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Abstract

The rising interest in understanding the functions, regulation and maintenance of the 

epitranscriptome calls for robust and accurate analytical methods for the identification and 

quantification of post-transcriptionally modified nucleosides in RNA. Mono-methylations of 

cytidine and adenosine are common post-transcriptional modifications in RNA. Herein, we 

developed an LC-MS/MS/MS coupled with the stable isotope-dilution method for the sensitive 

and accurate quantifications of 5-methylcytidine (m5C), 2′-O-methylcytidine (Cm), N6-

methyladenosine (m6A) and 2′-O-methyladenosine (Am) in RNA isolated from mammalian cells 

and tissues. Our results showed that the distributions of the four methylated nucleosides are tissue-

specific. In addition, the 2′-O-methylated ribonucleosides (Cm and Am) are present at higher 

levels than the corresponding methylated nucleobase products (m5C and m6A) in total RNA 

isolated from mouse brain, pancreas and spleen, but not mouse heart. We also found that the levels 

of m5C, Cm and Am are significantly lower (by 6.5-43 fold) in mRNA than in total RNA isolated 

from HEK293T cells, whereas the level of m6A was slightly higher (by 1.6 fold) in mRNA than in 

total RNA. The availability of this analytical method, in combination with genetic manipulation, 

may facilitate the future discovery of proteins involved in the maintenance and regulation of these 

RNA modifications.

Introduction

More than 100 types of post-transcriptional modifications are known to exist in RNA and 

they play very important roles in the metabolic and regulatory processes of RNA. The 

biological functions of individual types of RNA modifications and their contributions to 
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gene regulation remain largely unknown.1 Among these RNA modifications, mono-

methylated cytidine and adenosine, including 5-methylcytidine (m5C), 2′-O-methylcytidine 

(Cm), N6-methyladenosine (m6A) and 2′-O-methyladenosine (Am) commonly occur in all 

RNA species.2

Previous investigations about the mono-methylated ribonucleosides have been mostly 

confined to transfer RNA (tRNA) and ribosomal RNA (rRNA), especially for cytidine 

modifications. It has been reported that m5C contributes to the stabilization of secondary 

structures, codon recognition, and aminoacylation of tRNA.3-5 In rRNA, m5C sites have 

been thought to regulate translational fidelity and tRNA recognition.6 Cm in tRNA was 

found to prevent the hydrolysis of the phosphodiester backbone,7 whereas the Cm located in 

the cap structure of mRNA inhibits its 5′→3′ degradation8 and distinguishes self from non-

self RNA.9

Aside from their functions in tRNA and rRNA, recent studies suggested that nucleobase 

methylations in mRNA may also play a very important role in gene regulation. In this vein, 

transcriptome-wide mapping studies have revealed a widespread occurrence of m5C and 

m6A in messenger RNA (mRNA) and non-coding RNA.10-12 Sequencing data indicate that 

m6A is localized around stop codons and present in both 3′-untranslated regions (3′-UTRs) 

and long internal exons,10 whereas the m5C sites are enriched in untranslated regions and 

near Argonaute protein binding sites.12 Those studies suggested that m6A may modulate 

pre-mRNA splicing, mRNA stability, translation, turnover and nuclear export,13-15 whereas 

m5C may play a role in microRNA (miRNA)-mediated mRNA degradation and affect the 

interactions of long non-coding RNA with chromatin-associated protein complexes.12, 16

The recent identification of enzymes fostering RNA methylation and demethylation 

highlights the importance in furthering our current understanding of the role of RNA 

methylation in gene regulation. In this vein, FTO (Fat mass and obesity-associated protein) 

and ALKBH5 (Alkylated DNA repair protein alkB homolog 5) were found to be capable of 

demethylating m6A in mRNA.17, 18 Subsequently, human YTH domain family proteins 

(YTHDF1-3) were shown to bind to m6A and affect the stability of m6A-harboring 

mRNA.19 Furthermore, the heterodimeric METTL3-METTL14 (human methyltransferase-

like 3 and 14) core-complex was observed to deposit m6A on mammalian nuclear RNAs.20 

Apart from these regulatory proteins of m6A, the ten-eleven translocation family of Fe(II)- 

and 2-oxoglutarate-dependent dioxygenases 3 (Tet3) can induce the formation of 5-

hydroxymethylcytidine from m5C in cellular RNA.21 Additionally, TRDMT1 (tRNA 

aspartic acid methyltransferase 1) and NSUN2 (NOP2/Sun domain family, member 2) have 

been identified to be the cytosine-5-methyltransferase in tRNA and mRNA.12, 22 Taken 

together, the identification and characterizations of proteins involved in the deposition, 

removal and recognition of m6A and m5C provide strong support for a reversible post-

transcriptional modification pathway of RNA, which may constitute an important, yet under-

appreciated mechanism of gene regulation.23, 24

To better exploit the mechanisms of RNA epigenetics, a robust analytical method is required 

for assessing the occurrence of these modifications in cellular RNA. Traditional methods for 

analyzing RNA modifications include 32P-labelling and two-dimensional thin-layer 
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chromatography,25 dot-blot,18 and capillary electrophoresis coupled with laser-induced 

fluorescence (CE-LIF) detection.26 Apart from being tedious, semi-quantitative, and low-

throughput, these methods require a large amount of RNA and are not compatible with the 

analysis of RNA species of low abundance. Recently, high-performance liquid 

chromatography coupled with a triple-quadrupole mass spectrometer, along with the use of 

external standards, was employed to measure m6A in mRNA 17, 18 and other RNA 

modifications in tRNA and small RNA, and femtomole level of sensitivity was 

achieved.27, 28 We reason that the application of stable isotope-labeled internal standards 

will offer unambiguous and accurate measurements of these post-transcriptionally modified 

nucleosides in cellular RNA species. Herein, we developed an LC-MS/MS/MS coupled with 

the stable isotope-dilution method to achieve sensitive, accurate and simultaneous 

quantifications of the global levels of the mono-methylated cytidine and adenosine in RNA. 

By using this method, we quantified the levels of m5C, Cm, m6A, and Am in total RNA 

isolated from cultured human cells and mammalian tissues, and in mRNA isolated from 

HEK293T human embryonic kidney cells.

Experiment Section

Materials

All chemicals and enzymes, unless otherwise specified, were purchased from Sigma-Aldrich 

(St. Louis, MO) and New England Biolabs (Ipswich, WA). Erythro-9-(2-hydroxy-3-nonyl) 

adenine (EHNA) hydrochloride was purchased from Tocris Bioscience (Ellisville, 

MO). 15N3-cytidine-5′-triphosphate was obtained from Sigma-Aldrich (St. Louis, MO) and 

all other stable isotope-labeled nucleoside starting materials were from Cambridge Isotope 

Laboratories (Tewksbury, MA). Mouse tissues were obtained from 19-21 week old animals. 

The HEK293T embryonic kidney cells, MCF7 human breast cancer cells,HCT116 human 

colon cancer cells, HeLa human cervical cancer cells, WM-266-4 human melanoma cells, 

and cell culture reagents were purchased from ATCC (Manassas, VA).

Syntheses of Stable Isotope-labeled Ribonucleosides

The stable isotope-labeled nucleosides employed in this study are shown in Scheme 1.

15N3-cytidine—15N3-cytidine-5′-triphosphate was treated with alkaline phosphatase in 50 

mM Tris-HCl buffer (pH 8.9) at 37°C for 2 hrs. The enzyme was removed by chloroform 

extraction and the aqueous layer was dried in a Speed-vac. The resulting 15N3-cytidine was 

purified by HPLC.

5-methyl-13C5-cytidine and 13C5-adenosine—Ribose-13C5-cytidine (5.0 mg, 0.020 

mmol) was fully acetylated by treating with acetic anhydride (40 μL, 0.409 mmol) at 60°C 

for 3 hrs in 1-mL anhydrous pyridine. The resulting crude tetra-acetylated ribose-13C5-

cytidine was dissolved in anhydrous acetonitrile (1 mL) in the presence of 5-methyl-N4-

benzoylcytosine (7.4 mg, 0.032 mmol) or N6-benzoyladenine (9.7 mg, 0.040 mmol) and 

stirred at room temperature for 10 min. Bis-trimethylsilylacetamide (20 μL, 0.070 mmol) 

was subsequently added and the reaction mixture was heated to 70°C. After stirring at 70°C 

for 15 min, TMS-triflate (4 μL, 0.020 mmol) was added to the reaction flask and the reaction 
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was refluxed at 70°C for 4 hrs. The solvent was removed, and the resulting crude mixture 

was dissolved in 2 M ammonia in methanol (4 mL) and stirred at 40°C for 24 hrs. 

Subsequently, 30% ammonium hydroxide (4 mL) was added to the reaction mixture and 

stirred at 40°C for 48 hrs. The resulting crude 5-methyl-13C5-cytidine and 13C5-adenosine 

were evaporated of solvent and purified by HPLC using a reverse-phase Alltima C18 

column (5 μm in particle size, Grace Davison, Deerfield, IL). The purified 5-methyl-13C5-

cytidine and 13C5-adenosine were confirmed by LC-MS and MS/MS analyses (Figure S1). 

A portion of the purified 13C5-adenosine was then used to synthesize 2′-O-methyl-13C5-

adenosine.

2′-O-methyl-13C5-cytidine, 2′-O-methyl-13C5-adenosine and D3-N6-
methyladenosine—2′-O-methyl-13C5-cytidine and 2′-O-methyl-13C5-adenosine were 

synthesized according to established procedures.29 6-Chloro-9-(β-D-ribofuranosyl)purine 

was synthesized following published procedures 30 and then reacted with D3-methylamine 

to yield D3-N6-methyladenosine.31

Isolation of total RNA and mRNA

Total RNA was isolated from mammalian cells and tissues using TRI Reagent® following 

the manufacturer's recommended procedures. The poly(A) messenger RNA (mRNA) was 

extracted using PolyATtract® mRNA Isolation Systems (Promega), immediately followed 

with the removal of rRNA contaminations by using RiboMinus Transcriptome Isolation Kit 

(Invitrogen). The mRNA concentrations were measured using UV spectrophotometry. The 

quality of mRNA was analyzed using an Agilent 2100 Bioanalyzer equipped with an RNA 

PicoChip, and the results showed that the isolated mRNA samples were free of rRNA 

contamination (Figure S2).

Digestion of RNA

To 500 ng of RNA were added 0.05 unit of nuclease P1, 0.125 nmol of EHNA, 0.0000625 

unit of phosphodiesterase 2 and 1 μL solution containing 300 mM sodium acetate (pH 5.6) 

and 10 mM zinc chloride. The EHNA was added to minimize the potential deamination of 

adenosine. Doubly distilled water (ddH2O) was added to the reaction mixture to reach a final 

volume of 10 μL. The reaction mixture was incubated at 37°C for 4 hrs. To the resulting 

mixture were subsequently added 0.05 unit of alkaline phosphatase, 0.005 unit of 

phosphodiesterase 1, 1.5 μL of 0.5 M Tris-HCl buffer (pH 8.9) and ddH2O to reach a final 

volume of 15 μL. After digestion at 37°C for 2 hrs, the resulting digestion mixture was dried 

using a Speed-vac and the dried residue was reconstituted in 500 μL of ddH2O.

For the quantification of m5C and Cm in total RNA, to a 5-μL aliquot of the digestion 

mixture of total RNA (5 ng) were added 25.5 fmol of 5-methyl-13C5-cytidine, 19.6 fmol of 

2′-O-methyl-13C5-cytidine and 3.3 pmol of 15N-labeled cytidine. For the quantification of 

m6A and Am in total RNA, to a 1-μL aliquot of total RNA (1 ng) were added 8.5 fmol D3-

N6-methyladenosine, 6.9 fmol of 2′-O-methyl-13C5-adenosine and 1.6 pmol 13C5-labeled 

adenosine. For the quantification of m5C and Cm in mRNA, to a 10-μL aliquot of the 

digestion mixture of mRNA (10 ng) were added 5.1 fmol of 5-methyl-13C5-cytidine, 9.7 

fmol of 2′-O-methyl-13C5-cytidine and 3.3 pmol of 15N-labeled cytidine. For the 
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quantification of m6A and Am in mRNA, 8.5 fmol D3-N6-methyladenosine, 3.4 fmol of 2′-

O-methyl-13C5-adenosine and 1.6 pmol 13C5-labeled adenosine were added to a 2-μL 

aliquot of the digestion mixture of mRNA. All enzymes used for RNA digestion were 

subsequently removed by chloroform extraction. The resulting aqueous layer was dried and 

reconstituted in ddH2O. For the total RNA samples, ¼ of the total sample was used for nLC-

MS3 analysis, while for the mRNA, ½ of the total sample was subjected to nLC-MS3 

analysis.

LC-MS3 Analyses of m5C, Cm, m6A and Am

LC-MS3 measurements were conducted on an LTQ XL linear ion trap mass spectrometer 

equipped with a nanoelectrospray ionization source and coupled to an EASY-nLC II 

(Thermo Fisher Scientific, San Jose, CA, USA). The temperature for the ion transport tube 

of the mass spectrometer was maintained at 275°C. The instrument was operated in the 

positive-ion mode, with the spray, capillary, and tube lens voltages being 2.0 kV, 12 V, and 

100 V, respectively. The sensitivities for detecting the four mono-methylated 

ribonucleosides were optimized by varying the normalized collision energy and activation Q 

of the LTQ mass spectrometer (Table S1 in the Supporting Information).

For the measurements of m5C and Cm, the samples were loaded onto a pre-column (150 μm 

× 70 mm) packed with porous graphitic carbon (PGC, 5 μm in particle size, Thermo Fisher 

Scientific). The samples were then eluted, at a flow rate of 2.5 μL/min, onto an in-house 

packed Zorbax SB-C18 column (75 μm × 250 mm, 5 μm beads, 100 Å in pore size, Agilent). 

A solution of 0.1% (v/v) formic acid in water (solution A) and a solution of 0.1% (v/v) 

formic acid in acetonitrile (solution B) were used as the mobile phases. The modified 

nucleosides were separated using a gradient of 0-5% B in 5 min, 5-15% B in 37 min, 15% B 

in 18 min, 15-90% B in 1 min, and finally at 90% B for 10 min. The flow rate was 300 nL/

min.

The measurements of m6A and Am were conducted in a similar way except that a 150 μm × 

50 mm pre-column and a 75 μm × 150 mm analytical column, packed with Magic AQ 

reversed-phase C18 resin (5 μm beads, 100 Å in pore size; Michrom BioResources, Auburn, 

CA, USA), were used. The modified nucleosides were separated using a gradient of 0-10% 

B in 50 min followed by 10% B for another10 min, and the flow rate was 300 nL/min.

Method Validation

The intra- and inter-day accuracy and precision were assessed by analyzing standard 

solutions of the methylated ribonucleosides at three different concentrations, following the 

Food and Drug Administration Guidance for Industry Bioanalytical Method Validation 

(http://www.fda.gov/downloads/drugs/guidancecomplianceregulatoryinformation/guidances/

ucm368107.pdf). At least 5 determinations were made for each replicate and at least 3 

replicates were analyzed for each concentration of the standard solutions. The intra-day 

results were obtained from 5 determinations of one replicate within one day. The inter-day 

results were obtained from at least 15 determination of three replicate analyses conducted on 

3 separate days. The mean accuracy was expressed as percent recovery and the precision 

was expressed as relative standard deviation (RSD). The stabilities of analytes present in 
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total RNA were evaluated after three cycles of freeze (at - 20°C for 24 hrs) and thaw (at 

room temperature). The percent recovery was calculated by comparing the levels after the 

freeze-and-thaw cycles with those prior to freeze-and-thaw, and the relative standard 

deviations was calculated based on the recovery obtained from 3 aliquots of RNA samples.

Results

Nano-LC-MS/MS/MS analyses of m5C, Cm, m6A and Am

We set out to develop an nLC-MS/MS/MS in combination with the stable isotope-dilution 

method for the accurate assessment of the levels of m5C, Cm, m6A and Am in total RNA 

isolated from cultured cells and tissues. First, we examined the efficiencies of the pre-

columns packed with various stationary phase materials including Zorbax SB-C18, Magic 

C18, Magic C18-AQ and porous graphitic carbon (PGC) in trapping the modified 

nucleosides. We found that m5C and Cm could be retained very well on a trapping column 

packed with PGC, but not on the other three types of packing materials. On the other hand, 

Magic C18-AQ displayed the most efficient trapping of m6A and Am.

We next tested the performance of the analytical columns packed with the four types of 

stationary phase materials. Our results showed that, even though m5C and Cm could be 

efficiently trapped on the PGC column, the use of PGC as the packing material for the 

analytical column yielded poor reproducibility and displayed severe issues with matrix 

interferences for the modified cytidines. On the other hand, the analytical columns packed 

with Magic C18 AQ or Zorbax SB-C18 exhibited excellent reproducibility and low matrix 

interferences when used with a slow gradient, with the Zorbax SB-C18 analytical column 

displaying slightly better performance. Therefore, we chose the combination of PGC 

trapping column with Zorbax SB-C18 analytical column for the analyses of m5C and Cm. 

On the other hand, we found that the use of Magic C18 AQ as the stationary phase material 

for both the trapping and analytical columns was the most suitable for measuring the two 

modified adenosine derivatives, i.e. m6A and Am.

Upon collisional activation, the [M+H]+ ions of the four unlabeled methylated 

ribonucleosides readily eliminate the ribose moiety to yield the protonated ions of the 

nucleobase portions (i.e. m/z 126, 112, 150 and 136 for m5C, Cm, m6A and Am, 

respectively). Further collisional activation of the ions of m/z 126 and 112 leads to the facile 

losses of NH3 and H2O, yielding the fragment ions of m/z 109 and 108 in the MS3 for m5C, 

and the fragment ions of m/z 95 and 94 in the MS3 for Cm (Figure 1, b). On the other hand, 

collisional activation of the ion of m/z 150 results in the loss of C2H4N2 and HCN to yield 

product ions of m/z 94 and 123 in the MS3 of m6A. Additionally, further collisional 

activation of the ions of m/z 136 of Am gives rise to the elimination of C2H4N2 and NH3, 

yielding ions of m/z of 94 and 119, respectively, in the MS3 (Figure 1, d). The fragment ions 

of m/z 108, 95, 94 and 94 observed in the MS3 of these modified nucleosides were chosen 

for the quantification of the levels of m5C, Cm, m6A and Am, respectively (see 

representative SICs in Figure 1a & c). The nearly identical elution time and similar MS3 

spectra for the analytes and their stable isotope-labeled counterparts, permit for the 

unambiguous identification and reliable quantification of the four modified ribonucleosides 
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in the digestion mixture of total RNA. Calibration curves for the quantifications of rC, m5C, 

Cm, rA, m6A, and Am are shown in Figures S3-S4.

We next examined the limits of detection (LOD) and limits of quantification (LOQ) for the 

methylated nucleosides, which are defined as the amounts of analytes that give rise to 

signal-to-noise ratios of 3 and 10, respectively. Our results showed that low attomole levels 

of LOD and LOQ could be obtained for all the methylated ribonucleosides (Table S1).

We also assessed the intra- and inter-day accuracy and precision by analyzing three different 

concentrations of standard solutions of the methylated ribonucleosides. As shown in Tables 

S2, the method provides excellent accuracy and precision for measuring the methylated 

nucleosides. The percent recoveries for the four methylated ribonucleosides range from 

89.6% to 105%, and the relative standard deviations for all the analytes were within 10%, 

with the exception of the measurement for 1.25 nM of m5C (12%, Table S2). We further 

investigated the stabilities of analytes present in total RNA after three cycles of freeze (at - 

20°C for 24 hrs) and thaw (to room temperature). Our results showed that the analytes are 

reasonably stable under freezing/thaw conditions, as reflected by the observed percent 

recovery of 81-122% (Table S3).

Quantification of m5C, Cm, m6A and Am in total RNA isolated from mammalian tissues

We first assessed the levels of the four methylated ribonucleosides in total RNA isolated 

from different mouse tissues. Our results showed that the levels of m5C were 0.29, 0.41, 

0.93, and 0.51 modifications per 100 cytidines in the total RNA isolated from mouse 

pancreas, spleen, heart, and brain tissues, respectively, while the corresponding levels of Cm 

were 0.66, 0.68, 0.62, and 0.66 modifications per 100 cytidines, respectively (Figure 2a). In 

addition, the levels of Am (at 1.98, 1.93, 0.97 and 1.24 modifications per 100 adenosines, 

respectively) were significantly higher than those of m6A (at 0.065, 0.061, 0.064 and 0.070 

modifications per 100 adenosines, respectively. Figure 2c). Furthermore, the levels of m5C 

are significantly higher in the heart than in other three types of mouse tissues. However, the 

levels of Cm and Am in RNA from the mouse heart are lower than those measured in RNA 

from the other three types of mouse tissues. Together, these results suggest that the 

distributions of these methylated ribonucleosides are tissue-specific.

Quantification of m5C, Cm, m6A and Am in total RNA of cultured human cells

To evaluate if the levels of m5C, Cm, m6A and Am vary among different cancer cells, we 

isolated total RNA from four different human cancer cell lines, digested them with enzymes 

and subjected the resulting digestion mixtures to LC-MS3 analyses. Our results showed that 

the levels of m5C were 0.22, 0.34, 0.32, and 0.25 modifications per 100 cytidines in total 

RNA isolated from HeLa, WM-266-4, MCF7, and HCT116 cells, respectively, whereas the 

levels of Cm were consistently higher, at 0.57, 0.57, 0.56, and 0.55 modifications per 100 

cytidines, respectively (Figure 2b). Additionally, the levels of m6A in total RNA isolated 

from these four cell lines were 0.059, 0.064, 0.070 and 0.065 modifications per 100 

adenosines, respectively, whereas the levels of Am were 1.32, 1.38, 1.63 and 1.33 

modifications per 100 adenosines, respectively (Figure 2d). Thus, these results indicate that 

the levels of Am and Cm are significantly higher in all human cancer cell lines compared to 
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their respective mono-methylated nucleobase modifications (m6A and m5C). Additionally, 

these results indicate that the levels of m6A, Am, and Cm are similar among the human 

cancer cell lines, while the levels of m5C appear to be cell line-dependent. Finally, we 

measured the levels of these four mono-methylated nucleosides in the total RNA isolated 

from HEK293T human embryonic kidney cells (Figure 3, a). Our results showed that the 

levels of m6A, Am, and Cm in HEK293T cells are not significantly different from what we 

found for the cancer cells except the level of Am between HEK293T and MCF7 cells (p = 

0.01). Intriguingly, the level of m5C in total RNA of HEK293T cells (0.28 modifications per 

100 cytidines) is slightly higher than those found for HeLa and HCT116 cells, but slightly 

lower than those observed for WM-266-4 and MCF-7 cells. Taken together, these results 

suggest that the m5C levels in total RNA are cell line-dependent, whereas the levels of m6A, 

Am, and Cm are similar in cultured cancer cells and HEK293T cells.

Quantification of m5C, Cm, m6A and Am in mRNA isolated from HEK293T cells

Lastly, we compared the global levels of these four mono-methylated ribonucleosides in 

mRNA isolated from HEK293T cells. Our results showed that the levels of m5C, Cm and 

Am in mRNA are lower than those in total RNA by16, 6.5, and 43 folds, respectively, 

whereas the level of m6A in mRNA is 1.6-fold higher than that in total RNA. The relatively 

large differences in the levels of m5C, Cm and Am between total RNA and mRNA are 

reasonable considering that mRNA constitutes only approximately 5% of the total cellular 

RNA. These results are also consistent with previous reports showing that m6A is the most 

abundant methylation product in mRNA.32-34 However, our measured level of m6A in 

mRNA from HEK293T cells (0.11 per 100 adenosines) is significantly lower than the 

previously reported level of m6A (~ 0.4 per 100 adenosine).18 This difference might be 

attributed to the methods through which the levels of m6A were quantified. Here, we 

employed stable isotope-labeled internal standards for the quantification, which offers 

unambiguous identification and accurate measurement of the levels of the analyte. On the 

other hand, external standards were utilized in the previous report,18 where the measured 

levels of the modified nucleosides could be potentially influenced by matrix effects. Our 

quantification results also showed that the levels of m5C, Cm, and Am in mRNA were 

0.017, 0.086, and 0.024 modifications per 100 cytidines, respectively. These results 

demonstrate a higher level of Cm than m5C in both total RNA and mRNA of HEK293T 

cells. However, the relative level of m6A and Am displayed an opposite trend in total RNA 

and mRNA, with the level of m6A being higher than Am in mRNA, and lower than Am in 

total RNA.

Conclusions

In this study, we developed an LC-MS/MS/MS coupled with the stable isotope-dilution 

method to detect the levels of m5C, Cm, m6A and Am in total RNA isolated from cultured 

mammalian cells and tissues, as well as in mRNA isolated from HEK293T cells. This 

method has several advantages compared to previously reported methods. First, the 

measured levels of the analytes are not affected by alterations in sample matrices or LC-

MS/MS/MS conditions because of the addition of stable isotope-labeled standards to the 

nucleoside mixture. Moreover, the analytes and the corresponding internal standards are 
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analyzed simultaneously by LC-MS/MS/MS under identical conditions. Any variations in 

experimental conditions after enzymatic digestion and during LC-MS/MS/MS analysis do 

not affect the analytical accuracy. Second, our method allows for the unambiguous 

identification of each analyte. Both the analytes and their isotope-labeled standards co-elute 

and yield the same fragmentation patterns, offering unequivocal chemical specificity for 

analyte identification. Lastly, this method displays superior sensitivity. The limits of 

quantification for m5C, Cm, m6A and Am with our method were found to be 9±2, 7±2, 

1.9±0.6 and 3.4±1.2 amol, respectively (Supplementary Table S1). A few μg of RNA was 

used in previously published methods, whereas nucleoside mixtures from digestion of only 

0.5 ng of total RNA and less than 10 ng of mRNA were used for the analyses with this 

method.

Together, we developed a robust LC-MS3 coupled with the stable isotope-dilution method 

for the quantifications of m5C, Cm, m6A, and Am in total RNA isolated from mammalian 

tissues and cultured human cells. We were also able to accurately measure the levels of four 

mono-methylated ribonucleosides in mRNA isolated from HEK293T cells. To our 

knowledge, this is the first report about the global levels of m5C, Cm and Am in mRNA. It 

can be envisaged that this method can be generally applicable for examining the role of 

proteins involved in the deposition, removal and recognition of those RNA methylations. 

Although the emphasis of the present study was placed on cellular RNA, the method, owing 

to its excellent sensitivity, should also be applicable toward the analysis of these methylated 

ribonucleosides in mRNA isolated from animal tissues and in non-coding RNA.
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Figure 1. 
Representative LC-MS/MS/MS results for the quantifications of m5C, Cm, m6A and Am in 

mouse brain. Shown are the selected-ion chromatograms for monitoring the indicated 

transitions for the analytes and the stable isotope-labeled standards (a & c), and the 

corresponding MS/MS/MS for the analytes and internal standards (b & d).
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Figure 2. 
Quantification results for the levels of m5C and Cm (a), m6A and Am (c) in mouse tissues 

(n≥3). The tissue types include mouse pancreas, spleen, heart, and brain. Quantification 

results for the levels of m5C and Cm (b), m6A and Am (d) in cultured human cancer cells 

(n=3). The data represent the means and standard deviations of results from at least three 

separate mouse tissues or 3 individual RNA samples extracted from cultured human cells.
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Figure 3. 
Quantification results for the levels of m5C and Cm (a), m6A and Am (b) in total RNA and 

mRNA isolated from HEK 293T cells (n=4). The data represent the mean and standard 

deviation of measurement results for at least three separate total RNA and mRNA samples.
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Scheme 1. 
The chemical structures of the stable isotopic-labeled nucleosides. Asterisk (*) indicates the 

site of 15N or 13C labeling; D = deuterium.
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