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5-Formylcytosine Could Be a Semipermanent Base in Specific Genome

Sites
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Thomas Carell*

Abstract: 5-Formyl-2'-deoxycytosine (fdC) is a recently dis-
covered epigenetic base in the genome of stem cells, with yet
unknown functions. Sequencing data show that the base is
enriched in CpG islands of promoters and hence likely
involved in the regulation of transcription during cellular
differentiation. fdC is known to be recognized and excised by
the enzyme thymine-DNA-glycosylase (Tdg). As such, fdC is
believed to function as an intermediate during active deme-
thylation. In order to understand the function of the new
epigenetic base fdC, it is important to analyze its formation and
removal at defined genomic sites. Here, we report a new
method that combines sequence-specific chemical derivatiza-
tion of fdC with droplet digital PCR that enables such analysis.
We show initial data, indicating that the repair protein Tdg
removes only 50 % of the fdCs at a given genomic site, arguing
that fdC is a semipermanent base.

DNA contains besides the sequence information a second,
epigenetic information level, which encodes how actively the
controlled gene is transcribed.!! Today, next to the four
canonical bases, four additional epigenetic bases are known.?
These are 5-methylcytosine (SmC), 5-hydroxymethylcytosine
(5hmC),P! 5-formylcytosine (5fC),[ and 5-carboxycytosine
(5caC)P! (Figure 1a). Over the last years, sensitive mass
spectrometry based methods have helped to reveal the global
levels of these epigenetic bases in stem cells™®! and tissues
including the brain.”! In order to learn about the levels and
the distribution of the epigenetic bases at specific sites in the
genome, different sequencing methods have been devel-
oped® in which selective chemical derivatization of the bases
is performed,["J sometimes in combination with bisulfite
sequencing.”*!” Although these methods provide informa-
tion about the distribution of the bases at a given time point, it
is a hallmark of epigenetic information that it changes
dynamically. To gain deeper insight into the dynamics of the
epigenetic information layer at a single position in the
genome, it is therefore essential to develop methods that
can be used to follow the changes of, for example, f{dC at
a specific location in the genome over time."'! A perfect
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Figure 1. a) Structures of cytosine epigenetic modifications; b) sche-
matic representation of the fdC detection strategy, and building blocks
used including the click-chemistry-based assembly of the rU* probe
molecule.

method will ultimately allow parallel monitoring of fdC
dynamics at different genomic sites.

The central question addressed in this manuscript is: Are
the measured global data of the past averages from different
processes at different positions in the genome, or do they
reflect what is happening at an individual site in the genome ?
To answer this question, we developed a sequence-specific
chemical derivatization method that we then used in combi-
nation with droplet digital PCR to monitor the epigenetic
base fdC at different loci directly in the genome of stem cells.

For the sequence-specific localization of fdC in the
genome, we utilize a small probe oligonucleotide (Figure 1b,
Table S1), which contains a hydroxylamine tether that is able
to form a covalent linkage with fdC so that the probe strand is
subsequently tightly bound to the target.) We examined
systematically different linker lengths, linker attachment
points, and distances. Best results were obtained when we
incorporated the 2'-O-propargyl uridine using its phosphor-
amidite 1 into the probe oligonucleotide and attached the
azido-C4-hydroxylamine 2 using the Cu'-catalyzed version of
the Huisgen reaction (click reaction).? We protected the
hydroxylamine unit for the click reaction with a monome-
thoxytrityl group (MMTr), which was cleaved afterwards with
acetic acid at 25°C. This brief exposure of the probe
oligonucleotide to acidic conditions did not cause significant
depurination. After solid-phase synthesis, click modification
of the oligonucleotide, and a final purification step (Fig-
ure S1), we obtained oligonucleotides with different sequen-
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ces and lengths containing an rU-hydroxylamine base (rU%*)
at different positions for reaction with the fdC base on the
target strand. For the following experiments, we prepared 13-
mer long oligonucleotides.

To investigate at which position the linker in the probe
strand would react best with fdC in the target strand, we
varied the position of rU* relative to fdC and explored
different reaction conditions. Excellent results were finally
obtained when probe strand P1, containing rU* exactly four
base pairs in the 5'-direction relative to fdC, was hybridized to
the fdC target strand T1 in the presence of catalytic amounts
of 4-methoxyaniline (Figure2a). With this catalyst, the
crosslinking reaction is complete after 24 h with yields
exceeding 95 %. Without the catalyst, only about 50 % yield
could be obtained (Figure 2b).

T1: 5-GTAATGFCGCTAGG-3’
P1: 3-CATTACGCGAU*CC-5
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Figure 2. Denaturing PAGE gel showing the duplex formation between
T1 and P1 at 25°C: a) with the catalyst 4-methoxyaniline; b) without

a catalyst; c) with the catalyst 1,4-diaminobenzene. d) Quantification
of the DNA duplex formation during the reaction. Black: catalyst 4-
methoxyaniline, blue: no catalyst, red: catalyst 1,4-diaminobenzene.
Error bars represent the standard error of the mean calculated from
three replicates. Conditions: 2 um oligonucleotides, 100 mm NaCl,

10 mm NaOAc buffer pH 6.0, 10 mm 4-methoxyaniline. M =single-
strand marker. The time point 0 is after re-annealing.

In order to increase the rate of the reaction, we tested
other catalysts. We observed the best results when we used
1,4-diaminobenzene as a catalyst, in which case the cross-
linking reaction between T1 and P1 is completed already after
3 h (Figure 2c¢). Duplex formation (T1:P1) was analyzed using
denaturing PAGE and quantified by fluorescence (Fig-
ure 2d).

When fdC is located one base pair further away from rU*
without changes in the probe strand, we observe slower
reaction (Figure S2). These results show that rU* placed four
or five bases away from fdC in the 5'-direction to fdC allows
the tether to reach the formyl group of fdC via the major
groove of the duplex (Figure S3).

MALDI-TOF data confirmed that the crosslinks form as
expected (Figure S4). For the crosslinked duplex T1:P1, we
obtained the correct molecular weight with m/z,,,s =8081.9
(mlz..=8084.7). As expected, the oxime formation reaction
between T1 and P1 leads to a higher melting temperature of
the hybridized and crosslinked duplex (Figure S5). Typically,
we observed that the un-crosslinked 13-mer duplex melts at
around 44°C. The duplex after crosslink formation shows
a melting temperature of above 80°C.

Because pyrimidine bases are able to react with nucleo-
philes also at the C6 position in a Michael-type reaction,
which is the basis for bisulfite sequencing, we next tested
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Figure 3. Denaturing PAGE gel showing duplex formation of T3-8 and
P1 at 25°C after 24 h.

whether the reaction of rU* is possible with other pyrimidines
(Figure 3). To our delight, hybridization of the rU*-contain-
ing probe strand with target strands containing dT, dC, mdC,
hmdC, and cadC (T3-8) gave no reaction. Reaction is,
however, observed with abasic sites. This is important because
fdC and cadC are substrates for base excision repair and
hence could in principle be precursors for abasic sites."* In
this sense, rU* always reports the presence of fdC and also
potentially of fdC- and cadC-derived abasic sites.

We finally turned our procedure for sequence-specific fdC
detection into a method for detecting single fdC bases at
a defined position in whole genomes. To this end, we coupled
the chemistry to droplet digital PCR"-based amplification
and readout.

In the first step genomic target DNA (Tg) was isolated
from mouse embryonic stem cells (mESCs) at different time
points during priming from naive cells. We also isolated
genomic DNA from mESCs with a knockout of the Tdg repair
enzyme (Tdg /") to block excision and repair of fdC and cadC.
We finally also isolated genomic DNA from mESCs lacking
any of the three methyltransferases (Dnmtl, 3a, and 3b).
These stem cells lack mdC and are hence unable to produce
the oxidized xdC (x=hm, f, and ca) epigenetic bases. This
genomic DNA served in our studies consequently as a neg-
ative control. For analysis, we selected two different fdC sites
that were reported to have high fdC contents.'®! We focused
initially on the 30020539™ site of chromosome 16 Mus
musculus (MM9) located on the exon 3 of 632428C04Rik. It
was found to contain 23 % of fdC based on redBS-sequencing.
The second site we studied was the 8846677" site of
chromosome 15, which is located in noncoding DNA. This
site was reported to contain 32 % of fdC.

For the first site, we reacted a 25-mer probe (P2, SI)
containing the rU* base with Tg using 1,4-diaminobenzene as
the catalyst. In the absence of fdC, a covalent bond between
P2 and Tg cannot form. To remove the excess of probe, we
loaded the Tg:P2 complex onto an NEB Monarch DNA
cleanup column and rinsed the column with wash buffer to
elute oligonucleotides shorter than the 50-mer, which is the
unbound P2. After this washing, we eluted the Tg:P2 complex
with TE buffer. UV/Vis analysis of the eluted material
showed a typical gDNA spectrum. We next added a 70-mer 5'-
phosphorylated reporter strand (R1, SI) which hybridizes
with an 18-nt stretch directly adjacent to the probe strand and
ligated both probe and the reporter at 60°C upon addition of
Ampligase to form R1-P2 as depicted schematically in
Figure 4 a.
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Figure 4. The fdC sequencing method: a) schematic representation of
the method, black line: gDNA,; red segments: fdC probe; blue seg-
ments: reporter strands; arrows: PCR primer pairs. b) Typical 2D plot
of droplet fluorescence. c) Cluster ratios for position 1 in Tdg™/~, Tdg*/
-, and Dnmt TKO mES cells. d) Global fdC quantification in Tdg™/",
Tdg™~, and Dnmt TKO mES cells using our LC-MS method. e) Cluster
ratios for position 2 in Tdg™/~ and Tdg*/~ mES cells. f) Cluster ratios
for position 1 in wild-type mES cells at different days after priming.

g) Global quantification data for the wild-type mES cells measured by
LC-MS.

We next added two sets of primers to the assay (blue and
green arrows, Figure 4a) to amplify the ligation product
relative to the target duplex. Importantly, the blue primers
recognize only the hybrid R1-P2 probe generated in the
ligation step, while the green primers indicate the presence of
gDNA. The amplification was monitored with two different
TagMan probes which showed fluorescence at 520 and
556 nm. This relative detection is needed to normalize on
the amount of input gDNA. Because conventional real-time
PCR is known to become inaccurate when copy number
differences less than the 10-fold need to be resolved, we used
droplet digital PCR. In this method, small droplets are
generated with one droplet containing a maximum of one of
the fully assembled analysis constructs shown in Figure 4a.
The PCR reaction takes place in the droplets, producing
a specific signal. Subsequent fluorescence-based counting of
each individual droplet yields numbers from which one can
accurately calculate the amount of fdC, even if the fdC values
are very low. A representative plot of the data is given in
Figure 4b. Empty drops give no PCR signal (black dots in
Figure 4b). Drops containing only Tg give only the PCR
signal from the green primers (green dots in Figure 4b). Blue
dots are obtained due to the dissociation of the ligated
product R1-P2 from Tg in the ligation process which is
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performed at 60°C for 10h. The red signals are finally
generated from droplets that contain both PCR products. For
the calculation, please see the Supporting Information.

Using the method, we first studied mES cells lacking the
Tdg enzyme (Tdg™'"). A rather high level of 28.5% fdC was
measured at the first locus (Figure 4¢) in agreement with the
results from redBS-seq.'®! When we performed the study,
however, with mESCs having an active Tdg repair enzyme
(Tdg™") we measured that the fdC level drops at this
particular position to 15.7% (Figure 4c). This is very impor-
tant because it shows that Tdg removes only half of the fdCs
at a given site and also unusual since repair glycosylases are
known to find basically all possible substrates. The result
underpins the high dynamics of f{dC formation and repair at
a given site. When we studied the fdC content at this location
in mESCs lacking any methyltransferase (Dnmt TKO) the
fdC level drops as expected to a little more than 5 %, showing
that the reported levels of fdC in the Tdg"™" cells are real and
not an artifact. In order to elucidate whether single-site fdC
levels (Figure 4c) follow global genomic fdC levels, we
quantified the total levels of fdC in these cells (Figure 4d).
These global data are in good agreement with the data
obtained from single-site fdC quantifications. Thus, our new
data make a scenario where fdC is fully removed at one site
and shielded from repair at another place unlikely. Instead,
fdC is even at a given position only partially removed in a cell
population. Alternatively, it may be that Tdg removes fdC
differently on the two chromosomes, which however needs
further investigation.

In order to verify the data, we repeated the Tdg study at
a second genomic site (8846 677" nucleoside of chromosome
15). For this site, we designed a new probe strand P3 and
a new reporter strand R2 and performed again ddPCR with
two sets of primers (Figure S5). When we compare the data
obtained from Tdg ™'~ cells with the data from Tdg™~ cells,
again only a 50 % reduction of the fdC level is shown at this
position, in full agreement with the data above obtained from
the first position (Figure 4¢).

We finally performed a kinetic study in which we
monitored the fdC development at the first position during
priming of stem cells (Figure 4 f). We see that the fdC levels
rise at the given position with a strong increase in the early
phase of priming, followed by a small decline phase and
finally stable values (Figure 4 f) again in agreement with the
global data that we measured using our reported method
(Figure 4 g).

The fact that our method provides the same trends as seen
in the global data at a single genomic site makes us confident
that our method is robust and reliable in reporting what
happens at an individual site. Because single-site and global
data correlate, we have now first evidence that the reported
global trends are reflecting what happens at each individual
fdCsite, rather than evening out largely different dynamics at
separate sites. Another interesting result of this study is that
the repair enzyme Tdg removes only half of the fdC bases at
a given genomic site in an mESC population, which argues
that fdC is a semipermanent base at a given position in the
genome.
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Experimental Section

Probe crosslinking: gDNA solution (1.2 pg), fdC probe (1 pum, 2 pL),
NaH,PO,~Na,HPO, buffer (200 mM, pH 6.0, 2 uL), NaCl aq. (1.5M,
2 uL), and doubly distilled (dd) H,O were mixed to a final volume of
18 uL. The mixture was heated to 95°C for 3 min and then cooled
down rapidly to 25°C. 1,4-Diaminobenzene aq. (10 mm, 2 uL) was
added and the reaction vial was shaken for 6 h at 25°C. The mixture
was neutralized with Na,HPO, aq. (200 mm, 40 pL) before purifica-
tion with the NEB Monarch PCR DNA Cleanup Kit.

Ligation: The above-described gDNA solution (300 ng), reporter
strand (20nm, 1pL), Ampligase reaction buffer (10x, 2 pL),
Ampligase from Epicentre (10U), and ddH,O were mixed to
a final volume of 20 pL. The mixture was heated to 95°C for 3 min,
and then 94 °C for 1 min, 60°C for 1 h, and back to 94 °C for 10 cycles.
Then, the reaction mixture was diluted with Tris-HCI buffer (200 mm,
pH 7.6, 50 uL) before purification using the NEB Monarch PCR
DNA Cleanup Kit.

Droplet digital PCR (ddPCR) was conducted on a Bio-Rad
QX100 ddPCR System. For one reaction, gDNA (6 ng), four primers
(18 um each, 1 pL), two TagMan probes (5 um each, 1 pL), digital
PCR Supermix for Probes (no dUTP, 2 x, 10 uL), and ddH,O were
mixed to a final volume of 20 uL. PCR cycle: heating at 95°C for
10 min, 94°C for 30's, and 64 °C for 1 min for 35 cycles, then 98 °C for
10 min and cooling to 12°C, with a temperature ramp of 2°Cs™". For
a detailed description please see the Supporting Information.
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