
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

5:
32

:1
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Novel dual meth
aSauvage Center for Molecular Sciences, Dep

Wuhan 430072, China. E-mail: bfyuan@wh
bSchool of Health Sciences, Wuhan Universi

† Electronic supplementary information (
of isolated 18S rRNA by real-time quantit
Tables S1–S6; Fig. S1–S6. See DOI: 10.103

Cite this: Chem. Sci., 2021, 12, 8149

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 8th April 2021
Accepted 7th May 2021

DOI: 10.1039/d1sc01972d

rsc.li/chemical-science

© 2021 The Author(s). Published by
ylation of cytidines in the RNA of
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RNA modifications play critical roles in regulating a variety of physiological processes. Methylation is the

most prevalent modification occurring in RNA. Three isomeric cytidine methylation modifications have

been reported in RNA, including 3-methylcytidine (m3C), N4-methylcytidine (m4C), and 5-methylcytidine

(m5C), in mammals. Aside from the single methylation on the nucleobase of cytidines, dual methylation

modifications occurring in both the 20 hydroxyl of ribose and the nucleobase of cytidines also have been

reported, including N4,20-O-dimethylcytidine (m4Cm) and 5,20-O-dimethylcytidine (m5Cm). m4Cm has

been found in the 16S rRNA of E. coli, while m5Cm has been found in the tRNA of terminal thermophilic

archaea and mammals. However, unlike m4Cm and m5Cm, the presumed dual methylation of 3,20-O-

dimethylcytidine (m3Cm) has never been discovered in living organisms. Thus, the presence of m3Cm in

RNA remains an open question. In the current study, we synthesized m3Cm and established a liquid

chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS) method to

determine the dimethylation of cytidines, m3Cm, m4Cm and m5Cm. Under optimized analytical

conditions, m3Cm, m4Cm and m5Cm can be clearly distinguished. Using the method, we discovered the

existence of m3Cm in the RNA of mammals. The identified m3Cm is a novel modification that hasn't

been reported in the three-domain system, including archaea, bacteria, and eukaryotes. We confirmed

that m3Cm mainly existed in the small RNA (<200 nt) of mammals. In addition, we identified, for the first

time, the presence of m4Cm in the 18S rRNA of mammalian cells. The stable isotope tracing monitored

by mass spectrometry demonstrated that S-adenosyl-L-methionine was a methyl donor for all three

dimethylations of cytidines in RNA. The discovery of m3Cm broadens the diversity of RNA modifications

in living organisms. In addition, the discovery of m3Cm and m4Cm in mammals opens new directions in

understanding RNA modification-mediated RNA processing and gene expression regulation.
Introduction

DNA cytosine methylation (5-methylcytosine, 5 mC) is the most
important epigenetic modication that can regulate gene
expression in genomes of higher eukaryotes.1–3 Similar to the 5
mC on DNA, RNAmodications recently were also discovered to
have critical roles in regulating a variety of physiological
processes.4,5 Up to date, over 150 structurally distinct modied
nucleosides have been identied in various RNA species in all
three kingdoms of life.6

Methylation is the most prevalent modication occurring in
RNA.6 Three isomeric cytidine methylation modications have
been reported in RNA, including 3-methylcytidine (m3C), N4-
methylcytidine (m4C), and 5-methylcytidine (m5C).6 m3C was
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initially discovered in yeast RNA and later on was identied to
be present in both the rRNA and tRNA of eukaryotes.7 Recently,
m3C has also been found in the mRNA of mammals. m3C
carries positive charges and could affect the secondary structure
of RNA, change protein–RNA interactions and affect trans-
lation.8,9 m4C is mainly located in the decoding center of
mammalian mitochondrial 12S rRNA and is critical for mito-
chondrial protein synthesis and respiratory function.10–12 m5C
has long been known to be present in rRNA, mRNA, tRNA and
snRNA in eukaryotes.13,14 It was reported that the distribution
and level of m5C in mRNA were critical for mRNA stability and
protein translation.15,16 m5C in rRNA has been recognized to be
involved in ribosome biogenesis17 and translational
regulation.18

Aside from the single methylation on the nucleobase of
cytidines (m3C, m4C and m5C), some dual methylation modi-
cations occurring in both the 20 hydroxyl of ribose and the
nucleobase of cytidines also have been reported. For example,
5,20-O-dimethylcytidine (m5Cm) has been found in the tRNA of
terminal thermophilic archaea and mammalian cells.19,20 N4,20-
Chem. Sci., 2021, 12, 8149–8156 | 8149
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Fig. 1 Chemical structures of m3Cm, m4Cm and m5Cm.

Fig. 2 Synthesis and characterization of m3Cm by high-resolution
mass spectrometry. (A) The chemical reaction for the synthesis of
m3Cm. (B) Chromatogram for the separation and purification of
m3Cm. (C) The extracted-ion chromatogram of the synthesized
m3Cm. (D) MS/MS spectrum of the synthesized m3Cm. Shown in red
are theoretical m/z; shown in blue are measured m/z.
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O-Dimethylcytidine (m4Cm) has been found at position 1402 of
the 16S rRNA of E. coli and participates in the ne-tuning of the
local structure of the P site and the correct identication of the
start codon, thus playing an important role in modulating the
delity of decoding.21,22 However, unlike m4Cm and m5Cm,
their counterpart of the dual methylation of 3,20-O-dimethylcy-
tidine (m3Cm) has never been discovered in living organisms in
the three-domain system, including archaea, bacteria, and
eukaryotes.6 Thus, the presence of m3Cm in RNA remains an
open question.

RNA modications generally have low in vivo abundance.
Uncovering the presence and potential roles of dimethylated
cytidines needs appropriate qualitative and quantitative
methods. It was reported that the level of m5Cm in the total RNA
of mammalian cells was approximately several modications
per 106 nucleosides.23 Although m4Cm was identied to be
present in the 16S rRNA of E. coli, it hasn't been reported in the
RNA of mammals. Moreover, m3Cm, m4Cm and m5Cm are
structurally isomers and have exactly the same molecular
weights, which causes the distinct determination of these
dimethylated cytidines a challenging task.

Some methods have been developed for determining RNA
modications, such as two-dimensional cellulose thin layer
chromatography (2D-TLC),24 liquid chromatography (LC)
coupled with ultraviolet25 or mass spectrometry (MS) detec-
tion.26–29 Capillary electrophoresis with ultraviolet30 or MS
detection31,32 also has been frequently employed in detecting
RNA modications. Because of the high detection sensitivity
and good capability for deciphering structures, LC-MS recently
has become a more widely used platform for analyzing low-
abundant nucleic acid modications.26,33,34

In the current study, we established a liquid chromatography-
electrospray ionization-tandem mass spectrometry (LC-ESI-MS/
MS) method to determine the dimethylation of cytidines,
m3Cm, m4Cm and m5Cm. Under optimized analytical condi-
tions, m3Cm, m4Cm and m5Cm can be clearly distinguished.
Using the method, we identied, for the rst time, the existence
of m3Cm in small RNA (<200 nt) and m4Cm in the 18S rRNA of
mammalian cells. Furthermore, stable isotope tracing experi-
ments indicated that S-adenosyl-L-methionine (SAM) was
a methyl donor for all three dimethylations of cytidines in RNA.

Experimental section
Chemicals and reagents

The nucleosides and modied nucleosides, including cytidine
(C), adenosine (A), uridine (U), guanosine (G), N4,20-O-dime-
thylcytidine (m4Cm), 5,20-O-dimethylcytidine (m5Cm), 20-O-
methylcytidine (Cm), and cytidine-13C5 (rC-13C5), were
purchased from various commercial sources. The detailed
information (CAS numbers, molecular formulas, and molecular
weights) of these nucleoside standards can be found in Table S1
in the ESI.† 3,20-O-dimethylcytidine (m3Cm) was synthesized in
the current study. The chemical structures of m3Cm, m4Cm,
and m5Cm are shown in Fig. 1.

CIAP (calf intestinal alkaline phosphatase) and S1 nuclease
were obtained from Takara Biotechnology (Dalian, China).
8150 | Chem. Sci., 2021, 12, 8149–8156
RPMI-1640 medium, Dulbecco's Modied Eagle medium
(DMEM) and fetal bovine serum were obtained from Thermo
Fisher Scientic (Beijing, China). L-Methionine-(methyl-D3) (D3-
Met) was purchased from Aladdin Industrial Inc. (Shanghai,
China). Dimethyl sulfate (DMS) was purchased from Macklin
Biochemical Technology Co., Ltd (Shanghai, China). LCMS
grade methanol (MeOH) was purchased from FTSCI Co., Ltd
(Wuhan, China). Analytical grade formic acid (FA), ammonium
bicarbonate and ammonia hydroxide were purchased from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Synthesis and characterization of 3,20-O-dimethylcytidine

m3Cm was synthesized from 20-O-methylcytidine (Cm)
according to a previous report.35 The synthesis route is shown
in Fig. 2A. Briey, 2 mg of Cm in 800 mL of NaAc–HAc buffer
(pH 4.3) reacted with 200 mL of DMS at 37 �C for 1 h. Then
1 mL of trichloromethane was added to the mixture to extract
DMS. The generated m3Cm was separated and puried by
HPLC. A self-made C18-T reversed-phase column (10.0 � 250
mm) was used for the separation. The mobile phases con-
sisted of H2O (solvent A) and MeOH (solvent B). An isocratic
gradient of 95% A and 5% B was utilized at a ow rate of 2.0
mL min�1. The synthesized m3Cm was characterized by high-
resolution mass spectrometry and nuclear magnetic reso-
nance (NMR) analysis.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Biological samples

The human cervical carcinoma cell line (HeLa), human hepatic
cell line (HL7702), human liver carcinoma cell line (HepG2) and
human breast cancer cell line (MCF-7) were obtained from the
China Center for Type Culture Collection. HeLa, HepG2 and
MCF-7 cells were grown in DMEM medium, and HL-7702 cells
were cultured in RPMI-1640 medium at 37 �C in a 5% CO2

atmosphere. The DMEM and RPMI-1640 media were supple-
mented with 10% fetal bovine serum, 100 U mL�1 penicillin,
and 100 mg mL�1 streptomycin.
Purication of different RNA species

Total RNA was extracted using TRIzol reagent (Sigma Aldrich,
Beijing, China) according to the manufacturer's recommended
procedure. Small RNA (<200 nt) was puried using an E.Z.N.A.
MiRNA kit (Omega Bio-Tek Inc., Norcross, GA, USA). For the
separation of 18S rRNA and 28S rRNA, the obtained total RNA
was further processed by agarose gel electrophoresis-based
purication to remove the potential trace level of contamina-
tion of the 16S rRNA of E. coli. 18S rRNA and 28S rRNA were
separated and puried with 1.0% agarose gel (lowmelting point).
The agarose gel was stained with GelRed (Invitrogen) and visu-
alized by using a gel documentation system (Tanon, Shanghai,
China). 18S rRNA and 28S rRNA were excised from the agarose gel
and recovered using a Zymoclean Gel RNA Recovery kit (Zymo
Research). The total RNA of E. coli was extracted using a Bacteria
Total RNA Isolation kit (Sangon Biotech, Shanghai, China). The
16S rRNA of E. coli was separated and puried with 1.0% agarose
gel (lowmelting point) in a similar way to that for the purication
of the 18S rRNA of mammalian cells.
Evaluation of the purity of 18S rRNA

The purity of the isolated 18S rRNA from mammalian cells was
evaluated by real-time quantitative PCR. The reverse transcrip-
tion of 18S rRNA from mammalian cells and 16S rRNA of E. coli
was carried out using a PrimeScript™ RT reagent kit with gDNA
Eraser (Takara Biotechnology) according to the manufacturer's
recommended procedure.

The real-time quantitative PCR mixture includes 12.5 mL of
TB Green Premixe Ex Taq (Takara Biotechnology), 10 mM
forward primer (1 mL), 10 mM reverse primer (1 mL), 8.5 mL of
H2O, and 2 mL of cDNA product. The PCR amplication was
performed on a CFX Connect real-time system (Bio-Rad Labo-
ratories, Hercules, USA). The program includes denaturation at
95 �C for 10 s, annealing at 57 �C for 30 s, and elongation at
72 �C for 60 s for 40 cycles. The primer sequences include 16S
rRNA forward primer (50-TCAAATGAATTGACGGGGGC-30), 16S
rRNA reverse primer (50-AGGCCCGGGAACGTATTCAC-30), 18S
rRNA forward primer (50-GTAACCCGTTGAACCCCATT-30), and
18S rRNA reverse primer (50-CCATCCAATCGGTAGTAGCG-30).
Enzymatic digestion of RNA

RNA was digested by the neutral enzymatic digestion method
according to a previous study.36 The detailed procedure can be
found in the ESI.†
© 2021 The Author(s). Published by the Royal Society of Chemistry
LC-ESI-MS/MS analysis

The LC-ESI-MS/MS analysis was performed on a Shimadzu 8045
mass spectrometer (Kyoto, Japan) equipped with an electro-
spray ionization (ESI) source (Turbo Ionspray) and a Shimadzu
LC-30AD UPLC system (Tokyo, Japan). The chromatographic
conditions were optimized to achieve the baseline separation of
m3Cm, m4Cm and m5Cm (detailed optimization procedure can
be found in the ESI†). The native nucleosides and dimethylated
cytidines were detected by multiple reaction monitoring (MRM)
under positive mode. The MRMmass spectrometric parameters
were optimized, and the optimized parameters are listed in
Table S2 in the ESI.†

High-resolution mass spectrometry analysis

The dimethylated cytidines were enriched using a LC20AT
HPLC system. A Hisep C18-T reversed-phase column (5 mm, 4.6
� 250 mm, Weltech Co., Ltd, Wuhan, China) was employed for
the separation. 0.05% FA/H2O (pH 2.8, solvent A) and MeOH
(solvent B) were used as the mobile phases. Gradients of 0–
5 min, 5% B; 5–40 min, 5–45% B; 40–45 min, 45% B; 45–47 min,
45–5% B; 47–55 min, 5% B were used. The ow rate was set at
0.8 mL min�1.

The HPLC-enriched dimethylated cytidines were character-
ized by using a high-resolution LTQ-Orbitrap Elite mass spec-
trometer (Thermo Fisher Scientic, Waltham, MA, USA), which
was equipped with an ESI source and a Dionex Ultimate 3000
UPLC system (Thermo Fisher Scientic, Waltham, MA, USA).
The MS analysis was performed in positive-ion mode with full
scan detection (m/z 70–350) at a resolution of 60 000. The
collision energy of collision induced dissociation (CID) was
15 eV. The source and ion transfer parameters applied were as
follows: capillary temperature, 350 �C; heater temperature,
300 �C; auxiliary gas ow, 15 arbitrary units; sheath gas ow, 35
arbitrary units; capillary voltage, 35 V; spray voltage, 3.5 kV; the
S-lens RF level, 60%. Data analysis was performed using Xcali-
bur v3.0.63 (Thermo Fisher Scientic, Waltham, MA, USA).

Stable isotope labelling tracing

As for stable isotope tracing experiments by mass spectrometry,
HeLa cells were cultured in DMEM medium which was sup-
plemented with 0.3 mM of D3-Met to label RNA with the CD3

group. HeLa cells were harvested aer culturing for 72 h. Small
RNA (<200 nt) and 18S rRNA were extracted followed by enzy-
matical digestion and LC-ESI-MS/MS analysis.

Results and discussion
Characterization of the synthesized m3Cm

In this study, we aimed to investigate the existence status of
three dimethylations of cytidines, including m3Cm, m4Cm and
m5Cm, in mammals. m3Cm has never been found in living
organisms in the three-domain system, including archaea,
bacteria, and eukaryotes. m4Cm was previously reported to exist
in the 16S rRNA of E. coli, but hasn't been reported to be present
in mammalian cells.21 m5Cm exists in the tRNA of eukaryotes.19

Here, we systematically investigate the presence of three
Chem. Sci., 2021, 12, 8149–8156 | 8151
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dimethylated cytidines of m3Cm, m4Cm and m5Cm in
mammalian cells.

Because there haven't been any previous reports regarding
m3Cm and m3Cm standard is not commercially available, it is
essential to synthesize an m3Cm standard for the condent
determination of its potential presence in living organisms. The
chemical reaction for the synthesis of m3Cm is shown in Fig. 2A.
Cytidine can react with DMS to produce different products
under different pH conditions. We found that the methylation
mainly occurred at the N3 position of the nucleobase at pH 4.3;
but at pH 8.0–10.0, the methylation occurred at both the N3 and
N4 positions of the nucleobase. Thus, the synthesis of m3Cm
was carried out in NaAc–HAc buffer under pH 4.3.

HPLC was employed to separate and purify m3Cm. In addi-
tion to the substrate of Cm (16.4 min), we observed a new peak
that occurred at 25.0 min aer the chemical reaction (Fig. 2B).
The new peak was then collected and analyzed by high-
resolution mass spectrometry. The results showed that the
precursor ion (m/z 272.1242) and fragment ions (m/z 126.0662)
of the synthesized product were identical to the theoretical m/z
of m3Cm (m/z 272.1241 and 126.0662, Fig. 2C and D), indicating
that the compound should be the desired m3Cm. The chro-
matographic retention time of this synthesized compound (3.2
min) is different from those of the m4Cm standard (2.7 min)
and m5Cm standard (3.5 min) (see the next section). In addi-
tion, NMR analysis further conrmed the synthesized m3Cm
(Fig. S1 and S2 in the ESI†). Collectively, these results demon-
strated that the desired compound of m3Cm was successfully
synthesized.
Fig. 3 Examination of m3Cm, m4Cm and m5Cm in the total RNA of
HeLa cells and E. coli. (A) The extracted-ion chromatograms of m3Cm,
m4Cm and m5Cm standards under the optimized separation condi-
tions. (B) The extracted-ion chromatograms of m3Cm, m4Cm and
m5Cm from the total RNA of HeLa cells. (C) The extracted-ion chro-
matograms of m4Cm from the total RNA of E. coli. (D) The extracted-
ion chromatograms of m3Cm, m4Cm and m5Cm from an enzyme
blank.
Separation of the isomers of m3Cm, m4Cm and m5Cm

m3Cm, m4Cm and m5Cm are structurally isomers and have
exactly the same molecular weights. Their MRM transitions are
also the same during LC-ESI-MS/MS analysis (Table S2 in the
ESI†). Thus, complete chromatographic separation of m3Cm,
m4Cm and m5Cm is essential and important to distinguish
these isomers. In this respect, we optimized the separation
conditions for these isomers, including the mobile phases and
separation gradients.

We rst used 0.05% FA in H2O with different pH (2.8, 3.0, 4.0
and 5.0) as solvent A and MeOH as solvent B for the chro-
matographic separation. The gradient 1 was rst employed for
the separation at a ow rate of 0.3 mL min�1. The results
showed that 0.05% FA in H2O (pH 2.8) offered the best sepa-
ration for m3Cm, m4Cm and m5Cm (Fig. S3A–D in the ESI†). In
addition, we also examined 2 mM NH4HCO3 as solvent A and
MeOH as solvent B for the separation. However, m3Cm and
m4Cm cannot be separated under these conditions (Fig. S3E in
the ESI†). Thus, 0.05% FA in H2O (pH 2.8) (solvent A) andMeOH
(solvent B) were employed as the mobile phases. We next eval-
uated the gradients in the separation of m3Cm, m4Cm and
m5Cm. The results showed that gradient 2 offered better sepa-
ration resolution towards m3Cm, m4Cm and m5Cm than
gradient 1 (comparing Fig. S3A and S3F in the ESI†). In addi-
tion, we also examined the effect of ow rate on the separation
of these isomers. The results demonstrated that the peaks of
8152 | Chem. Sci., 2021, 12, 8149–8156
these isomers were narrower at a ow rate of 0.3 mLmin�1 than
those at 0.2 mLmin�1 (comparing Fig. S3F and S3G in the ESI†).

Collectively, the optimal chromatographic separation
conditions for m3Cm, m4Cm and m5Cm were 0.05% FA in H2O
(pH 2.8) (solvent A) and MeOH (solvent B) as the mobile phases
with using the gradient 2 at a ow rate of 0.3 mL min�1. Under
the optimized separation conditions, m3Cm, m4Cm and m5Cm
can be well separated (Fig. 3A), which provides a good funda-
mental to readily determine these isomers.
Determination of m3Cm, m4Cm and m5Cm in the RNA of
mammalian cells

With the m3Cm, m4Cm and m5Cm standards, we next detected
these dimethylated cytidines in mammalian RNA. We initially
analyzed these dimethylated cytidines in the total RNA of HeLa
cells and E. coli. The preliminary results showed that all three
dimethylated cytidines can be detected in the total RNA of HeLa
cells (Fig. 3B); however, only m4Cm was detected in E. coli
(Fig. 3C). It should be noted that in the sample with only adding
enzymes and omitting the RNA sample, we observed tiny peaks
whose retention times were similar to those of m3Cm, m4Cm
and m5Cm standards (Fig. 3D), indicating that the enzymes
might contain trace levels of these modications. However, the
intensities of these peaks were much lower than those detected
from total RNA, which should not affect the determination of
these dimethylated cytidines.

We next detected m3Cm, m4Cm and m5Cm in different RNA
species from HeLa cells. The overall results showed that m3Cm
and m5Cm were mainly present in small RNA (<200 nt), while
m4Cm was mainly present in 18S rRNA. m4Cm has been re-
ported to be present in the 16S rRNA of E. coli.21 In this study, we
aimed to investigate the presence of m3Cm, m4Cm and m5Cm
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Purification of the 18S rRNA and 28S rRNA of HeLa cells by
agarose gel electrophoresis. (A) Separation of total RNAs from HeLa
cells and E. coli. (B) Purification of the 18S rRNA and 28S rRNA of HeLa
cells. (C) Analysis of the gel-purified 18S rRNA and 28S rRNA of HeLa
cells.
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in mammalian cells. It is possible that the cultured mammalian
cells contain trace levels of bacterial contamination. In this
respect, it is critical to obtain highly pure rRNA for the deter-
mination of m4Cm in mammalian cells. To exclude the poten-
tial contamination of the rRNA of E. coli in the isolated rRNA of
mammalian cells, we employed agarose gel electrophoresis to
separate and purify the 18S and 28S rRNA. The results showed
that both the 18S rRNA and 28S rRNA of HeLa cells can be well
differentiated from the 16S rRNA and 25S rRNA of E. coli
(Fig. 4A). The bands of the 18S rRNA and 28S rRNA of HeLa cells
were then cut and puried (Fig. 4B and C). The real-time
quantitative PCR results showed that the purity of the isolated
18S rRNA of HeLa cells was higher that 99.999% (Fig. S4 in the
ESI†).

The retention times of two compounds detected in the small
RNA (<200 nt) of HeLa cells were similar to that of m3Cm and
m5Cm standards (Fig. 5A, B, D and E); the retention time of one
compound detected in the 18S rRNA of HeLa cells was similar to
Fig. 5 Determination of m3Cm, m4Cm and m5Cm in different RNA
species of HeLa cells. (A)–(C) The extracted-ion chromatograms of
m3Cm, m4Cm and m5Cm standards. (D)–(E) The extracted-ion chro-
matograms of m3Cm andm5Cm from the small RNA (<200 nt) of HeLa
cells. (F) The extracted-ion chromatograms of m4Cm from the 18S
rRNA of HeLa cells. (G) The extracted-ion chromatograms of m3Cm
from the small RNA of HeLa cells with a spikedm3Cm standard. (H) The
extracted-ion chromatograms of m5Cm from the small RNA (<200 nt)
of HeLa cells with a spiked m5Cm standard. (I) The extracted-ion
chromatograms of m4Cm from the 18S rRNA of HeLa cells with
a spiked m4Cm standard.

© 2021 The Author(s). Published by the Royal Society of Chemistry
that of the m4Cm standard (Fig. 5C and F), indicating the
existence of these dimethylated cytidines in different RNA
species. Furthermore, we separately added the standards of
m3Cm, m4Cm and m5Cm to the digested nucleosides from the
small RNA (<200 nt) or 18S rRNA of HeLa cells. It can be seen
that the spiked standards had the same retention times as those
detected in HeLa cells and increased the peak intensities
(Fig. 5G–I), suggesting that the detected compounds should be
m3Cm, m4Cm and m5Cm.
Fig. 6 Identification of m3Cm, m4Cm and m5Cm in the RNA of HeLa
cells by high-resolution mass spectrometry. (A) The extracted-ion
chromatograms and product ion spectra from the m3Cm standard
(above) and small RNA (<200 nt) of HeLa cells (below). (B) The
extracted-ion chromatograms and product ion spectra from the
m5Cm standard (above) and small RNA (<200 nt) of HeLa cells (below).
(C) The extracted-ion chromatograms and product ion spectra from
the m4Cm standard (above) and 18S rRNA of HeLa cells (below).
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Fig. 7 Stable isotope tracing experiments. (A) and (B) The extracted-
ion chromatograms of dimethylated cytidines from the small RNA
(<200 nt) and 18S rRNA of HeLa cells (MRM: 272.1/ 126.1). (C) and (D)
The extracted-ion chromatograms of dimethylated cytidines that
carried the CD3 nucleobase group from the small RNA (<200 nt) and
18S rRNA of HeLa cells (MRM: 275.1/ 129.1). (E) and (F) The extracted-
ion chromatograms of dimethylated cytidines that carried the CD3

ribose group from the small RNA (<200 nt) and 18S rRNA of HeLa cells
(MRM: 275.1 / 126.1). (G) and (H) The extracted-ion chromatograms
of dimethylated cytidines that carried the CD3 nucleobase group and
the CD3 ribose group from the small RNA (<200 nt) and 18S rRNA of
HeLa cells (MRM: 278.1 / 129.1).
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We also conrmed these dimethylated cytidines from HeLa
cells by high-resolution MS analysis. The enzymatically digested
cytidine modications from the small RNA (<200 nt) or 18S
rRNA of HeLa cells were rst enriched by offline HPLC before
high-resolution MS analysis (Fig. S5 in the ESI†). The MS anal-
ysis showed that the precursor ions and product ions (m/z
shown in blue) of the detected compounds in the RNA of HeLa
cells were identical to their corresponding theoretical values (m/
z shown in red) as well as to those of the standards (Fig. 6),
further conrming the detected compounds of m3Cm, m4Cm
and m5Cm. Taken together, the results suggested that m3Cm
andm5Cmwere present in the small RNA (<200 nt) of mammals
and m4Cm was present in the 18S rRNA of mammals.

Metabolic labeling of cells

To further conrm the presence of m3Cm, m4Cm and m5Cm in
the RNA of mammals, we conducted stable isotope tracing
experiments by mass spectrometry. ATP and L-methionine (Met)
could be converted into S-adenosyl-L-methionine (SAM) by
methionine adenosyltransferase and SAM is a methyl group
donor for the methylation of nucleic acids.37 If these dimethy-
lated cytidines exist in mammalian cells, then the culturing of
cells in DMEM medium containing isotopically labeled L-
methionine (D3-Met) would lead to the transfer of the CD3 group
from D3-Met to m3Cm, m4Cm and m5Cm. Theoretically, single
and dual CD3 might be added to these dimethylated cytidines.

As for m3Cm, three compounds, D3-m
3Cm (CD3 labeled

nucleobase), m3Cm-D3 (CD3 labeled ribose), D3-m
3Cm-D3 (CD3

labeled both nucleobase and ribose), can be theoretically
formed in the RNA of cells that were cultured in a medium
containing D3-Met (Fig. S6 in the ESI†). We cultured human
HeLa cells in DMEM medium supplied with 0.3 mM D3-Met.
Then 18S rRNA and small RNA (<200 nt) were isolated and
analyzed by our developed method. The results showed that, in
addition to m3Cm, all three compounds, D3-m

3Cm, m3Cm-D3

and D3-m
3Cm-D3, were distinctly detected (Fig. 7). The

concentration of unlabeled methionine in the DMEM medium
is 0.2 mM. Thus, the theoretical percentage of D3-Met in the
medium is approximately 60% of the total methionine. It can be
seen that approximately 60% of the measuredm3Cm carried the
CD3 nucleobase group and CD3 ribose group (Table S3 in the
ESI†), which is equivalent to the theoretical percentage of D3-
Met in total methionine in the medium. Similar to m3Cm, CD3

labeled m4Cm and m5Cm were both clearly detected (Fig. 7).
Collectively, the results further conrmed the presence of these
three dimethylated cytidines in mammalian cells and indicated
that SAM was the methyl donor for the dual methylation of
cytidines in RNA.

Quantication of m3Cm, m4Cm and m5Cm in RNA

Calibration curves were constructed to quantitatively measure
the dimethylated cytidines in RNA. A mixture of cytidine stan-
dards with a series of amounts ranging from 0.05 nmol to 5
nmol (for cytidine) or from 0.5 fmol to 500 fmol (for m3Cm,
m4Cm, and m5Cm) and xed amounts of isotope internal
standards (rC-13C5) were prepared. The calibration curves were
8154 | Chem. Sci., 2021, 12, 8149–8156
constructed by plotting the peak area ratios (analytes/IS) against
the amounts of analytes with triplicate measurements. The
results showed that good linearities were obtained with the
coefficients of determination (R2) being greater than 0.99 (Table
S4 in the ESI†). The accuracy and reproducibility of the method
were evaluated with the relative errors (REs) and intra- and
inter-day relative standard deviations (RSDs) being less than
13.7% and 14.9%, respectively (Tables S4 and S5 in the ESI†),
demonstrating that good accuracy and reproducibility were
achieved.

In addition to HeLa cells, these modications of m3Cm,
m4Cm and m5Cm were also detected and quantied in other
human cells, including human HL-7702 hepatic cells, human
HepG2 hepatocellular carcinoma and human MCF-7 breast
adenocarcinoma cells. The quantication results showed that
the measured m3Cm ranged from 0.0003% to 0.0008%, m4Cm
ranged from 0.0004% to 0.001%, and m5Cm ranged from
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Quantification of m3Cm, m4Cm and m5Cm in RNA from
different cell lines (HeLa, HepG2, HL-7702 and MCF-7 cells). (A)
Quantification of m3Cm in total RNA and small RNA (<200 nt). (B)
Quantification of m4Cm in total RNA and 18S rRNA. (C) Quantification
of m5Cm in total RNA and small RNA (<200 nt). The error bars
represent the standard deviations of the mean from data of three
independent experiments.
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0.0001% to 0.0003% in total RNA (Fig. 8 and Table S6 in the
ESI†). In small RNA (<200 nt), the m3Cm ranged from 0.002% to
0.007%, and m5Cm ranged from 0.0006% to 0.002% (Fig. 8 and
Table S6 in the ESI†). Themeasured levels of m5Cm in total RNA
and small RNA (<200 nt) are comparable with those in previous
studies.23 In 18S rRNA, the m4Cm ranged from 0.0009% to
0.003% (Fig. 8 and Table S6 in the ESI†).

The results clearly indicated that m3Cm and m5Cm are
mainly present in small RNA (<200 nt) and m4Cm is mainly
present in 18S rRNA. Previous studies demonstrated that tRNA
accounts for 90% of small RNA (<200 nt).38 Therefore, the m3Cm
detected in small RNA (<200 nt) most likely comes from tRNA.
The identied m3Cm is a totally new modication that has
never been found in living organisms. As for m4Cm, it is rstly
identied to be present in the RNA of mammals in the current
study. Although the potential roles of m3Cm and m4Cm in RNA
are still elusive, we speculate that m3Cm and m4Cm could
enhance the structural stability of tRNA and 18S rRNA. It was
reported that the methyltransferase-like protein 6 (METTL6)
could catalyze the formation of m3C in serine tRNA.39 FtsJ RNA
20-O-methyltransferase 1 (FTSJ1) is involved in the 20-O-methyl-
ation of cytidine in the anti-codon region of tRNA.40 Thus, we
speculate that METTL6 may methylate cytidine in tRNA to form
m3C, which is then further methylated by FTSJ1 to form m3Cm.
Future study on identifying enzymes responsible for the
formation and removal of the methyl groups of m3Cm and
m4Cm will promote uncovering the functions of these dual
methylations of cytidines in RNA.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Conclusions

In summary, using the developed LC-ESI-MS/MS method, we
identied the existence of a novel modication of m3Cm in the
RNA of mammals. We conrmed that m3Cm mainly exists in
the small RNA (<200 nt) of mammals. The identied m3Cm is
a totally new modication that has never been found in living
organisms. In addition, we identied, for the rst time, the
presence of m4Cm in 18S rRNA of mammalian cells. The stable
isotope tracing monitored by mass spectrometry demonstrated
that SAM was the methyl donor for these dimethylations of
cytidines in RNA. The discovery of m3Cm broadens the diversity
of RNA modications in living organisms. Moreover, the
discovery of m3Cm and m4Cm in mammals indicates the new
layer of RNA epigenetic modications. Future functional
investigating of these dual methylations of cytidines in RNA will
unveil the complexity in the regulation of biological processes
through RNA modications.
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