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Regulation of cell fate requires the establishment and erasure of 5-methylcytosine (5mC) in genomic DNA.
The formation of 5mC is achieved by DNA cytosine methyltransferases (DNMTs), whereas the removal of
5mC can be accomplished by various pathways. Aside from ten-eleven translocation (TET)-mediated ox-
idation of 5mC followed by thymine DNA glycosylase (TDG)-initiated base excision repair (BER), the di-
rect deformylation of 5-formylcytosine (5fC) and decarboxylation of 5-carboxylcytosine (5caC) have also
been discovered as the novel DNA demethylation pathways. Although these novel demethylation path-
ways have been identified in stem cells and somatic cells, their precise roles in regulating cell fate re-
main unclear. Here, we differentiate mouse embryonic stem cells (mESCs) into mouse embryoid bodies
(mEBs), followed by further differentiation into mouse neural stem cells (mNSCs) and finally into mouse
neurons (mNeurons). During this sequential differentiation process, we employ probe molecules, namely
2'-fluorinated 5-formylcytidine (F-5fC) and 2’-fluorinated 5-carboxyldeoxycytidine (F-5caC), for metabolic
labeling. The results of mass spectrometry (MS) analysis demonstrate the deformylation and decarboxy-
lation activities are progressively decreased and increased respectively during differentiation process, and

this opposite demethylation tendency is not associated with DNMTs and TETs.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Embryonic stem cells (ESCs) possess the remarkable ability of
self-renewal and pluripotency, allowing them to differentiate into
various cell types derived from the three germ layers [1-3]. The
regulatory mechanisms governing ESC fate involve signal path-
ways, transcription factors, and epigenetic regulation [4-6]. Nu-
cleic acids carry diverse modifications and they have been consid-
ered to play crucial roles in cell fate decision [7-10]. In particu-
lar, the epigenetic modification known as 5-methylcytosine (5mC)
is of great importance in higher vertebrates, displaying a dynamic
pattern during cell differentiation [11-13]. The establishment of
5mC is mediated by DNA cytosine methyltransferases (DNMTs), in-
cluding DNMT1, DNMT3A, and DNMT3B [14]. Various demethyla-

* Corresponding authors.
E-mail addresses: zhaoyq@scsfri.ac.cn (Y.-Q. Zhao), chenshengjun@scsfri.ac.cn (S.-
J. Chen), bfyuan@whu.edu.cn (B.-F. Yuan).

https://doi.org/10.1016/j.cclet.2024.109656

tion pathways are responsible for the removal of this modifica-
tion [15-21]. One such demethylation pathway is the ten-eleven
translocation (TET)-thymine DNA glycosylase (TDG)-base excision
repair (BER) pathway [22]. Within this pathway, TET dioxygenases
catalyze the iterative oxidation of 5mC, resulting in the forma-
tion of 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC),
and 5-carboxylcytosine (5caC) [23-29]. Subsequently, the glycosidic
bonds of 5fC and 5caC are cleaved by TDG, generating abasic sites
(AP sites) [30]. Finally, these AP sites are replaced with normal
dC through the process of base excision repair (BER) [31]. Fur-
thermore, recent studies have unveiled novel pathways for DNA
demethylation involving the direct deformylation of 5fC and the
decarboxylation of 5caC, leading to the formation of dC [17-21].
These additional pathways provide further complexity to the pro-
cess of DNA demethylation.

The dynamic changes in 5mC patterns exert a widespread in-
fluence on embryonic development and cell- and tissue-specific
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Fig. 1. Experimental design and analysis overview. mESCs were induced to differentiate into mEBs, mNSCs, and mNeurons sequentially. Metabolic labeling was performed
using nucleoside probes of F-5fC or F-5caC to label the respective cell types during the differentiation process. UPLC-MS/MS analysis was employed to determine the

dynamics of deformylation of 5fC and decarboxylation of 5caC during cell differentiation.

differentiation, enabling precise regulation of essential life activi-
ties [32-35]. In mammalian germ cells, multiple DNA demethyla-
tion events occur during gamete formation and embryonic devel-
opment [36]. Human primordial germ cells reach their lowest DNA
methylation levels after weeks of gestation, followed by global re-
methylation at later stages [37]. The prevalence of DNA demethyla-
tion during embryonic development underscores its crucial role in
life processes. Notably, DNA demethylation plays a significant role
in regulating the development of neuronal cells [38,39]. It occurs
at specific regulatory sites and transcription units, dynamically in-
fluencing neuronal differentiation and function [40]. Aberrant DNA
demethylation is strongly associated with neurological disorders
such as Alzheimer’s disease, autism, and Rett syndrome [41-43].
These findings highlight the critical involvement of DNA demethy-
lation in neuronal cell development and the regulation of neural
function.

Abundant levels of 5fC and 5caC have been observed in both
ESCs and neurons, and their levels undergo changes during the
process of differentiation [44-47]. These findings further highlight
the significance of DNA demethylation in embryonic development
and the regulation of neural function. Therefore, it is crucial to in-
vestigate the DNA demethylation events that occur during the dif-
ferentiation of ESCs, particularly in their directed differentiation
into neurons. Although the deformylation of 5fC and decarboxy-
lation of 5caC have been identified as novel DNA demethylation
pathways in ESCs and somatic cells [18-21], their dynamics dur-
ing the differentiation of ESCs into neurons have yet to be eluci-
dated. To address this knowledge gap, we employed the metabolic
labeling in conjunction with mass spectrometry (MS) analysis to
examine the temporal dynamics of these novel DNA demethylation
pathways.

In this study, we employed the technique of directional in-
ducement to differentiate mouse embryonic stem cells (mESCs)
into mouse embryoid bodies (mEBs), mouse neural stem cells
(mNSCs), and mouse neurons (mNeurons). During this differen-
tiation process, we utilized two probes of nucleoside molecules,
2'-fluorinated 5-formylcytosine (F-5fC) and 2’-fluorinated 5-
carboxyldeoxycytidine (F-5caC), to metabolically label these cells.
We then utilized ultra-performance liquid chromatography-tandem
mass spectrometry (UPLC-MS/MS) to investigate the dynamic de-
formylation and decarboxylation events that occur during this pro-
cess (Fig. 1). We aimed to gain a deeper understanding of the
mechanisms underlying DNA demethylation during ESC differenti-
ation into neurons.

To establish successful differentiation of mESCs into mNeurons,
several steps were followed. Initially, mESCs were cultured on a
mouse embryonic fibroblast (MEF) feeder layer, displaying char-
acteristic round cellular morphology (Fig. S1 in Supporting infor-
mation). Subsequently, the mESCs were induced to differentiate

into mEBs and mNSCs through suspension culture. During this pro-
cess, the mEBs showed enlargement and increased density, indicat-
ing successful differentiation (Fig. S2 in Supporting information).
Moreover, the induced-mNSCs exhibited a roughened cell mem-
brane due to the formation of dendrites and axons (Fig. S3 in
Supporting information). Finally, mNeurons were formed through
differentiation from mNSCs and demonstrated adherent growth.
Abundant dendrites and axons were observed, extending in vari-
ous directions (Fig. S4 in Supporting information).

To confirm the success of the induced differentiation, we exam-
ined marker gene expressions in the corresponding cell types using
immunofluorescence staining and RT-qPCR according to previously
described protocol [48]. The results showed the relatively high lev-
els of expression of NANOG and OCT-4, which are known pluripo-
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Fig. 2. Detection of the marker gene expression in corresponding cell types under
induced differentiation. (A-C) Immunofluorescence staining of NANOG in mESCs,
NESTIN in mNSCs, and TUBULIN in mNeurons. Scale bars represent 200um. (D)
Relative expression levels of OCT-4, NANOG, NESTIN, and TUBULIN in mESCs, mEBs,
mNSCs, and mNeurons.
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tency marker genes, in mESCs (Fig. 2A and Fig. S5 in Supporting in-
formation). In mNSCs, NESTIN, a marker gene for neural stem cells,
was highly expressed (Fig. 2B). Lastly, in mNeurons, the high-level
expression of TUBULIN, a marker gene for mature neurons, was ob-
served (Fig. 2C). The relative expressions of these genes are shown
in Fig. 2D. These findings supported the successful differentiation
of mESCs into mEBs, mNSCs, and mNeurons.

The probes of F-5fC and F-5caC were synthetized as the pre-
vious literature with slight modification [49,50]. The synthetic
route is shown in Fig. S6 in Supporting information. Briefly, we
started with F-dC (1), which was firstly silylation-protected by
tert-butyldimethylsilyl chloride (TBS-Cl) to give (2). Subsequent
iodination at C5 position with elemental iodine and ceric am-
monium nitrate (CAN) yielded TBS-protected 5-iodo-F-dC (3). The
formation of methyl ester structure (4) was conducted by using
palladium-mediated CO insertion in methanol solvent. Next, the
silylation groups was deprotected to give 5-methyl ester-F-dC (5).
The saponification reaction was performed by utilizing LiOH in
H,0:MeCN (1:1) to give F-5caC (7). Carbonylative Stille coupling
of (3) with tributyltin hydride formed formyl group at C5 position
(8), and subsequently converted into F-5fC (6) by deprotection of
the silylation groups. The total yield of F-5fC (6) and F-5caC (7)
was 35% and 23 %, respectively, with regard to F-dC (1).

The nucleoside probes of F-5fC and F-5caC were utilized to in-
vestigate the intragenomic deformylation and decarboxylation, re-
spectively. To ensure the accuracy of the results, we further puri-
fied the probes of F-5fC and F-5caC to eliminate any potential con-
tamination of 2’-fluorinated cytosine (F-dC). If there is F-dC con-
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tamination, it will be integrated into genomes during DNA repli-
cation, making it indistinguishable from F-dC produced through
the direct deformylation of F-5fC or the decarboxylation of F-
5caC. Thus, even trace amounts of F-dC contamination could lead
to false positive results. Purification was carried out using high-
performance liquid chromatography (HPLC), and the peaks cor-
responding to F-5fC and F-5caC were collected (Figs. S7 and S8
in Supporting information). Following purification, high-resolution
mass spectrometry (HRMS) and nuclear magnetic resonance (NMR)
were employed to confirm the absence of F-dC contamination
(Figs. S9-S14 in Supporting information).

Once F-5fC or F-5caC probes were introduced to growing cells,
they were sequentially converted into the corresponding forms
of fluorinated monophosphate, diphosphate, and triphosphate. The
fluorinated triphosphate was then incorporated into the genomic
DNA and underwent deformylation or decarboxylation, resulting
in the production of F-dC. Additionally, the obtained F-dC was
remethylated to produce 2’-fluorinated 5-methylcytosine (F-5mC)
(Fig. 3A). The presence of the 2’-fluorinated group in these nu-
cleosides enhances their hydrophobicity in reversed-phase chro-
matography and improves the sensitivity in the UPLC-MS/MS anal-
ysis of fluorinated compounds. Consequently, our data demonstrate
that the fluorinated nucleosides can be effectively separated from
canonical nucleosides and natural derivatives of dC (Figs. 3B and
C), thus establishing a solid foundation for subsequent analysis us-
ing UPLC-MS/MS.

To investigate the dynamic deformylation of 5fC and decarboxy-
lation of 5caC during the differentiation process from mESCs to
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Fig. 3. Metabolic labeling of F-5fC or F-5caC monitored by mass spectrometry. (A) Schematic diagram of the feeding experiment using F-5fC or F-5caC. Upon feeding these
nucleoside probes to cells, the nucleosides of F-5fC or F-5caC are converted into fluorinated monophosphate, diphosphate, and triphosphate sequentially, and then the
fluorinated triphosphate is incorporated into genomic DNA. F-5fC and F-5caC within genomic DNA undergo deformylation and decarboxylation respectively to produce F-dC,
and the obtained F-dC is remethylated to produce F-5mC. (B) Chemical structures of F-5fC, F-5caC, F-dC, and F-5mC. (C) Extracted-ion chromatograms of the nucleosides by

UPLC-MS/MS analysis.



Y. Feng, Y.-Q. Tian, Y.-Q. Zhao et al.

A DNA NA
O NH, @‘?\DM Yt?”‘é\w‘
R)K(gN X O
( O NH. NH;
g ,go 2 2

HN N

HO - R)l\(‘iio NH;
incorporation N
N N DNA.
H into genomic DNA 3 2
N

—_
in vivo deformylation pya #

Chinese Chemical Letters 35 (2024) 109656

Idecarboxylation

F-fC/F-5caC D DNA F
R=H, HO F-5fC/F-5¢caC:G basepair F-dC:G basepair
into cytosol
Genomic DNA
NA
Q NH o e G
R)\(&N \(&N N=y DNA
| [}
. N o NSo NH2 o
RIONSEE | (e E7 A RN LN Wwo_ | 5 oA, NN
\Q in cytosol deformylation w reincorporation I)N\io NH;
OH OH

Idecarboxylation

F-5fC/FcaC (MP, DP, TP)
R'=H, (PO;H),"

Cytosol fraction

B Genomic DNA from F-5fC feeding
_32x107y FC
?‘;‘ 1.6x107 ‘ aso’)  F-5fC
‘S 3.0x10°)
g 8.0x10° 1.5x10¢
% 4.0x10° 950 132 13.4 136 13.8]
0.0
2 4 6 8 10 12 14
Retention time (min)
D ) ;
5.0x10° Genomic DNA from F-5caC feeding
z F-dC 3.0x10% F-5caC
£ 2.5x10°
; : ] 2.0x10"
‘s 4.0x10° 1.0x10"
g 2.0x10° F-5mC 09%5"5% 60 70 80)
- o'l’l ‘A’
2 4 6 8 10 12 14

Retention time (min)

F-dC (MP, DP, TP)

into genomic DNA  pna 4

DNA
F-dC:G basepair

Genomic DNA

C Cytosol from F-5fC feeding
__2.0x10°
2 F-5fC
& 1.5x10°
2
E 1.0x10°
g 4
£ 5.0x10

0.0

4 6 8 10 12 14
Retention time (min)

E 1.0x10° Cytosol from F-5caC feeding
@
§ 7.8x10* F-3caC
2 s5.0x10*
]
c
& 2.5x10*
=

0.0+

4 6 8 10 12 14

Retention time (min)

Fig. 4. Intragenomic deformylation of 5fC and decarboxylation of 5caC. (A) Schematic overview of the deformylation of F-5fC and decarboxylation of F-5caC in genomes
and assumed conversion of deformylation and decarboxylation in cytosol fraction. F-5fC/5caC (MP, DP, and TP) and F-dC (MP, DP, and TP) refer to the form of nucleoside,
monophosphate, diphosphate, and triphosphate, respectively. Extracted-ion chromatograms of F-5fC, F-dC, and F-5mC from genomic DNA (B) and cytosol (C) of mESCs upon
feeding with 300 pmol/L of F-5fC. Extracted-ion chromatograms of F-5caC, F-dC, and F-5mC from genomic DNA (D) and cytosol (E) of mESCs upon feeding with 300 umol/L

of F-5caC.

mNeurons, we supplemented the culture medium of mESCs and
induced-differentiation medium of mEBs, mNSCs, and mNeurons
with 300 pmol/L of F-5fC or 300 pmol/L of F-5caC. This treatment
was carried out for a duration of 4 d to allow effective genomic
incorporation of the probe molecules. Subsequently, the cells were
harvested and lysed, and genomic DNA was extracted. To analyze
the nucleosides, the genomic DNA was further digested accord-
ing to the previously described methods [51-53]. The resulting nu-
cleosides were then subjected to analysis using UPLC-MS/MS. The
mass spectrometry parameters are listed in Table S1 in Support-
ing information. To ensure accurate quantification, standard curves
of the nucleosides were established (Figs. S15 and S16 in Support-
ing information) according to previous studies [54-58]. These stan-
dard curves serve as reference points for determining the precise
amounts of nucleosides present in the samples.

To interrogate the intragenomic deformylation of 5fC and de-
carboxylation of 5caC, we should exclude the possibility of the de-
formylation and decarboxylation in cytosol fraction. The potential
conversion of F-5fC or F-5caC in cytosol to form F-dC would then
be followed by reincorporation of the triphosphate into genome
(Fig. 4A). Thus, the observed F-dC may not demonstrate the de-
formylation of F-5fC or decarboxylation of F-5caC within genomic
DNA. The analysis of deformylation of 5fC revealed that, in addition
to F-5fC, the genomic DNA of mESCs also contained the deformy-
lated product of F-dC and the remethylated product of F-5mC (Fig.
4B). In addition, we also investigated the possibility of deformyla-
tion of F-5fC in the cytosol fraction. As shown in Fig. 4C, F-5fC was
detected in the cytosol, while F-dC and F-5mC were undetectable.

This suggests that the deformylation of F-5fC primarily occurs in
genomic DNA and not in the cytosol. Regarding the decarboxyla-
tion analysis, we found that F-5caC, F-dC, and F-5mC were present
in the genomic DNA of mESCs (Fig. 4D). In contrast, only F-5caC
was detected in the cytosol fraction (Fig. 4E). These findings indi-
cate that the decarboxylation of F-5caC takes place in the genomes
of mESCs, while it is absent or negligible in the cytosol. Taken to-
gether, these results strongly suggest that the deformylation of F-
5fC and the decarboxylation of F-5caC predominantly occur in the
genomes of mESCs, while these processes are limited or absent in
the cytosol.

In addition to the intragenomic deformylation of 5fC and de-
carboxylation of 5caC in mESCs, we also observed these phenom-
ena during the differentiation of mESCs into mEBs, mNSCs, and
mNeurons (Fig. S17 in Supporting information). This indicates that
deformylation and decarboxylation occur throughout the differen-
tiation process. To further quantify these processes, we analyzed
the production of F-dC resulting from deformylation of F-5fC or
decarboxylation of F-5caC, as well as the ratio of F-5mC to F-dC.
The significant amount of produced F-dC suggests effective ge-
nomic deformylation and decarboxylation (Figs. 5A and B). The ra-
tio of F-5mC to F-dC, which is around 3%, is similar to the natural
methylation level, indicating the existence of genomic turnover of
5fC/5caC—dC—5mC (Figs. 5A and B). Furthermore, we investigated
the activities of deformylation and decarboxylation during the dif-
ferentiation process. The ratios of (F-dC/dC+F-5mC/dC)/(F-5fC/dC)
and (F-dC/dC+F-5mC/dC)/(F-5caC/dC) were used as measures of
deformylation and decarboxylation activity, respectively. To analyze
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the data, we normalized the deformylation and decarboxylation ac-
tivities to mESCs. Interesting, we found that the deformylation ac-
tivity progressively decreased during the differentiation of mESCs
into mNeurons (Fig. 5C). In contrast, the decarboxylation activity
showed a contrary trend, progressively increasing throughout this
differentiation process (Fig. 5D).

To investigate whether the observed opposite tendency in de-
formylation and decarboxylation activities is associated with DN-
MTs and TETs, we examined the levels of these proteins dur-
ing the differentiation process of mESCs. We used cells without
metabolic labeling as the negative control for this research. Ini-
tially, we utilized UPLC-MS/MS to determine the content of ge-
nomic 5mC, 5hmC, 5fC and 5caC. The results showed that dur-

ing the differentiation from mESCs to mEBs, the content of 5mC
increased, accompanied by a distinct decrease in 5hmC content
(Figs. 6A, B and Figs. S18A, B in Supporting information). Ad-
ditionally, the contents of 5fC and 5caC became undetectable
(Figs. 6C, D and Figs. S18C, D in Supporting information). How-
ever, as the differentiation progressed from mEBs to mNSCs and
mNeurons, the 5mC content dropped while the contents of 5hmC,
5fC, and 5caC increased (Figs. 6A-D and Fig. S18 in Supporting
information).

Furthermore, we examined the expression levels of DNMTs and
TETs using RT-qPCR. The PCR primer sequences are listed in Table
S2 (Supporting information). The analysis revealed that the levels
of DNMT1, DNMT3A, and DNMT3B increased during the differentia-
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tion from mESCs to mEBs, but progressively decreased during the
differentiation from mEBs to mNSCs and mNeurons (Fig. 6E). This
finding was consistent with the genomic 5mC content determined
by UPLC-MS/MS. As for the TET analysis the levels of TET1 and TET2
were drastically reduced from mESCs to mEBs, and then increased
from mEBs to mNSCs and mNeurons (Fig. 6F), in accordance with
the levels of genomic 5hmC, 5fC, and 5caC. The expression level of
TET3 displayed a tendency opposite to those of TET1 and TET2 (Fig.
6F). Based on the results from UPLC-MS/MS and RT-qPCR, we can
conclude that the activities of deformylation and decarboxylation
during the differentiation from mESCs to mNeurons are not asso-
ciated with DNMTs and TETs (Fig. 6G).

In summary, our data demonstrate that during the directional
differentiation of mESCs, from mESCs into mEBs, mNSCs, and
mNeurons sequentially, the deformylation activity is progressively
decreased, while the decarboxylation activity is progressively in-
creased. This opposite demethylation tendency highlights the epi-
genetic significance of these pathways, which can serve as the epi-
genetic basis for ESC differentiation. Further investigation suggests
that the dynamic deformylation and decarboxylation are not as-
sociated with the expression of DNMTs and TETs. Based on this,
we speculate that the regulation of deformylase for 5fC and de-
carboxylase for 5caC may affect ESC differentiation. Future studies
are needed to identify the endogenous deformylase and decarboxy-
lase and determine their expression levels during ESC differentia-
tion. By understanding these intricate epigenetic regulatory mech-
anisms, researchers can gain insights into the control of ESC fate
and potentially harness this knowledge for various applications in
regenerative medicine and disease modeling.
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