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Abstract: The four non-canonical nucleotides in the human
genome 5-methyl-, 5-hydroxymethyl-, 5-formyl- and 5-
carboxydeoxycytidine (mdC, hmdC, fdC and cadC) form a
second layer of epigenetic information that contributes to
the regulation of gene expression. Formation of the
oxidized nucleotides hmdC, fdC and cadC requires oxida-
tion of mdC by ten-eleven translocation (Tet) enzymes that
require oxygen, Fe(II) and α-ketoglutarate as cosubstrates.
Although these oxidized forms of mdC are widespread in
mammalian genomes, experimental evidence for their
presence in fungi and plants is ambiguous. This vagueness
is caused by the fact that these oxidized mdC derivatives
are also formed as oxidative lesions, resulting in unclear
basal levels that are likely to have no epigenetic function.
Here, we report the xdC levels in the fungus Amanita
muscaria in comparison to murine embryonic stem cells
(mESCs), HEK cells and induced pluripotent stem cells
(iPSCs), to obtain information about the basal levels of
hmdC, fdC and cadC as DNA lesions in the genome.

The genetic system consists of four deoxyribonucleotides (dA,
dC, dG and T), which create the sequence information that
encodes the construction of proteins from amino acids. In
higher organisms, four additional nucleotides are present that
are all derived from 5-methyl-deoxycytidine (mdC). These four
epigenetic nucleotides are mdC itself and the three derivatives
5-hydroxymethyl-, 5-formyl-, and 5-carboxydeoxycytidine

(hmdC, fdC and cadC=xdC) formed by oxidation of mdC with
the help of α-ketoglutarate and oxygen requiring Tet-
enzymes.[1–4] These epigenetic nucleotides control the transcrip-
tional activity of the genes in which they are embedded in a
poorly understood way. It is however known, that the
nucleotides fdC and cadC are substrates for the DNA repair
glycosylase Tdg.[5–8] This enzyme is able to hydrolyse the
glycosidic bond of fdC and cadC, thereby generating abasic
(AP) sites. These AP sites may subsequently be processed to β-
elimination sites (βE). Finally, AP and βE-sites are replaced by
unmodified dC,[9] which ultimately leads to the conversion of
the xdCs back to dCs (Figure 1).[10]

This whole process of dC methylation by dedicated DNA
methyltransferases (Dnmt enzymes), Tet-induced oxidation to
xdC and Tdg-initiated conversion of fdC and cadC to dC sites,
creates a dynamic active methylation and demethylation circle
depicted in Figure 1.[11–14]

Although this circle is now well established in mammalian
genomes, experimental data about the levels of xdC bases in
other higher eukaryotes such as plants and fungi are ambig-
uous. This suggests that at least in some of these species the
detected xdC levels might be caused by just oxidative stress
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Figure 1. Depiction of the mdC oxidation cycle. Dnmt enzymes methylate dC
to mdC, which is oxidized by Tet enzymes to give xdCs (hmdC+ fdC+cadC).
Tdg cleaves the glycosidic bond of fdC and cadC to create abasic sites (AP).
Other bifunctional repair enzymes produce βE-sites. Both BER intermediates
are further processed leading to an insertion of dC. (R’ and R’’=DNA).
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(ROS). In Coprinopsis cinerea,[15] Tet homologues were identified,
but data about the genomic xdC levels were not reported. It is
a general problem that the xdC levels formed by oxidative
stress are not known. In this context, it is important that repair
enzymes such as the thymidine-DNA-glycosylase (Tdg) are able
to remove fdC and cadC from the genome. The basal oxidative
stress levels depend consequently not only on the amount of
ROS, but also on the repair activity.[16]

The availability of new ultra-high performance liquid
chromatography (UHPLC)-MS2 procedures in combination with
synthetic isotope standards and reagents enable the quantifica-
tion of AP and βE-sites,[9,17] and the parallel determination of the
xdC levels and BER repair events. This now allows us to gain
information about the ROS induced xdC levels.[18–19] We selected
as a model organism the fungus Amanita muscaria,[20] which
was collected from its natural environment. The methylation
levels in fungi of the basidiomycota are diverse between 2–5%
per dC.[21–22] Here, we measured for Amanita muscaria an mdC
level of 3.3%, which is quite comparable to the levels in
mammalian cell cultures[23] and tissues.[24–25] Furthermore, analy-
sis of the annotated Amanita genome,[20] regarding the content
of Tet enzymes also in comparison with Coprinopsis cinerea, for
which a Tet enzyme was recently reported,[26] revealed no
obvious Tet homologues making Amanita muscaria an ideal
species to study the ROS induced levels of hmdC, fdC and cadC.

For the MS-based quantification of the non-canonical
nucleotide levels in Amanita muscaria, we removed pieces from
the stem and the cap and isolated the DNA material after bead
milling of the cellular material using a reported procedure
(Supporting Information).[27] The DNA was enzymatically di-
gested into single nucleosides and analysed according to a
protocol that we reported recently in detail (Supporting
Information).[27–28] For exact quantification of the mdC and xdC
levels, we added synthetic isotope standards of all bases as
shown in Figure 2A. These function as internal references. Exact
quantification was performed as recently described..[27] In brief,
the obtained nucleoside mixture was separated by UHPLC and
characterised by coupling to a triple quadrupole mass spec-
trometer Figure 2B. We quantified the amounts of the xdC
derivatives and for assessment of oxidative stress the oxidative
lesion 8oxodG, again with the synthetically prepared standards
depicted in Figure 2A. We then performed the same experiment
with human iPSCs (neurogenin1/2-inducible iPSCs, so called
iNGNs)[29] and HEK 293T cells.

The obtained data depicted in Figure 2C show that the mdC
levels measured in Amanita muscaria (cap and stem) are indeed
comparable to those detected in HEK 293T and to data
measured earlier in human and mouse tissues.[25]

In contrast to the rather similar mdC levels, however, we
detected as expected for an organism with putatively no Tet
expression very little hmdC. The exact quantification revealed
an extremely low level of hmdC with 2.5×10� 3 per dG. This is
ten-fold lower compared to HEK 293T cells, which have
measurable but very low Tet expression levels.[30] This strong
reduction of the hmdC levels is interesting particularly because
cell culture conditions tend to reduce mitochondrial content
and oxidative phosphorylation. The hmdC value is furthermore

40-times lower compared to induced pluripotent stem cells
(iNGN), also kept in culture, where TET-mediated epigenetic
processes play a vital regulatory role.[31–32] We concluded that
the low hmdC level in Amanita muscaria represents a level that
we would consider to be a basal level of hmdC that is formed
by oxidative stress under natural (wild life) conditions. In order
to gain support for this idea, we next measured the 8oxodG
levels. 8oxodG is an oxidative lesion derived from dG. Indeed,
we found that the 8oxodG levels are similar to those of hmdC.
Interestingly, we detected slightly more 8oxodG in the Amanita
muscaria stem, where the hmdC was higher as well, showing a
potential correlation between the 8oxodG, the hmdC levels and
hence oxidative stress.

The comparison of the fdC and cadC levels in the fungus
Amanita muscaria, in HEK 293T- and in iNGN cells resulted in a
wide range of values. The fdC levels are lowest in Amanita
muscaria, again in agreement with lacking epigenetic relevance.
Regarding cadC, we detected the highest values in iNGNs, again
supported by epigenetic activity. In general, however, the

Figure 2. A) Depiction of the synthetic isotopically labelled nucleosides used
as internal standards. B) Experimental procedure. C) Data about the absolute
levels of mdC, xdC bases and the main oxidative lesion 8oxodG from six
biological replicates. Bars show mean, error bars show standard deviation
(s.d.). (Ordinary one way ANOVA with Tukey’s multiple comparisons test: ns:
p�0.05; *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001).
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differences are surprisingly small given that we compare data
from an organism collected from nature with cells kept under
controlled cell culture conditions, with likely reduced oxidative
phosphorylation.

We next turned our attention to mESCs, where epigenetic
oxidation of mdC is a well-studied process.[33] Here, we
investigated three different cell lines (Figure 3). The first is a
wildtype cell line containing biallelic copies of Tdg (Tdg+ /+).
The second cell line is deficient in Tdg (Tdg� /� ) and the third
mESC line contains a point mutation in the catalytic centre that
encodes for a catalytically mutant Tdg (TdgCM) with impaired
glycosylase activity.[8,34] This is a very important cell line, because
a complete Tdg knockout could also affect protein complexes
that contain Tdg as a component,[8,35–36] which could potentially
influence the experimental outcome. These cell lines were
generated by CRISPR-Cas9-mediated genome editing. A single-
stranded repair template containing either mutations in exon 2
(Tdg� /� ) or exon 4 (TdgCM), respectively, was transiently trans-
fected together with a plasmid containing the endonuclease
Cas9 and the respective guide RNA. Earlier work could
demonstrate that a D151A point mutation in the catalytic
centre of Tdg preserves fdC binding by the glycosylase, but
does not lead to base excision.[37] For the knockout, mutations
causing a shift in the reading frame were predicted. The
genomic sequence of the repair template was altered accord-
ingly, and a restriction site was introduced or removed to
identify targeted clonal populations (Supporting Information).
Tdg knockout and catalytic mutant candidates were validated
by Sanger sequencing and Western blotting (Supporting
Information).

The exact quantification data of all mESC cell lines are
depicted in Figure 3. The first observation is that the hmdC

levels are similar in all three cell lines, arguing that all three cell
lines have a comparable Tet activity, as expected. The second
observation is that the hmdC levels are two orders of
magnitude higher compared to Amanita muscaria. These high
Tet-generated hmdC values support the epigenetic relevance of
this non-canonical base in mESCs. In agreement with the idea
that the glycosylase Tdg removes fdC and cadC, we see
interesting differences in deficient and mutant Tdg mESCs. In
fully repair competent Tdg+ /+ cells we see low fdC and cadC
levels, but the fdC value is still ten times higher compared to
Amanita showing that the repair process is unable to remove all
fdC formed in mESCs. This finding is in full agreement with
previous reports showing that fdC is a permanent or semi-
permanent base that has a long life-time in specific genome
regions.[5,38–39] Interestingly, we see that the Tdg� /� and TdgCM

cells behave similar, arguing that disruption of Tdg-containing
protein complexes has only a minor impact on the xdC levels.
Both cell lines (Tdg� /� and TdgCM) have the expected elevated
fdC and cadC levels due to lack of repair. The levels of oxidative
damage, as measured by the 8oxodG levels, were in the mESC
cultures lower than Amanita muscaria but comparable to the
HEK 293T and iNGN data. This can be explained with the fact
that Amanita muscaria is an organism that was collected from
nature, while in culture, cells are kept under controlled
laboratory conditions. The low 8oxodG levels but more
strikingly the 10-times higher cadC levels in the Tdg+ /+ mESCs,
compared to Amanita muscaria, let us conclude that the vast
majority of the xdCs in mESCs are epigenetically formed.

Our data led us to assume that the xdC levels detected in
Amanita muscaria and potentially also those seen in HEK 293T
cells represent the levels that are derived exclusively from
oxidative stress (hmdC=5×10� 6, fdC=5×10� 7 and cadC=1×
10� 7). This leads to the conclusion, that in mESCs, the levels of
hmdC are 100-times above the ROS damage level. The fdC
value is about 10-times above the ROS damage level in mESCs.
Interestingly, in mESCs (Tdg+ /+) the cadC level is reduced to the
ROS level. The elevated levels of fdC and cadC in BER-deficient
mESC cells (Tdg� /� and TdgCM) support the idea of a quick fdC
and cadC repair by Tdg.

Interesting is the observation that in mESCs BER reduces
cadC to the ROS level arguing that, if at all, only very few cadCs
might have a permanent or at semi-permanent character as it
was seen for fdC.[5,39]

In order to finally investigate if Amanita muscaria has a
normal base excision repair process, we next quantified the AP
and βE-site levels. To this end the isolated DNA was treated
with the recently introduced AP- and βE-site detection
reagent.[9] The hydroxylamine reagent reacts efficiently with the
aldehyde functional group to give stable adducts, which after
full digestion of the DNA, generate AP- and βE-adducts that can
be quantified by UHPLC-MS2.

For exact quantification we synthesized isotopically modi-
fied versions of the AP- and βE-site adducts (shown in
Figure 4A), which were again used as internal standards. The
reagent allows extremely sensitive detection, because it elimi-
nates N2 in the gas phase, which leads to a defined MS
transition, which can be easily detected in MS/MS experiments

Figure 3. Depiction of the modified xdC levels in Tdg-proficient (Tdg+ /+),
knockout (Tdg� /� ) and catalytic mutant (TdgCM, N151A) mESCs. Graphs show
data from four biological replicates, bars represent mean, error bars
represent s.d. (Ordinary one-way ANOVA with Dunnett’s multiple compar-
ison test: ns: p�0.05; *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001).

Chemistry—A European Journal 
Communication
doi.org/10.1002/chem.202100551

3Chem. Eur. J. 2021, 27, 1–6 www.chemeurj.org © 2021 The Authors. Published by Wiley-VCH GmbH

These are not the final page numbers! ��

Wiley VCH Mittwoch, 14.04.2021

2199 / 200142 [S. 3/6] 1

https://doi.org/10.1002/chem.202100551


(Figure 4B).[9] The experimental workflow and the data are
shown in Figure 4. With this method we quantified the AP-sites
to be 4–8×10� 7 and βE-sites to be around 1×10� 5 per dN.
These values are very comparable to previously published data
from HEK 293T cells (8.8×10� 7 AP- and 2.0×10� 6 βE sites per
dN),[9] supporting functional BER in Amanita muscaria. The
measured basal ROS levels of the xdCs are consequently
generated in a repair competent system.[9]

In summary, we used ultrasensitive UHPLC-MS2 methods
with synthetic internal isotope standards to quantify the levels
of mdC, hmdC, fdC, cadC, 8oxodG, AP- and βE-sites in two
systems that have no or low Tet activity (Amanita muscaria and
HEK 293T cells) and compared the levels with data from cells
that are epigenetically active at low (iNGN) and high (mESC)
levels. We could deduce that the levels of hmdC=5×10� 6,
fdC=5×10� 7 and cadC=1×10� 7 are levels that can be
considered to be the basal, steady state levels generated by
oxidative stress and base excision repair. Epigenetic activity,
created by Tet induced oxidation, increases the hmdC levels by

a factor of 100 and the fdC value by a factor of 10. If repair is
switched off as in Tdg� /� or TdgCM cells, the levels of fdC and
cadC increase as expected by a factor of 5–10. Our data suggest
that, while some of the fdCs have a permanent or semi-
permanent character, because in mESCs even with full BER
(Tdg+ /+) the levels never drop to the ROS level, this is
questionable for cadCs. Removing fdC at these (semi)
permanent sites then requires Tdg-independent pathways that
were recently investigated in detail.[19]
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Exact UHPLC-MS2 quantifications
were used to determine the oxidative
lesion and epigenetically induced

levels of the non-canonical bases
hmdC, fdC and cadC and of the levels
of base excision repair intermediates.
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