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Deformylation of S5-Formylcytidine in Different Cell Types

Eva Korytiakova®, Ewelina Kaminska®, Markus Miiller, and Thomas Carell*

Abstract: Epigenetic programming of cells requires methyl-
ation of deoxycytidines (dC) to 5-methyl-dC (mdC) followed
by oxidation to 5-hydroxymethyl-dC (hmdC), 5-formyl-dC
(fdC), and 5-carboxy-dC (cadC). Subsequent transformation
of fdC and cadC back to dC by various pathways establishes
a chemical intra-genetic control circle. One of the discussed
pathways involves the Tdg-independent deformylation of fdC
directly to dC. Here we report the synthesis of a fluorinated fdC
feeding probe (F-fdC) to study direct deformylation to F-dC.
The synthesis was performed along a novel pathway that
circumvents any F-dC as a reaction intermediate to avoid
contamination interference. Feeding of F-fdC and observation
of F-dC formation in vivo allowed us to gain insights into the
Tdg-independent removal process. While deformylation was
shown to occur in stem cells, we here provide data that prove
deformylation also in different somatic cell types. We also
investigated active demethylation in a non-dividing neuro-
genin-inducible system of iPS cells that differentiate into
bipolar neurons.

M ethylation of dC to 5-methyl-dC (mdC) by Dnmt
enzymes in higher vertebrates is a means to control the
transcriptional activity of genes.'¥ Reversing the methyla-
tion requires oxidation of mdC to hmdC, fdC, and cadC.>™
These oxidized bases either block maintenance methylation
(hmdC), which leads to global replication-dependent deme-
thylation, or they are removed as nucleosides by the action of
the thymine DNA glycosylase (Tdg) repair enzyme (fdC and
cadC)." 1% Alternatively, a direct deformylation and decar-
boxylation of fdC and cadC to dC may occur.'™ The
advantage of a direct mechanism, in contrast to the Tdg-
repair process, is that it proceeds without the formation of
DNA strand breaks.?!] These are known to cause genome
instability.”) We could recently show that fdC is deformylated
to dC in stem cells!'! We have also shown that the

[*] M. Sc. E. Korytiakov4,!" E. Kamirska,"! Dr. M. Miiller,
Prof. Dr. T. Carell
Department of Chemistry
Ludwig-Maximilians-Universitdt Miinchen
Butenandtstrasse 5-13, 81377 Munich (Germany)
E-mail: Thomas.Carell@Imu.de
Homepage: http://www.carellgroup.de

[*] These authors contributed equally to this work.

(@ Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:
https://doi.org/10.1002/anie.202107089.
© 2021 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used
for commercial purposes.

Angew. Chem. Int. Ed. 2021, 60, 1686916873

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

nucleophilic attack at the C6 position of fdC is necessary to
cleave the C—C bond in a deformylation reaction.™® Today, it
is however still unclear to what extent the deformylation
reaction occurs in various cell types. It is also unknown
whether this process is influenced by replication. In order to
investigate these questions, we performed a series of meta-
bolic feeding studies using a 2'-fluorinated fdC derivative
obtained by a synthetic pathway that circumvents F-dC as an
intermediate. This probe molecule was used to label genomes
in different somatic cell types originating from healthy and
cancer tissue. For further investigation of active demethyla-
tion upon cell differentiation and its dependence on cell
replication, additional studies in an iPS cell line system were
established.

In order to trace the incorporated fdC probe as well as its
deformylation product and to recognize it in front of the
background of the abundant genomic dC, a chemical modi-
fication of the probe molecule is needed. This can be achieved
by incorporating stable isotope labels (**C, *N, *H) into the
fdC ribose or the fdC heterocycle (not the cleaved-off formyl
group). Another elegant way to achieve the labeling of the
nucleoside is to tag the ribose with a 2’-F atom, which has the
additional advantage that the base of this modified nucleoside
cannot be removed by base excision repair.?>?! In addition,
the 2'-fluorinated dC-derivatives are recognized by Dnmt and
Tet-enzymes, which means that they can be epigenetically
modified (methylated, oxidized, and demethylated). Thus,
a feeding probe such as 2'-F-fdC (1) is an ideal tool molecule
to study active demethylation of mdC. We proved this
principle in an in vivo cell system using Tdg knockout
mESCs and the respective wildtype line. While the natural
genomic fdC levels increase dramatically in the absence of
Tdg, the 2'-fluorinated nucleoside values stay the same in wt
and KO (Figure SI-6) cells, showing that Tdg is unable to
remove 2'-F-fdC as expected. We also investigated the
digestion efficiency of DNA strands containing 2'-fluorinated
nucleosides and found only a small difference compared to
non-fluorinated nucleosides under our conditions.”*¥

Since 2'-fluorinated nucleosides do not undergo Tdg-
mediated repair, feeding of 2'-F-fdC (1) to different cell lines
gives higher levels of incorporation into the respective
genomes (Figure 1A). Upon deformylation of 2'-F-fdC (1),
2'-F-dC (2) is formed. This compound can be easily distin-
guished from genomic dC using an extremely sensitive, non-
high resolution UHPLC-MS/MS system (Figure 1B) because
of the different retention times, the difference in molecular
weight (+ 18 amu), and a specific fragmentation pattern.

For feeding experiments, it is essential to synthesize 2'-F-
fdC (1) via a pathway that avoids 2'-F-dC (2) as a synthesis
intermediate. Even the smallest contamination of 2'-F-fdC (1)
with 2'-F-dC (2) can lead to false-positive results. 2'-F-dC (2)
is taken up by cells as well and incorporated into the genome
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Figure 1. A) Experimental setup and intra-genomic 2'-F-fdC deformyla- h HJ\(&N %‘ g; I
tion reaction. The nucleoside is fed to the cells, where it undergoes — 9% ko N’&O S 05 [
subsequent phosphorylation in the cytosol, followed by incorporation o £04 I
into gDNA. The extracted gDNA contains the incorporated 2'-F-fdC as g 0.3 I
well as the possible deformylation product 2'-F-dC. MS/MS analysis HO F g'f I
was performed after enzymatic digestion of the gDNA. UHPLC-MS/MS 1 ’ d

chromatogram of all nucleosides present in gDNA. Green peaks show
the UV intensity of the compounds, while purple signals represent MS-
intensity values. B) The structures of the probe molecules: 2'-F-fdC (1),
2'-F-dC (2), and natural dC (3).

far more efficiently compared to 2'-F-fdC (1).'""! This leads to
a strong enrichment of any 2'-F-dC (2) impurity and hence
potentially to its accumulation during cell division. Therefore,
we developed a novel synthesis pathway towards 2'-F-fdC (1)
exclusively via 2-F-dU intermediates thereby excluding
undesired cytidine-based contaminations (Scheme 1). The
synthesis starts with commercially available 2'-F-dU (4),
which was first TBS-protected (TBS-CI, imidazole), followed
by regioselective iodination at C5 to 5 with iodine and
(NH,),[Ce(NO;),] as the oxidant. A subsequent Pd-catalyzed
Stille-type formylation (CO, HSnBus) furnished the 2'-F-fdU
compound 6. Acetal protection of the formyl group (propane-
diol, TSA) was followed by amination at C4 to generate the
acetal-protected 2'-F-fdC derivative 7. Full deprotection of 7
with 1M HCI followed by treatment with HF/pyridine to
cleave the TBS protection groups furnished the 2'-F-dC-free
target compound 1. Subsequent HPLC purification provided
2'-F-fdC (1) in a highly pure form. In order to substantiate
that the prepared 2'-F-fdC (1) is 2'-F-dC (2)-free, we
performed a highly sensitive UHPLC-MS/MS experiment
(Scheme 1, inset).

The analysis of the synthetized 2’-F-fdC (1) was per-
formed using the highest-sensitive triple quadrupole MS
detector. Under conditions previously developed in our
group, it is able to detect 2 in the low fmol range (Table SI-
1)."1 The analysis of the synthesized 2'-F-fdC (1) provided no
signal between 2.1 and 2.8 min (retention time of potential 2'-

1822 3.0 38 46 54 6.2
Retention time (min)

Scheme 1. Synthesis of 2'-F-fdC (1) probe molecule and UHPLC
experimental data showing the high purity of 1. a) TBSCI, imidazole,
pyridine, rt, 16 h, 91%. b) I,, (NH,),[Ce(NOs)¢], MeCN, 60°C, 1 h,
81%. c) HSnBu,, Pd,(dba);CHCl;, PPh,, 3.5 bar CO, 60°C, 18 h, 85 %.
d) 1,3-propanediol, CH(OEt);, p-TSA, CH,Cl,, rt, 60%. e) NaH, 2,4,6-
triisopropylbenzolsulfonylchloride, THF, 0°C—rt, 16 h, 60%.

f) NH,OH, 1,4-dioxane, rt, 16 h, 68%. g) 1 m HCl, H,O0/MeCN, rt,

18 h. h) HF/pyridine, EtOAc, rt, 16 h, reversed-phase HPLC 70%.

F-dC 2.3 min), which confirmed the high purity of the
synthesized compound. Most importantly, this new synthesis
route fully excludes any contamination of 1 with 2'-FdC (2).

To investigate the deformylation rates in various somatic
cell lines and to compare them to mouse embryonic stem cells
(mESCs) that we had studied before, respective cultures were
grown in the presence of 2’-F-fdC (1) at a final concentration
of 350 um (Figure 2). The treatment continued for 3 days in
order to allow all cell lines, having different doubling rates, to
incorporate the fed compound. The cells were subsequently
harvested, DNA was isolated and fully digested using an
optimized protocol for the chemically modified nucleosides
(see SI).”! The obtained nucleoside mixture was subse-
quently analyzed by UHPLC-MS/MS. Quantification of the
2-F-fdC (1) and 2'-F-dC (2) levels as well as of the
remethylated species 2'-F-mdC (9) was performed using the
previously published isotope dilution mass spectrometry
technique (Figure SI-9).'7-2! First, we noted that the 2'-F-
fdC probe molecule was incorporated into all tested cells and
detectable at levels between 2.1x 1077 and 5.2x 1077 mole-
cules per dN (Figure SI-1).

16870 www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH  Angew. Chem. Int. Ed. 2021, 60, 16869 -16873


http://www.angewandte.org

Modification/dN

F-fdC F-dC F-mdC

Deformylation (normalized to J1)

50—
(F-dC/dN)/(F-fdCIdN)

- normalized to J1

< 40
L
S 30
>
E
o 20—
e
[
o
104
0_.

DO SR e A
FEEE TFSFEE
o FE R

cell type

Figure 2. Feeding data of 2'-F-fdC (1). The right upper part shows the
graph with the amounts of fluorinated nucleosides in gDNA after
feeding 2'-F-fdC (1) to the )1 cell line. The bottom graph shows the
different deformylation efficiencies in different cell lines normalized to
the lowest deformylating cell line J1. The error bars represent propa-
gated error based on the standard deviation of all biological triplicates.

As noted earlier, beside the fed compound 1 we also found
2’-F-dC (2) and, importantly, 2’-F-mdC (9) in all cells
(Figure 2).'"1 We conclude that the deformylation occurred
in all investigated cells and that the newly formed 2'-F-dC (2)
was subsequently re-methylated by the action of Dnmt
enzymes, forming 2’-F-mdC (9, Figure 2). This indicates the
presence of the chemical genomic cycle dC—mdC—oxdC—
dC—mdC in all investigated cell types. Unfortunately, we are
not yet able to show the methylation of 2 in the CpG context,
as the incorporation of 1 is assumably random. However, the
level of methylation of 2'-F-dC (2) to 2’-F-mdC (9) is with 2—
5% within the expected range (Figure SI-8B).””

Investigation of the deformylation reaction (turnover of
2'-F-fdC (1) to 2’-F-dC (2)) in different cell lines showed
a major variation of this activity (Figure 2). Most interesting is
the observation that the previously studied stem cells J1,
despite their high proliferation rate, showed the lowest
deformylation activity. In order to analyze all the data, we
therefore normalized the 2'-F-fdC (1) deformylation level of
each cell line to J1 mES cells. When analyzing the rates of
deformylation, we noticed that they inversely correlate (R* =
0.83) with the rates of cell division (Figure SI-2A). In general,
the cells that divide the fastest are the mESCs. In contrast, R1,
J1, and K3 (between 17 and 19 h doubling time) show the

Angew. Chem. Int. Ed. 2021, 60, 16869-16873
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lowest deformylation rates, while the cancer-originating
somatic cell lines (with doubling times between 25 and
45 hours) show more efficient deformylation activity. This
observation is interesting, as this inverse correlation with cell
division could indicate that deformylation is an active process
that occurs to a larger extent within resting cells.

We could not correlate the deformylation levels with the
activity of Tet enzymes (R*>=0.0005, based on the levels of
genomic natural hmdC, Figure SI-2B). In conclusion, the
combined data show that deformylation of 2'-F-fdC (1) is
abundant in a broad spectrum of cell types. The rate of this
process strongly depends on the type of the cell. The observed
deformylation process is less efficient in stem cells, while it
occurs to high extent in human cancer cell lines that in this
study are derived from colon and breast cancer tissue.

We performed a control experiment to evaluate the
stability of the fed 2'-F-fdC (1) material in the cytosolic
nucleoside fraction of the cell and hence under conditions as
natural as possible. To this end, the probe 1 was added to the
cell culture to achieve its uptake into the cells. Next, after
72 h, we isolated the cytosol containing the soluble nucleo-
sides, extracted the nucleosides and analyzed them by
UHPLC-MS/MS to look for the presence of 1 and the
deformylated putative product 2 (Figure SI-3A). This experi-
ment allowed us to estimate the stability of 1 and to exclude
the possibility that the deformylation reaction occurs in the
cytosol. If 2 had formed in the cytosol, it would have been able
to incorporate into the DNA, obscuring all discussion of
intragenomic deformylation. To our delight, we were unable
to detect any 2 in the cytosol, which indicates that 1 is stable
and that deformylation does not happen outside the genome.
This is true within the limit of detection for 2'-F-dC (2), which
is, however, as low as 3.0 fmol (Table SI-2). The data together,
therefore, again suggest that 2-F-fdC (1) is deformylated
after its incorporation into the genome.

Because we detected basic 2'-F-fdC (1) levels of 2-5x
1077/dN in all investigated cellular systems, we sought to find
out if these levels can be reduced to zero when replication
ceases. To achieve this aim, we conducted an experiment with
iPS cells, which stop replication during differentiation
towards neurons. This system allows us to study deformyla-
tion independently from replication. For the experiment we
used the small molecule-inducible Neurogenin iPS cell line
(INGN cells), which is able to differentiate from the
pluripotent state in specific culture conditions (see SI) to
cells showing a bipolar neuron-like morphology after only
4 days. Like other neurons, they stop DNA replication and
cell division upon maturation, which enables the study of
a dynamic process like deformylation without interference
from replication-dependent incorporation of fresh material.
First, the stability of 1 was again examined analogously to the
soluble pool extraction experiment with J1 mESCs. Similar to
the previous data we found 1 but no traces of 2 after 72 h in
the soluble pool of iNGNs, again showing that 1 is not
deformylated under our conditions in the active cell extracts
(Figure SI-3B).

To monitor cell division, the cells were fed with a final
concentration of 0.5 uM of isotopically labeled dT (*Cy,-"N,-
dT, 10). The incorporation of 10 was then traced over time.

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org
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After initial decrease of the amount of 10 through cell
division, we detected stable levels of 10 in the genome of these
cells from 48 h post-induction. This result allows us to
conclude that the cells terminate their replication under our
conditions after two days from the start of differentiation
(Figure SI-4).

We next performed a double feeding experiment with 2'-
F-fdC (1) and simultaneously with *C,-"N,-dT (10) as
depicted in Figure3 in order to monitor cell division-
dependent wash-out of 10. This experiment allows us to
check how deformylation progresses upon cessation of cell
replication. Quantification of genome-integrated modified
nucleosides and their metabolites within DNA was performed
by UHPLC-MS/MS using the isotope dilution technique
(Table SI-3). The deformylation (a rate of change of 2'-F-fdC
(1) to 2'-F-dC (2) relative to dN) was monitored by pulse
feeding the cells at 350 um final concentration of 1 up to 48 h

Pulse Chase
2,'F'fdc 48 h 5. }
. IR
13C1015N2-dT 48h 52h 56h 60h

dT+12 feeding iNGNs 2°F-fdC feeding iNGNs
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=z [=4
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0.000- o-

KA A NP AR O
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Figure 3. Double feeding experiment of 1 and 10 in iNGN cells, which
allow the investigation of the deformylation process depending on cell
division. Deformylation data and amounts of incorporated 10 at
different time points are shown normalized per dN. The error bars
represent propagated error based on standard deviation of each
measured technical triplicate.
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post-induction (start of differentiation) and chasing of the
values every 4 hours, from 48 h onwards. The data show that
the decrease of 2-F-fdC (1) content within the gDNA
(Figure SI-5) continues to a small extent even beyond
termination of cell division. We can see that while the levels
of 10 in the genome stay constant for the duration of the
experiment, the ratios between 2 and 1 increase. Because the
total levels of 2 in comparison to 1 are at least 10-fold higher
due to the efficiency of turnover, post 48 hours it is not
possible to see a clear rise in 2'-F-dC/dN levels. With the
knowledge that the deformylation reaction is efficient and
occurs already after one hour after incorporation of 1 into the
genome, we can assume that the majority of incorporated 2'-
F-fdC (1) by the 48th hour has already turned over to 2 and 9
(Figure SI-5).1"7 Also, the levels of 2'-F-fdC/dN stay constant
after 52 h, which further supports the idea that some portion
of fdC resides as a (semi)permanent base in the genome. This
2'-F-fdC (1) stays hidden in the genome. It seems not
accessible for enzymatic processes, potentially because it is
situated in condensed chromatin structures."”*! Following
these findings, we decided to perform an in vitro experiment
to investigate if histones, with their many amine side chains,
could be triggering the deformylation process of fdC.**! This
study, however, was negative, which indicates that more is
needed than just the presence of lysine side chains to achieve
C—C bond cleavage (Figure SI-7). There is certainly a need
for active nucleophiles that are able to attack the C6-position
of 2/-F-fdC (1) to promote the reaction.!'®

The herein reported data show that the synthesis pathway
towards the probe molecule of 2’-F-fdC (1) using only 2'-F-dU
intermediates ensures the best possible purity of the com-
pound for biological feeding experiments. Feeding of the
newly synthesized compound shows that deformylation of 2'-
F-fdC (1) to 2’-F-dC (2) occurs inside the genome and that it is
a common process in a variety of cell lines that is inversely
correlated with the speed of replication. Within differentiat-
ing neurons, we were able to show that the vast majority of
deformylation occurs before the 48 hour timepoint, which is
the moment when the cells stop replicating. Post-replication,
we see stable levels of 2’-F-fdC (1) that may be epigenetically
relevant, for example, by helping chromatin condensation via
Schiff-base formation with the histones.!'"?!
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