to protect the
N(4)-amino and 5-hydroxymethyl group simultaneously.[51] It
can be deprotected under mild conditions of dilute NaOH at
room temperature and now allows the generation of highly
functionalized hmC-containing DNA strands. In addition, two
related phosphoramidites were developed by Dai et al. , who
protected the 5-hydroxymethyl group as a tert-butylsilyl
(TBS) ether. This moiety can be cleaved either by base
treatment (NH4OH, 65 8C, 15 h), or in a two-step procedure
that includes tetrabutylammonium fluoride (TBAF).[52]

Drndic and co-workers incorporated a hmC triphosphate
by PCR.[34a] In this way, they synthesized DNA strands
containing only C, mC, or hmC, respectively. The strands were
used to measure fluorescence annealing curves. The lowest
annealing temperature was measured for DNA-containing
hmC, medium values were obtained for C-containing DNA,
and the highest ones for mC-DNA. The decrease in stability
of a hmC-G base pair compared to mC-G and C-G base pairs
was confirmed by molecular dynamics simulations. The
authors concluded that the organization of water molecules
around the base influences the duplex stability. The least
polar nucleoside mC leads to increased rigidity and thereby
stabilizes the duplex. These results were confirmed in
sophisticated isothermal titration calorimetry studies, which
revealed that hydroxylation of the methyl group exactly
reverses the duplex-stabilization effect which is observed for
mC.[47]

6. Conclusion and Outlook

After only two years of research, the new sixth base hmC
has attracted tremendous attention in different research
fields. It is already established that it is a major component
in the mammalian genetic system and that it is generated from
5-methylcytosine with the help of TET enzymes. These
enzymes oxidize the methyl group of 5-methylcyctosine and
hence modulate the epigenetic marks set by the process of
epigenetic imprinting. There is evidence that hmC is involved
in celluar development processes and that it is connected to
pluripotency. Furthermore, evidence is increasing that incor-
rect hydroxymethylation can lead to carcinogenesis. The
result that hmC is found at high levels in the central nervous
system and particularly in those brain areas that are
associated with higher cognitive functions is very interesting.

Surprisingly, the hmC levels increase with age until they
reach a final stable plateau. Young animals before birth or a
short period thereafter possess low amounts of hmC even
though the mC values are only slightly decreased. The hmC
levels then increase up to a factor of five in mice shortly after

Figure 3. Effect of hmC on 5-methylcytosine-binding proteins.

Scheme 6. Retrosynthesis of [D3]mC, [D2]hmC, fC, and caC from one
precursor: 5-iododeoxycytidine.[15, 51]
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birth. It is currently not clear why, but one could speculate
that hmC is involved in arresting cells at a final development
stage. Future research will have to clarify the exact molecular
consequences of hydroxymethylation. hmC-binding proteins
have to be uncovered and a powerful methodology for the
sequence-specific detection of hmC needs to be developed.
This will lead to a more detailed understanding of hydroxy-
methylation and will help to complete the knowledge about
epigenetic regulation mechanisms.

Note added in proof : While this manuscript was under
review, four articles appeared that show the genome-wide
distribution of hmC in stem cells.[40, 53]
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