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ABSTRACT: 5-hydroxymethylcytidine (hm5C) was re-
cently identified as a direct metabolite of m5C in RNA. 
We investigated the stability of hm5C in human cells 
using bio-isotopomers and high-resolution tandem LC-
MS/MS. This has led to the discovery of a second oxida-
tive metabolite of m5C in RNA, namely 2’-O-methyl-5-
hydroxymethylcytidine (hm5Cm). Subsequent quantita-
tive analysis of total RNA from higher organisms re-
vealed varying levels and TET-independent formation of 
this new RNA modification.    

There is a wide chemical diversity of ribonucleoside 
modifications in RNA.1,2 While epigenetic events such 
as DNA methylation and histone modifications are un-
derstood to be dynamic and reversible processes, RNA 
modifications, have long been considered relatively stat-
ic and stable marks. However, it was recently shown that 
the enzyme FTO mediates the oxidative demethylation 
of m6A via N6-hydroxy- and N6-formylcytidine in mes-
senger RNA.3,4 This first example of reversible RNA 
methylation has opened up the possibility that RNA 
modifications may also be dynamic, with potential regu-
latory roles analogous to reversible epigenetic modifica-
tions. In support of this, we recently showed that m5C 
undergoes similar oxidative metabolism in RNA to pro-
duce hm5C and that the latter modification is conserved 
across Archaea, Bacteria and Eukarya.5 Furthermore, Fu 
et al. reported the ability of TET enzymes to oxidize 
m5C to hm5C in synthetic RNA strands in vitro and 
showed the dependency of hm5C on the TET3 enzyme 
in an in vivo knock-out mouse model.6 Together, these 
studies established hm5C as a new RNA modification 
that is introduced through active, enzyme-catalyzed oxi-
dation, rather than passive, reactive oxygen species-
mediated oxidation of m5C.   
 In contrast with m6A, which is predominantly 
an mRNA modification, we had determined by quantita-
tive LC-MS/MS that hm5C is enriched in tRNA fractions 
(Figure S1). The turnover of m5C into hm5C is of partic-

ular interest as the extent of m5C modification at specific 
tRNA sites plays a key role in regulating the cellular 
stress response. For example, the absence of m5C trig-
gers increased stress-induced cleavage of tRNAs and 
sensitizes organisms to oxidative stress.7,8 Furthermore, 
tRNA wobble modifications can change as a result of 
exposure to toxic agents and thereby trigger stress-
specific enhancement of translation of proteins critical to 
the cell stress response.9,10 These response mechanisms 
require a dynamic control of tRNA modifications which 
can either be achieved through their reversible introduc-
tion or specific tRNA turnover/degradation. 

 
Figure 1. Overview of the stable isotope, dual-labeling 
approach. Cells were grown in the presence of [methyl-
13CD3]-L-methionine until near quantitative isotope in-
corporation into m5C was observed by LC-MS/HRMS. 
Heavy methionine (red) was then removed and a mixture 
of unlabeled L-methionine (blue) and 1,3-15N-cytidine 
(green) was added.  



 

 
We investigated whether hm5C is indeed subject to dy-
namic turnover and looked for the existence of addition-
al, novel oxidative metabolites of m5C to examine the 
presence of an active cytidine-C5 demethylation path-
way in RNA. 
 As a means to study the relative stabilities of 
m5C and hm5C in tRNA-enriched fractions, as compared 
to tRNA turnover, we selected stable isotope tracing 
monitored by mass spectrometry (Figure 1). We adapted 
methods previously reported by us in which we studied 
both RNA and DNA methylation and their oxidative 
pathways.5,11,12 Briefly, human HEK293T cells were 
cultured in the presence of stable isotope labeled (SIL) 
methionine, 13CD3-L-methionine, to metabolically 13CD3 
label the methyl group of m5C in RNA (Figure 1). The 
medium was then replaced with medium containing un-
labeled methionine and SIL labeled 1,3-15N2-cytidine 
(Figure 1, t = 0) and cells were collected at hourly inter-
vals and subjected to total RNA isolation, over the 
course of 15 hours, approximately a complete cell cycle 
of a HEK293T cell. The total RNA fractions were each 
subsequently enriched for tRNAs by fractional precipita-
tion, enzymatically digested into nucleosides and sub-
jected to mass spectrometric analysis to quantify the SIL 
forms of both m5C (13CD3-m5C, 15N2-m5C) and hm5C 
(13CD2-hm5C, 15N2-hm5C). 1,3-15N2-cytidine was in-
cluded to ensure the differential labeling of RNA synthe-
sized during (Figure 1, before t = 0) and after (Figure 1, 
from t = 0 onwards) the 13CD3-L-methionine labeling. 
This distinguishes the apparent 13CDn decay as a result 
of isotope dilution due to cell proliferation or tRNA 
turnover, rather than modification turnover.  
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Amounts of the 13CDn-labeled fractions of a 
modification relative to the sum of the total amounts of 
the same modification in small RNAs from 13CDn-
labeled HEK293T cells grown in the presence of 1,3-
15N2-cytidine and absence of 13CD3-L-methionine as a 
function of time  (i.e. for m5C: % 13CD3-m5C = {[13CD3-
m5C] / ( [13CD3-m5C] + [15N2-m5C] + [m5C])} * 100).  

 
Thus, we measured the abundances of the different 
isotopologues of C, m5C and hm5C in the tRNA-
enriched digests and calculated the amount of their 
13CDn labeled (m5C and hm5C) and unlabeled (C) frac-
tions relative to the sum of the total amounts of any giv-
en modification (Figure 2).   
 We observed a 50% decrease of unlabeled cyti-
dines (Figure 2, grey trace), consistent with the cell pop-
ulation and total RNA doubling in this time, which di-
lutes the 15N2 label by 50% due to the addition of 1,3-
15N2-cytidine at t = 0. We observed 5-methylcytidine 
(Figure 2, red trace) had comparable stability to cytidine, 
indicating the bulk of m5C residues was not subject to 
active turnover. Since only a small fraction of m5C resi-
dues is converted to hm5C (~ 0.1 %), this turnover was 
not sufficient to detect by our approach. However, when 
we considered the turnover of hm5C (Figure 2, blue 
trace), we observed a strikingly steeper initial slope for 
its decay and a much lower relative abundance of the 
13CD2 isotopologue after 15 h as compared to m5C. Con-
sequently, hm5C-containing RNA transcripts could either 
be unstable and subject to accelerated degradation, or 
hm5C itself could be actively metabolized within its 
RNA transcript. To explore the latter hypothesis, we 
screened the dual SIL RNA samples for other oxidative 
derivatives of m5C. Recently, it was shown that the 
Fe(II)-dependent oxygenase ALKBH1/ABH1 oxidizes 
m5C at position 34 in human mitochondrial tRNAMet to 
f5C and hm5C was not observed as an intermediate in 
this study.13 We therefore considered the hitherto un-
known 2’-OH methylated derivative of hm5C, 2’-O-
methyl-5-hydroxymethylcytidine (hm5Cm), as a poten-
tial downstream product of hm5C metabolism in subse-
quent LC-MS/HRMS analyses. 2’-O-methylation has 
been observed in several RNA classes14 and close exam-
ination of previous extracted ion counts and fragmenta-
tion patterns of hm5C led us to hypothesize the presence 
of hm5Cm in RNA. Thus, using the tRNA-enriched di-
gests from the eight hour time point, we targeted the 
mass spectrometry for 2’-O-[13CD3-methyl]-5-[13CD2-
hydroxymethyl]-cytosine, 2’-O-methyl-1,3-[15N2]-5-
hydroxymethylcytosine and the minor, completely unla-
beled hm5Cm isotopologues. As depicted in Figure 3 
(left), we could extract all the corresponding product 
ions. This, together with the observed co-elution of all 
the isotopologues during liquid chromatography, provid-
ed the first evidence for the presence of hm5Cm in RNA. 
The slightly earlier elution of deuteriated compounds, as 
observed for 13C2D5 labeled hm5Cm (Figure 3, left, red 
trace), is commonly observed in liquid chromatography 
of deuterium labeled compounds due to their different 
polarity, polarizability and molecular volume compared 
to their lighter isotopologues.15   
 



 

  
 

 
 
Figure 3. Left) Differential labeling of hm5Cm. LC-MS/MS analysis of RNA obtained from HEK293T cells grown in 
regular (top), [methyl-13CD3]-L-methionine- (middle) or 1,3-15N2-cytidine-supplemented (bottom) medium. Extracted 
ion counts are shown for hm5C, 13CD2-hm5C and 15N2-hm5C. Right) Analysis of the levels of 13CxDy labeled modifica-
tions after 15 hours.    
 
 To assess the stability of this novel RNA modi-
fication in relation to C, m5C and hm5C we determined 
the levels of 13CxDy-labeled modifications after 15 h, 
from our previous time decay study. As shown in Figure 
3 (right), around 50% of all hm5Cm are still 13C2D5-
labeled after a complete HEK293T cell cycle. This is 
comparable to that observed for rC (45%) and m5C 
(50%), two residues that we identified as highly stable.  
In contrast, 13CD2-hm5C accounts for only 29% of all 
hm5C residues after 15 hours. These data demonstrate 
that hm5Cm is a stable modification. To unequivocally 
establish hm5Cm as a novel RNA modification, we syn-
thesized a reference standard for hm5Cm by sodium per-
sulfate-mediated oxidation of commercially obtained 
m5Cm16 and performed quantitative LC-MS/HRMS 
analysis of total RNA samples form a variety of organ-
isms. Thereby, we measured the abundance of m5C, 
hm5C, m5Cm, and hm5Cm (Figure 4). We selected 
HEK293T cells and murine brain tissue as human and 
mammalian examples, respectively. Furthermore, we 
chose models with previously reported low (C. elegans), 
high (A. thaliana) and undetermined (D. melanogaster) 
absolute levels of hm5C.5,17 As shown in Figure 5, we 
measured hm5C levels that agreed with those previously 
described by us and others.5,6 A. thaliana RNA exhibited 
the highest hm5C levels (130 ppm), while C. elegans 
RNA showed the lowest (< 10 ppm). While the presence 
of hm5C in D. melanogaster total RNA was previously 
demonstrated by dot blot experiments, we could not ver-
ify these results by LC-MS/MS.17 On the other hand, we 
could readily observe the 2’-OH methylated form of 
hm5C, hm5Cm, in the latter organism. This may indicate 
that currently used antibodies cannot discriminate be-

tween hm5C and hm5Cm.17 In general, organisms exhib-
iting a very low or undetectable level of hm5C, actually 
showed a relatively high, detectable level of the 2’-OH 
methylated form, hm5Cm. In addition to D. melano-
gaster, this is exemplified by C. elegans, which contains 
30 ppm hm5Cm in total RNA. For the human cells and 
mouse brain the abundances of methylated and un-
methylated hm5C are comparable. These results suggest 
that oxidation of C5-methylated cytidines (m5C and/or 
m5Cm) is a widespread process and eukaryotes seem to 
largely select for either 2’-OH methylated or unmetylat-
ed derivative with only mammalian RNA containing 
both forms of C5-hydroxymethylation (hm5C and 
hm5Cm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. The abundance of m5C and its derivatives as 
determined by quantitative LC-MS/HRMS.  
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Whilst further studies are required to fully discern the 
function of hm5Cm, it should be noted that methylation 
of 2’-hydroxyl groups in tRNA molecules has been pre-
viously observed to occur at the first position of the anti-
codon to promote codon-anticodon interaction.18 Fur-
thermore 2’-O-methylation can block the ability of the 
2’-position of the nucleoside to serve as a proton donor 
and therefore prevents RNA hydrolysis, increasing the 
lifetime of the RNA.19 We therefore propose that hm5Cm 
may promote the stability of tRNAs themselves and the 
stability of duplex formation with complementary RNA 
molecules. It is noteworthy that the oxidative derivative 
of hm5Cm, 2’-O-methyl-5-formylcytidine is already 
known to be present at the wobble position of cytoplas-
mic tRNAs.20 
 
 
 
 
 
 
 
 
 
 
Figure 5. The abundance of hm5C and hm5Cm as deter-
mined by quantitative LC-MS/HRMS in mouse embryonic 
WT and TET triple KO stem cells.  
 
The TET family of enzymes was previously reported to 
be capable of oxidizing m5C to hm5C in RNA both in 
vitro and in vivo.6,17  To shed light on whether hm5Cm is 
also TET-dependent, we measured its levels in TET tri-
ple knockout (TKO) mouse embryonic stem cells that 
have been mutated in the catalytic domain of all three 
TET enzymes and therefore have no residual TET activi-
ty. (Figure 5).21 Interestingly, as we show here, hm5Cm 
is not TET-dependent. RNA obtained from TET wild 
type and TET TKO cells show equal amounts of the 2’-
O-methylated version of hm5C. This shows that hm5Cm 
is generated by an enzyme other than TET, which is in 
accordance with the findings that hm5Cm is highest in 
organisms that do not express TET (C. elegans) or ex-
press TETs at a reduced level (D. melanogaster). 
 In conclusion, we have identified a novel deriv-
ative of C5-methylated ribonucleosides in RNA from 
mammalian cells, tissue and several organisms. The ex-
act functional roles of hm5C and hm5Cm and the rela-
tionship between them will be the subject of future stud-
ies.  
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Materials: 

 

2'-O-methyl-5-methylcytidine was obtained from Carbosynth Limited. 1,3-15N2-cytidine was obtained 
from commercial 15N2-urea (Sigma) according to procedures previously reported by us.[1] All solvents 
and reagents were purchased from Sigma Aldrich or Fisher Scientific and used as received. TLC was 
performed on ALUGRAM SIL G/UV254 (Macherey-Nagel) pre-coated TLC sheets. Flash chromatog-
raphy was carried out using CombiFlash Rf (Teledyne Isco) with puriFlash columns (Interchim). 1H-
NMR and 13C-NMR spectra were recorded on a Bruker DRX-500 instrument and are referenced to the 
residual solvent peak. Chemical shifts are quoted in parts per million (ppm) using the following abbre-
viations: s, singlet; d, doublet; t, triplet; m, multiplet; br, broad. The coupling constants (J) are measured 
in Hertz. High resolution mass spectra (HRMS) were recorded on a Vion IMS QTof (Waters) mass 
spectrometer.  

Synthesis 2'-O-methyl-5-hydroxymethylcytidine 
 

 

 

 

 

 

 

 

2'-O-methyl-5-methylcytidine (90 mg, 0.33 mmol) was suspended in sodium phosphate buffer (9 ml, 0.1 
M, pH 7.4). Sodium persulfate (79 mg, 0.33 mmol) was added and reaction mixture was heated at 75 °C 
for 4 h.[2] The reaction mixture was concentrated under reduced pressure. The crude product was puri-
fied by flash chromatography using a silica gel column (10–22 % methanol in dichloromethane) to af-
ford the product 2'-O-methyl-5-hydroxymethylcytidine as white solid (17 mg, 0.06 mmol, 18 %). Rf = 
0.4 (CH2Cl2/MeOH 8:2);  

 

1H NMR (500 MHz, DMSO-d6): δ = 7.86 (s, 1H, H-C(6)), 7.39 (br, 1H, H(a)-N(4)),  6.60 (br, 1H, 
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H(b)-N(4)), 5.86 (d, J = 4 Hz, 1H, H-C(1')), 5.10 (t, J = 5 Hz, 1H, OH-C(7)), 5.05 (d, J = 6 Hz, 1H, OH-
C(3')), 4.98 (t, J = 5.5 Hz, 1H, OH-C(5')), 4.17 (d, J = 5 Hz, 2H, H2C(7)), 4.06-4.05 (m, 1H, H-C(2')), 
3.83-3.80 (m, 1H, H-C(3')), 3.69-3.64 (m, 2H, H2C(5')), 3.58-3.54 (m, 1H, H-C(4')), 3.38 (s, CH3-O 
(2')). 

 

13C NMR (125 MHz, DMSO-d6): δ = 164.5 (C(4)), 155.0 (C(2)), 139.3 (C(6)), 105.9 (C(5)), 86.9 
(C(1')), 84.3 (C(2')), 83.2 (C(3')), 68.1 (C(4')), 60.4 (C(5')), 57.5 (C(7) and C-O(2')). 

 

HRMS: m/z calcd. for C11H17N3O6 [M]+ = 287.1117, found =

 287.1106 
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Sources of model organisms: 
 

Mouse brain tissues were obtained from 62 days old C57BL/6J (JAX mice strain) 
male mice. A. thaliana total was obtained from Prof Baulcombe (University of Cam-
bridge) and D. melanogaster was provided by Prof St Johnston (Cambridge Universi-
ty). Mouse embryonic stem (ES) cells and mouse ES cells with the depletion of all 
three Tet genes were described elsewhere.[3] HEK293T cells were cultured in Dulbec-
co’s Modified Eagle Medium (Life Technologies) supplemented with 10% fetal bo-
vine serum, penicillin (100 U/ml), and streptomycin (100 g/ml) at 37 °C in 5% CO2 
atmosphere. The cells were isolated for RNA extraction at a confluence level of 75% 
by trypsinisation followed by centrifugation. The resulting cell pellet was washed 
twice with PBS before the addition of TRI reagent for RNA isolation. C. elegans 
(wild-type strain var. Bristol N2)[4] were grown under standard conditions at 20 °C.   

 

 

Isotopic labelling of HEK293T cells: 
 

HEK293T cells were cultured in methionine- and cystine-free Dulbecco’s Modified 
Eagle Medium (DMEM) (Life Technologies) supplemented with 10% dialysed fetal 
bovine serum, penicillin (100 U/ml), streptomycin (100 g/ml), L-13CD3-methionine 
(30 mg/L), and L-cysteine-HCl at 37 °C in 5% CO2 atmosphere. After 5 days the 
heavy methionine medium was removed and the cells were washed twice with ice-
cold PBS. DMEM (Life Technologies) supplemented with 10% fetal bovine serum, 
penicillin (100 U/ml), streptomycin (100 g/ml) and 15N2-cytidine (100 M final con-
centration) was subsequently added and cells were subsequently harvested by trypsi-
nation and centrifugation in hourly intervals over a period of 15 h. 

 

 

Total RNA isolation: 
 

0.2 ml of chloroform was added per ml of TRIsure used. The sample was shaken vig-
orously for 15 seconds, allowed to stand for 5 minutes at room temperature and cen-
trifuged at 12,000 x g for 15 minutes at 4 °C. The aqueous phase was transferred to a 
fresh tube and 0.5 ml of 2-propanol was added per ml of TRIsure used in the sample 
preparation. The sample was allowed to stand 10 minutes at room temperature and 
centrifuged at 12,000 x g for 10 minutes at 4 °C to precipitate the RNA at the bottom 
and side of the tube. The supernatant was removed and the RNA pellet was washed 
with 75 % ethanol, air-dried and redisso- vled in nuclease-free water. Total RNA 
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was then purified using RNA Clean & Concentrator (Zymo Research).  

 

Small/large RNA fractionation: 
 

Total RNA was fractionated into small (< 200 nt) and large (> 200 nt) RNAs either 
using the Quick-RNA MiniPrep kit (Zymo Research) according to the manufacturer’s 
instructions or gel electrophoresis. In the ladder, total RNA and a low range ssRNA 
ladder (NEB) were run on a 15 % Novex TBE-urea gel (Life Technologies) for 60 min 
at 180 V. The ladder was excised from the gel, stained with CYBRGold and visual-
ised under UV. Gel sections of the corresponding RNA bands of interest were excised 
from an unstained gel and RNA was eluted by overnight agitation at 4 °C in gel elu-
tion buffer (0.3 M NaCl, 0.25 % SDS, 1 mM EDTA (pH 8)). RNA was precipitated 
using isopropanol, washed with 75 % EtOH, air-dried and redissolved in water.  

 

Figure S1: Representative Agilent TapeStation electropherogram of small (< 200 nt) 
RNA fraction.  

 

RNA digestion: 
 

Digestion enzyme master mix was prepared by combining benzonase (250 U/μl, 
0.625 μl, Sigma Aldrich), phosphodiesterase I from Crotalus adamanteus venom (10 
mU/μl, 10 μl, Sigma Aldrich) and Antarctic phosphatase (5 U/μl, 20 μl, NEB). Aque-
ous solutions of total RNA (1 μg in 13.25 μl final volume) were mixed with 5x diges-
tion buffer (5 μl, Tris-HCl pH 8 (20 mM), MgCl2 (20 mM), NaCl (100 mM)) and di-
gestion enzyme stock solution (0.5 μl) and water (6.25 μL), followed by incubation at 
37 °C for 14 h. The nucleoside mixture was subsequently cleaned-up by filtration 
over Amicon Ultra 0.5 ml (10 kDa MWCO, Merck-Milipore) spin col-
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umns. 

 

LC-MS/MS analysis: 
 

Quantitative LC-MS/MS analysis was carried out using an Ultimate3000 UPLC sys-
tem (Thermo Scientific) coupled to a QExactive quadrupole orbitrap hybrid mass 
spectrometer (Thermo Scientific). LC was performed using a Waters Acquity UPLC 
HSS T3 column (100 x 2.1 mm, 1.8 μm particle size) kept at 50 °C, applying a gradi-
ent starting at 100% of 0.1% formic acid in water followed by increasing proportions 
of 0.1% formic acid in acetonitrile up to 15%, at a flow rate of 300 μl/min over 3 min. 
An additional 2 min were used to wash and re-equilibrate the column under the start-
ing conditions. The MS was operated using positive electrospray ionisation in multi-
ple reaction monitoring (MRM) mode to measure the analytes listed in Table 1 and 
the available internal standards, [2-13C, 1,3-15N2]-cytidine, 5-[methyl-D3]-[6-D]-
cytidine and 5-hydroxymethyl-[2-13C, 1,3-15N2]-cytidine.[1] The transitions and prod-
uct ions used for these measurements are listed in Table 1. Calibration lines were pre-
pared for all analytes in the range of 0.05 - 50,000 nM using 9 calibration points. Data 
was processed using AB Sciex Multiquant (Ver. 2.1.1) or Thermo Xcalibur Quan-
browser (Ver. 2.2.44) selecting for either external calibration (hm5Cm and m5Cm) or 
internal calibration for those analytes with available SIL standards (C, m5C and 
hm5C). Sample concentrations for each analyte were then back calculated from their 
respective calibration curves. 

 

 

analyte parent ion [M+H]+ fragment ion [M+H]+ 

C 244 112.05054 

m5C 258 126.06619 

hm5C 274 142.06110 

f5C 272 140.04545 

hm5Cm 288 142.06110 

m5Cm 272 126.06619 

13C15N2-C 247 115.04796 

D4-m5C 262 130.09130 
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Table S1: Analytes and their transitions used for LC-MS/MS analysis.  

13C15N2-hm5C 277 145.05853 

13CD3-m5C 262 130.08837 

13CD2-hm5C 277 145.07701 

15N2-m5C 260 128.06026 

15N2-hm5C 276 144.05517 

15N2-hm5Cm 290 144.05517 

13C2D5-hm5Cm 295 145.07701 
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rC [%] m5C [%] hm5C [%] hm5Cm [%] 

BR1 BR2 BR1 BR2 BR1 BR2 BR1 BR2 

45 45 51 49 29 30 53 48 

 

Table S2: The percentage levels of 13CxDy labeled rC, m5C, hm5C and hm5Cm in 
RNA from HEK293T cells 15 hours after removal of  L-13CD3-methionine and addi-
tion of unlabelled L-methionine and 1,3-15N2-cytidine.  

 

 

 

Origin m5C [ppm] hm5C [ppm] 

 BR1 BR2 BR3 BR1 BR2 BR3 

D. melanogaster 8930 8910 8890 BLD BLD BLD 

A. thaliana 8490 8730 8550 131 135 130 

C. elegans 3370 3250 2290 BLQ BLQ BLQ 

HEK293T 5190 5560 5300 9.50 8.50 11.60 

mouse brain 11,700 11,580  53.10 47.60  

 

Origin m5Cm [ppm] hm5Cm [ppm] 

 BR1 BR2 BR3 BR1 BR2 BR3 

D. melanogaster 87.30 83.60 76.00 120.30 131.50 132.40 

A. thaliana BLD BLD BLD 0.50 0.60 0.70 

C. elegans 0.60 0.50 0.20 33.80 38.60 17.30 

HEK293T 1.00 1.20 1.00 9.60 14.30 12.00 

mouse brain 3.70 3.00 na 70.70 69.50 na 
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Table S3: The levels (ppm of total C) of m5C, hm5C, m5C and hm5Cm in total RNA 
samples isolated from different eukaryotic model organisms and HEK293T cells. 3 
biological replicates (BR) were measured. BLD = below limit of detection, BLQ = 
below limit of quantification, na = not available.  

 

 

 

 WT mouse ES cells TET 3 KO mouse ES cells 

 BR1 BR2 BR3 BR1 BR2 BR3 

hm5C 26.8 25.1 28.30 12.5 9.60 150 

hm5Cm 103.3 77.40 106.2 100.00 85.80 108.6 

 

Table S4: The levels (ppm of total C) of hm5C and hm5Cm in total RNA samples iso-
lated from TET wildtype or TET triple knockout embryonic stem cells. 3 biological 
replicates (BR) were measured. 

 

 

 

Figure S1: The levels (ppm of total C) of hm5C and hm5Cm in total RNA samples 
isolated from different HEK293T RNA fractions. 3 biological replicates (BR) were 
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measured. 
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1H-NMR 2'-O-methyl-5-hydroxymethylcytidine: 
 

 

 

 
 

 

 

 

 

 

 

13C-NMR 2'-O-methyl-5-
hydroxymethylcytidine: 
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