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Cellular RNAs can be chemically modified in over a hundred 
different ways, and such modifications have been recently 
deemed important post-transcriptional regulatory features1–3. 

Despite the fact that so many RNA modifications have been docu-
mented4, our understanding about their regulation and function is 
still limited, especially for messenger RNAs (mRNAs), due to the 
technical limitations in accurately locating most modifications 
genome-wide5. For example, we and other groups have shown 
the difficulty in removing false positives and identifying genuine 
adenosine-to-inosine (A-to-I) modification in RNA-sequencing 
data6–10. 5-methylcytosine (m5C) is one of the longest-known RNA 
modifications and is mediated by the DNMT2 and NSUN meth-
yltransferase family11. Previous studies showed that m5C is present 
in diverse RNA species. m5C in transfer RNAs (tRNAs) is involved 
in translational regulation by affecting tRNA stability and transla-
tional fidelity11,12, as well as by controlling formation of the tRNA 
fragment that regulates protein synthesis13. m5C also occurs in ribo-
somal RNA (rRNA) and is involved in the quality control of ribo-
some biogenesis14,15. More importantly, the regulatory role of m5C in 
mRNAs is beginning to be revealed. Recent studies have indicated 
that mRNA m5C regulates the structure, stability and translation 
of mRNAs16–19. The fate of m5C-modified mRNAs can be regulated 
by the reader protein of m5C20. Moreover, the mRNA m5C level has 
been shown to be mis-regulated in pathological contexts21.

Several methods have been applied in the identification of mRNA 
m5C sites. m5C RNA immunoprecipitation (RIP) could provide a 
global view of m5C map, and Aza-IP22 and miCLIP23 have been used 
to identify the m5C map of NSUN2; however, these methods cannot 
reach single-base resolution. Additionally, the ability of these methods 
to identify mRNA m5C may have been limited because the mRNA was 
not enriched before sequencing. Similar to m5C in DNA24, RNA m5C 
persists to sulfonation and can also be determined by bisulfite treat-
ment. Thus, RNA bisulfite sequencing (BS-seq) on enriched mRNA 
is a better choice to identify and quantify mRNA m5C25. A few studies 
have used RNA BS-seq and developed computational approaches to 
identify mRNA m5C at the transcriptome level20,26–30. However, variable  

results have been observed, and the number of putative mRNA m5C 
sites varies 1,000-fold between studies. Among them, three studies 
mapped up to 10,000 sites in one tissue or cell type in mammals20,26,29. 
However, these studies could not define a common set of substrate 
mRNAs or consensus methylation target sequences, indicating 
that some of the results were influenced by incomplete conversion 
of structural RNAs or improper analysis of the sequencing data. A 
recent study, instead, suggested that mRNAs were found to be very 
sparsely methylated or not methylated at all28. Thus, a major challenge 
in mRNA m5C studies is to develop an experimental and computa-
tional framework that can distinguish true mRNA m5C events from 
noise and reveal the landscape and feature of mRNA m5C.

Results
Evaluation of RNA bisulfite treatment conditions for cytosine 
conversion and m5C level quantification. As m5C is generally 
believed to be less abundant in mRNAs than in rRNAs or tRNAs, 
it is important to achieve a high conversion rate to remove false-
positive sites due to incomplete deamination. To develop a robust 
BS-seq library construction protocol, we selected the EZ RNA 
methylation kit as our starting point and modified the conversion 
steps to achieve a high conversion rate (Methods). We tested three 
different conversion conditions (low-, medium- and high-strin-
gency conditions, see Supplementary Table 1 and Methods) using 
poly(A)-selected RNAs. The unmethylated RNA control mixes 
developed by the External RNA Controls Consortium (ERCC) 
were spiked into the poly(A)-selected RNAs to assess the conver-
sion rate for transcripts of dynamic range. ERCC mixes contain 
pre-formulated blends of 92 transcripts of 250–2,000 nucleotides 
(nt) in length, which mimic natural eukaryotic mRNAs with sec-
ondary structures. Moreover, they span an approximately 106-fold 
concentration range. Next, we characterized our experimental 
method by analyzing both the ERCC mixes and poly(A)-selected 
RNAs. Reads were mapped to the genome by HISAT2 and were sub-
sequently mapped to the transcriptome by Bowtie2 (Supplementary 
Fig.  1a and Supplementary Note 1). First, we found that the  
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overall conversion rates with different conditions ranged from 
93% to 99.9% (Fig. 1a and Supplementary Table 2) and the high-
stringency condition reached an average conversion rate of 99.8%. 
Second, the coverages of ERCC mixes were correlated with their 
concentrations (Supplementary Fig. 1b). No obvious coverage dif-
ference was observed between different conversion conditions 
for most transcripts, indicating that the additional heat treatment 
in high-stringency condition did not have a notable effect on the 
integrity of sequenced transcripts. Third, in the high-stringency 
condition, the conversion rates were equal for ERCC mixes with 
different concentrations (Fig. 1b); thus, this bisulfite treatment con-
dition could fully convert the unmethylated cytosines (Cs) in the 
transcripts with dynamic expression ranges.

To confirm that the quantification of m5C level under the high-
stringency bisulfite treatment condition is accurate, we generated 
in vitro–transcribed m5C and non-m5C transcripts, spiked into the 
poly(A)-selected RNA samples and measured ratios in prepared 
mixtures using RNA BS-seq. We found that the observed m5C fre-
quency is highly consistent with the expected frequency (Fig. 1c and 
Supplementary Fig. 1c), particularly when the m5C level is >5%.

The source of noise in BS-seq. We next sought to identify sources of 
noise in BS-seq data by characterizing the conversion rate, m5C site 
distribution and raw reads of each gene using BS-seq data generated by 
others and us (Supplementary Fig. 2a,b and Supplementary Note 2).  

We found that the conversion rates of individual genes varied and 
some were much lower than the overall conversion rate (Fig. 2a and 
Supplementary Fig. 2c). So, the statistical test with a single represen-
tation of conversion rate, which was used in previous BS-seq analysis, 
was inadequate to remove false positives. Furthermore, we observed 
that 52–87% of the putative m5C sites reported from previous stud-
ies20,29 were clustered in specific genes (Supplementary Fig. 2d) and 
were called from reads with multiple non-converted Cs (C-reads) 
(Supplementary Note 3). In addition, the clustered sites and 
C-reads varied among studies (Fig. 2b and Supplementary Note 3).  
These results indicate that reads with multiple non-converted Cs 
were probably generated due to the conversion failure, thus they 
need to be removed using a carefully designed computational filter.

Since there is no knowledge about whether and to what extent 
the real m5C sites are clustered, the parameter of C-reads filter 
could only be experimentally estimated. Here, we used m5C RIP–
sequencing (RIP-seq) with in vitro–transcribed m5C transcripts to 
determine this parameter. We first confirmed the feasibility and the 
specificity of m5C pulldown using dot blot and m5C RIP real-time 
PCR (rtPCR) (Supplementary Note 4 and Supplementary Fig. 3a–e). 
Next, we performed m5C RIP-seq using fragmented HEK293T and 
HeLa mRNAs (Supplementary Table  3). The in  vitro–transcribed 
m5C and non-m5C transcripts were spiked into HeLa mRNA for 
m5C RIP-seq (Methods). Reads were mapped, each gene was split 
into the 100-nt sliding windows and an enrichment fold was calcu-
lated for each window, as previously described31. We found that over 
the 784,372 and 697,964 mRNA windows examined in HEK293T 
and HeLa cells, fewer than ten windows had an enrichment fold 
greater than that of the in vitro–transcribed transcripts with 5 m5C 
sites (Fig. 2c,d and Supplementary Fig. 3f). Additionally, although 
the low affinity of anti-m5C antibody prevents it from calling indi-
vidual m5C peaks directly, the windows with non-clustered m5C 
sites tended to have higher enrichment folds compared with the 
non-m5C control windows (Fig. 2e and Supplementary Fig. 3g,h). 
In contrast, no such difference was found for the windows with 
clustered sites (Fig. 2e and Supplementary Fig. 3g,h). These results 
together indicate that the sites called from C-reads (for example, 
150 base pair (bp) reads with multiple Cs) were false-positive  
sites and were derived from the bisulfite treatment–resistant 
regions, which laid the foundation for the C-cutoff filter of our  
pipeline below.

The computational pipeline for m5C discovery in mRNAs. Next, 
we developed a computational pipeline to accurately identify mRNA 
m5C sites (Fig. 2f and Methods). The characteristic features that dis-
tinguish our approach are (1) the careful design of read preprocess-
ing and mapping steps; (2) the incorporation of the Gini coefficient 
to determine the C-cutoff to remove reads with Cs (Supplementary 
Fig. 4a and Supplementary Note 5); (3) the signal ratio filter to eval-
uate the conversion status of a region and further remove false-pos-
itive sites in bisulfite treatment–resistant regions (Supplementary 
Fig. 4b–d and Supplementary Note 6); (4) the identification of sta-
tistically significantly methylated sites with binomial P values on the 
basis of the gene-specific conversion rate; (5) the exclusion of genes 
with low conversion rates; and (6) the choice of Stouffer’s method to 
calculate the combined P value for biological replicates, which gives 
high specificity. These analysis steps were designed to remove false 
discoveries caused by errors introduced during the construction 
and sequencing of BS-seq libraries, stochastic process in bisulfite 
conversion, incorrect mapping of short reads and conversion failure 
in bisulfite treatment–resistant regions.

Pipeline verification and the identification of sequence and struc-
tural features of mRNA m5C. To verify our computational pipeline, 
we first applied it to the BS-seq data from HeLa NSUN2-knockdown 
and control samples20, as NSUN2 significantly affects the mRNA 
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Fig. 1 | The evaluation of BS-seq library construction protocols with 
different reaction conditions. a, Comparison of conversion rates estimated 
by ERCC mixes or all annotated genes between libraries constructed 
using different conversion conditions. We integrated all libraries that were 
constructed in this study for analysis. Samples constructed using low-
stringency conditions, HEK293T cells; medium-stringency conditions, 
HEK293T cells and multiple mouse tissues (n = 14); high-stringency 
conditions, HEK293T cells, multiple mouse and human tissues (n = 17). 
Center line represents the mean and error bars indicate standard deviation. 
Annot., all genes from Ensembl annotation. b, Boxplot for conversion rates 
of ERCC mixes in samples treated using high-stringency condition. ERCC 
mixes on the x axis are sorted by concentration. Only ERCC transcripts with 
C-position coverage of ≥1,000 were used for the analysis. Box boundaries 
represent 25th and 75th percentiles; center line represents the median; 
whiskers indicate ±1.5× interquartile range (IQR). c, In vitro–transcribed 
transcripts with either m5Cs or Cs were mixed at different frequencies 
(1%, 2%, 5%, 10%, 20%, 40%, 60%, 80% and 100%). Colors indicate 
different m5C sites. R2, squared Pearson correlation coefficient between the 
expected values and the observed values.
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m5C levels in HeLa cells, based on mass spectrometry results20. Of 
the sites called using our method, 61.8% had significantly decreased 
m5C levels in the knockdown sample (Fig. 3a), suggesting that these 
were real m5C sites and NSUN2 dependent. The proportions of the 
sites with significantly decreased m5C levels after NSUN2 knock-
down were greatly increased using our filters (Supplementary 
Fig. 4e). As expected, no m5C level change was observed for the clus-
tered sites (Fig. 3b), and the proportion of the sites with significantly 
decreased m5C levels after NSUN2 knockdown was negatively cor-
related with the cluster status of a site (Supplementary Fig. 4f).

Remarkably, a strong 3′ G-rich triplet (3′ NGGG) motif was 
found in NSUN2-dependent sites (Fig. 3c), indicating a previously 
unknown sequence preference of NSUN2. Further, a 3′ TCCA 
motif was observed in NSUN2-independent sites (Fig. 3c). Among 
the known RNA methyltransferases expressed in HeLa cells, only 
NSUN2 seemed to regulate mRNA m5C (Supplementary Fig. 5 and 
Supplementary Note 7), indicating the presence of one or more 
unknown mRNA methyltransferases with a 3′ TCCA motif pref-
erence. Next, we analyzed the local structure of the putative m5C 
sites. We found that the clustered sites tended to be located in the 
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HEK293T sample using high-stringency conditions. Genes with two coverage cutoffs are shown: >1,000 (gray) and >10,000 (blue). Overall conversion 
rate (orange) and conversion rate estimated by ERCC mixes (red) are indicated with dashed lines. A zoomed inset is also shown. b, Gini coefficients 
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and Legrand et al.28, five mouse samples. c, Fold change of spike-in transcripts between immunoprecipitation and input. Seven 100-nt oligos containing 
different numbers of Cs were transcribed with cytidine triphosphate (CTP) or 5-methyl-cytidine triphosphate (m5CTP). The control oligo containing 23 
Cs was transcribed only with CTP. These in vitro–transcribed transcripts were spiked into the fragmented mRNA for RIP-seq. d, Winscore distribution of 
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mapped reads (RPKM) values of ≥1 in the input were used for analysis. The P value was determined using a one-sided Kolmogorov–Smirnov test.  
f, Schematic diagram of the RNA bisulfite sequencing analysis pipeline. C + T, cytosine and thymine.
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stem region (Fig. 3d,e), which is probably resistant to bisulfite treat-
ment. Both NSUN2-dependent sites and NSUN2-independent sites 
showed distinct structural preferences; they tended to be located at 
the 5′ end and the loop region of a stem–loop structure, respectively 
(Fig. 3d,e). It is known that NSUN2 methylates specific positions 
(C48, C49 and C50) in the vast majority of the tRNAs in humans and 
mice32. We examined the sequence and structure of these NSUN2-
specific m5C sites in tRNAs and found that they were also located in 
the 5′ end of a stem region and had a 3′ G-rich triplet motif (Fig. 3f). 
Furthermore, when we projected the predicted secondary structure 
of the mRNA m5C flanking region onto a tRNA model (Methods), 
we found that the structure of NSUN2-dependent sites mirrors 
the structure of NSUN2-specific m5C flanking region in tRNAs 

(Fig. 3g). To rule out the possibility that the m5C sites with the 3′ 
G-rich triplet motif were derived from contaminating tRNAs that 
had been incorrectly mapped to the mRNA sequences, we extracted 
all reads that cover the mRNA m5C sites and mapped them to the 
tRNA sequences. We found that very few reads could be mapped 
to the tRNA sequences (Supplementary Fig. 6). These data suggest 
that the primary nucleotide sequence and the secondary structure 
together shape the landscape of mRNA m5C targets.

To evaluate the performance of our method and to carry out a 
fair comparison with other methods, we applied methods from oth-
ers and us to the BS-seq data of HeLa NSUN2-knockdown and con-
trol samples. Compared with Amort et al.’s method29 and Yang et al.’s 
method20, our method had a much higher accuracy, reflected by the 
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higher percentage of downregulated sites after NSUN2 knockdown 
(Fig. 3h). Compared with Legrand et al.’s method28, ours identified 
twice as many sites with comparable accuracy (Fig. 3h). Both our 
method and Legrand et al.’s method28 used a C-cutoff filter to remove 
non-converted C-reads, which are the major noise in BS-seq data. 
Legrand et al. used an arbitrary C-read cutoff (C-cutoff <3), regard-
less of the read length and BS-seq data quality28. Instead, we used the 
Gini coefficient to determine C-cutoff, which takes the variability 
of BS-seq library-construction protocol into account. Also, we pro-
vided experimental support for use of the C-cutoff filter.

To further validate that the mRNA m5C sites called using our 
pipeline were real, we generated an NSUN2-knockout HeLa cell line 
via CRISPR-Cas9-induced mutagenesis. This mutant cell line has a 

frameshift deletion in the Nsun2 coding sequence (CDS) region that 
results in an enzymatically dead truncated protein (Supplementary 
Fig. 7a–c). We found that 92% of the m5C sites identified in wild-
type HeLa cells were not methylated (m5C level < 5%) in the knock-
out cells (Fig.  4a and Supplementary Table  4), confirming these 
sites are indeed NSUN2 dependent. We further performed a res-
cue experiment by transiently expressing wild-type NSUN2 in the 
knockout cells, which rescued the methylation of some sites (Fig. 4a, 
Supplementary Fig. 7d and Supplementary Table 4). Similar to the 
knockdown data above, the sites that were not methylated in the 
mutant or rescued by the exogenously expressed NSUN2 had the 3′ 
G-rich triplet motif and tended to be located at the 5′ end of a stem–
loop structure (Fig. 4b,c), resembling the feature of NSUN2 tRNA 
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substrate. In contrast, a strong 3′ TCCA motif and loop-region pref-
erence were found in the sites that were methylated in the NSUN2-
knockout cells (Fig. 4b,c). We also validated that the mouse mRNA 
m5C sites we called were real by examining the BS-seq data from the 
skin samples of wild-type and NSUN2-knockout (Nsun2−/−) mice13. 
Because these BS-seq libraries were not constructed using poly(A)-
selected RNAs, only a small fraction of the reads was mapped to the 
mRNAs. Of the 56 mRNA sites that were covered and methylated in 
either wild-type mice or Nsun2−/− mice, most sites were methylated 
in wild-type mice but not in Nsun2−/− mice (Fig.  4d). Consistent 
with that, the NSUN2-dependent sites had a 3′ G-rich triplet motif 
(Fig.  4d). In contrast, a site with high-level methylation (NSUN2 
independent) in Nsun2−/− mice contained a 3′ TCCA motif (Fig. 4d). 
These results highlight the accuracy of our approach and the motif 
conservation of NSUN2 mRNA targets between humans and mice.

Global characterization of mRNA m5C and the effect of CDS 
m5C sites on translation. Using our method, we next examined 
the landscape of RNA m5C sites in mammals. We profiled BS-seq 
libraries constructed from seven types of human tissue and 11 
types of mouse tissue. For each tissue type, at least two biological 
replicates were used for high-confidence site calling. The high-
confidence sites shared between replicates typically had a higher 

methylation level, while the sites unique to one replicate had a much 
lower methylation level and their numbers varied among samples 
(Supplementary Fig. 8). In total, we compiled comprehensive lists 
of 3,212 (5′ untranslated region (UTR), 461 sites; CDS, 1,353 sites; 
3′ UTR, 1,000 sites; and non-coding RNA (ncRNA), 398 sites) and 
2,498 (5′ UTR, 411 sites; CDS, 1,080 sites; 3′ UTR, 762 sites; ncRNA, 
245 sites) high-confidence exonic sites in human and mouse tissues 
(Supplementary Table 4). About 100–1,300 sites were identified in 
each tissue, partly dependent on sequencing depth (Supplementary 
Fig. 9a). The m5C sites were distributed throughout the gene body 
(Supplementary Fig. 9b–c). The 5′ UTR regions showed high m5C 
site density in both human tissues and mouse tissues, with ~200 
sites per megabase pair (Mb) of covered sequence length (covered 
by at least 20 reads). CDS regions had the lowest density (Fig. 5a). In 
addition, they were not clustered together (Supplementary Fig. 9d). 
Overall, the m5C sites spanned a wide range of methylation levels in 
different tissues (Fig. 5b). The median methylation level of mRNA 
m5C sites was about 15–18%. In any given tissue or cell type, about 
62–70% of the sites were lowly methylated (<20% level) and 8–10% 
of the sites were moderately or highly methylated (>40% level). 
Altogether, the maximum methylation level of 1,293 and 1,669 sites 
was <20%, and that of 227 and 211 sites was >40%, in human tissue 
and mouse tissue, respectively.

a

0.2 0.4 0.6 0.8 1.0

m5C level

0.0

0.2

0.4

0.6

0.8

1.0

C
um

ul
at

iv
e 

ra
tio Frontal cortex

Heart
Liver
Lung
Muscle
Spleen
Testis
HeLa
HeLa (siNSUN2)
HEK293T

0.2 0.4 0.6 0.8 1.0

Brain
Heart
Kidney
Liver
Lung
Muscle
Small intestine
Spleen
Testis, 3 week
Testis, 4 week

Human Mouseb c

d

e

UTR5 CDS UTR3

−4

−2

0

2

4

6

lo
g 2

(t
ra

ns
la

tio
n 

ef
fic

ie
nc

y) NS NS

Wild-type

Nsun2 –/–

0

20

40

60

80

100

P
ro

po
rt

io
n 

(%
)

CCA
GGG
GGC
GGA
GAG
GCG
AGG
Others

Human Mouse

log2(translation efficiency)

−3 −2 −1 0 1 2 3
0.0

0.2

0.4

0.6

0.8

1.0

C
um

ul
at

iv
e 

ra
tio

High (139)
Low (115)
Non-m5C

Asynchronous

−3 −2 −1 0 1 2 3

High (137)
Low (115)

Non-m5C

S phase

−3 −2 −1 0 1 2 3

High (135)
Low (116)

Non-m5C

M phase

log2(translation efficiency)

−2 −1 0 1 2 3
0.0

0.2

0.4

0.6

0.8

1.0

C
um

ul
at

iv
e 

ra
tio

High (141)
Low (119)
Non-m5C

G1 phase

−2 −1 0 1 2 3

High (127)
Low (109)
Non-m5C

S phase

−2 −1 0 1 2 3

High (138)
Low (114)
Non-m5C

M phase

***
* ***
* ***
*

**

*

* ***
*

P = 0.027

5′ UTR
CDS

3′ UTR
ncRNA

Human

5′ UTR
CDS

3′ UTR
ncRNA

Mouse

0

100

200

300

400

500

D
en

si
ty

Tes
tis

, 4
 w

ee
k

Tes
tis

, 3
 w

ee
k

Sm
all

 in
te

sti
ne

M
us

cle
Liv

er

Kidn
ey

Hea
rt

Bra
in

HeL
a 

(d
ec

re
as

ed
)

HeL
a 

(n
o 

ch
an

ge
)

HEK29
3T

Tes
tis

Sple
en

M
us

cle
Lu

ng
Liv

er

Hea
rt

Fro
nt

al 
co

rte
x

Fig. 5 | Global characterization of mRNA m5C and the effect of CDS m5C sites on translation. a, Densities of m5C sites for each indicated genic locations. The 
numbers of sites per 1 Mb of sequence covered by ≥20 reads are shown. Center line represents the median. Human samples, n = 10; mouse samples, n = 10.  
b, The distribution of m5C levels in human and mouse tissues and cells. c, Comparison of translation efficiency of m5C-containing genes between wild-type and 
Nsun2−/− mice. m5C-containing genes were grouped by the genic locations of the m5C sites. Genes with m5C sites in multiple genic locations were excluded. 
All mouse m5C sites identified in this study were used for analysis. P values were calculated using two-sided Kolmogorov–Smirnov test. NS, not significant; 
*P < 0.05. Box boundaries represent 25th and 75th percentiles; center line represents the median; whiskers indicate ±1.5× IQR. The number of genes analyzed 
(from left to right): 216, 169, 627, 511, 483 and 169. d, Comparison of translation efficiency between m5C and non-m5C genes in HeLa cells, using data from 
Park et al.34 (top) or Stumpf et al.35 (bottom). CDS sites were used for analysis. m5C genes with low-level (bottom third) or high-level (top third) methylation were 
analyzed separately. The number of m5C genes and non-m5C genes are indicated. P values were calculated using two-sided Kolmogorov–Smirnov test. *P < 0.05, 
**P < 0.01, *** P < 0.001. e, The downstream sequence preference of high-confidence m5C sites in human and mouse. The downstream triplets (+2 to +4) of 
m5C sites among human and mouse samples are shown. Only triplets that had a percentage over 5% in at least one out of ten human samples or eight mouse 
samples are highlighted. The tissues with >200 sites were used for analysis. The number of sites used for each tissue is shown in Supplementary Fig. 9a.
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Despite the fact that artificially introduced m5C in the bacterial 
mRNA CDS region can lead to a decreased yield of protein product 
in an in vitro–translation assay33, its effect has not been character-
ized in a mammalian system in vivo. To understand the effect of m5C 
methylation on translation in vivo, we analyzed ribosome profiling 
data from the skin samples of wild-type and Nsun2−/− mice13. We 
noted that genes containing m5C sites in CDS regions had increased 
translation efficiency in Nsun2−/− mice (Fig. 5c). In contrast, genes 
containing m5C sites in the 5′ UTR or 3′ UTR did not have such 
an effect (Fig. 5c). A similar observation was made using ribosome 
profiling data34,35 from HeLa cells (Fig. 5d). These results together 
indicate that m5C sites in CDS regions could negatively regulate the 
translation in vivo.

We also examined the sequence context of the m5C flanking 
regions. The context of our sites was distinct from that in previous 
studies (Supplementary Note 8). The 3′ G-rich triplet motif was 
consistently observed in multiple human and mouse tissues (Fig. 5e 
and Supplementary Fig. 6), indicating that NSUN2 is a major mRNA 
methyltransferase in multiple tissues. Notably, the 3′ CCA motif was 
also present in multiple human and mouse tissues (Fig. 5e).

Dynamic landscape and properties of m5C sites. Quantitatively, 
the methylation levels of m5C sites vary across tissues in both 
human and mouse. Sites that are constitutively methylated in mul-
tiple tissues were identified (Fig. 6a and Supplementary Fig. 10a,b); 
sites that were methylated exclusively or preferentially in only one 

tissue type were also present (Fig. 6a and Supplementary Fig. 10a,b). 
mRNA m5C methylation occurred more frequently in mouse muscle 
and heart than in other tissues (Fig. 6a). Genes encoding molecules 
with mitochondrial and transport functions were enriched with 
m5C-containing genes in mouse muscle and heart (Supplementary 
Fig. 10c), as well as with a high methylation level (Fig. 6b).

For example, complex I (NADH:ubiquinone oxidoreductase) 
is the first enzyme of the mitochondrial respiratory chain and is 
composed of 45 subunits in mammals36. Complex I is required 
for the generation of a transmembrane proton gradient used 
for ATP synthesis. Complex I is also a major source of damag-
ing reactive oxygen species, and its mis-regulation is associated 
with mitochondrial disease, Parkinson’s disease and aging36. 
We found that seven (NDUFS2, NDUFS3, NDUFS7, NDUFS8, 
NDUFA3, NDUFA10 and NDUFA11) of the 45 complex I sub-
units37 in mouse contained m5C sites (Fig. 6c). In particular, four 
of the five members of Q-module that bridged the matrix and 
membrane arms were involved in transfer of electrons along Fe-S 
clusters to ubiquinone containing m5C sites (Fig. 6c). In humans, 
five (NDUFB7, NDUFV3, NDUFS7, NDUFS8 and NDUFA11) 
of the 45 complex I subunits also contained m5C sites. Another 
interesting gene is the gene encoding voltage-dependent anion 
channel 1 (VDAC1). VDAC1 is the most abundant protein on the 
outer membrane of mitochondria. VDAC1 is the gatekeeper for 
the passages of metabolites, nucleotides and ions. VDAC1 plays a 
crucial role in regulating apoptosis and is important not only for  
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Fig. 6 | The profiles of mRNA m5C in human and mouse. a, Heatmap and dendrogram of m5C levels in human samples (left) and mouse samples 
(right). For each species, only sites with methylation levels of ≥10% in at least one sample were selected for analysis. The m5C levels were determined 
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metabolic functions of mitochondria but also for cell survival38. 
We found that mouse VDAC1 contains three sites that were 
highly methylated in muscle and heart. In summary, these data 
indicate that mRNA m5C may be important for mitochondrial 
function, particularly in organs that require the most energy, such 
as muscles and the heart.

Cis-directed regulation of RNA m5C across species. To under-
stand the evolutionary landscape of RNA m5C genome wide, we 
compared RNA m5C in human samples with that in mouse sam-
ples, focusing on sites that were conserved between the two spe-
cies. Seven common tissue types profiled in both human samples 
and mouse samples were selected, and a total of 525 conserved 
sites present in these tissues were used for principal component 
analysis (Methods). We found that the samples were grouped 
by species rather than by tissue type (Fig.  6d), suggesting that 
cis-acting elements exert a greater effect on RNA m5C than do 
trans-acting factors. This result parallels recent findings that RNA 
editing or RNA splicing is primarily cis-directed39–41 and is in 
sharp contrast to gene expression programs, which exhibit tissue-
specific signatures39,40.

Discussion
Although, in principle, m5C identification via RNA BS-seq is 
straightforward, in practice, the tools developed were insufficient 
to accurately identify m5C sites, due to the uneven conversion rates 
across the structural mRNAs and the computational complexity of 
analyzing reads with reduced sequence complexity and removing 
false positives. Here, we propose a discovery pipeline for m5C site 
identification. Our approach achieved high specificity by applying 
a high-stringency bisulfite conversion condition and developing a 
computational pipeline that implemented meticulous mapping and 
filtering steps to remove false positives. With our approach, we esti-
mated that the average density of mRNA m5C sites was about 100 
site per Mb in a given tissue or cell type in mammals. Among the 
mRNA m5C sites, more than half were methylated at a level of less 
than 20%, and about 10% were moderately or highly methylated 
at a level of more than 40%. Targeted bisulfite sequencing using a 
microfluidics-based multiplex PCR and sequencing, as previously 
described for RNA-editing quantification42, may further allow 
large-scale quantification of m5C modification in a cost-effective 
and efficient manner.

Despite recent efforts, no consensus methylation motif or struc-
tural feature was identified for mRNA m5C substrates, raising doubts 
about the validity and biological importance of most previously 
reported putative mRNA m5C sites. If mRNA m5C does represent 
an important regulatory mechanism, it is probably tightly regulated 
and has a specific sequence feature. Using a set of high-confidence 
sites, we revealed that the primary sequence context and the sec-
ondary structure together determined the landscape of mRNA m5C 
substrates. We found that NSUN2, as a major mRNA methyltrans-
ferase, targeted Cs at the 5′ end of a stem region that contained a 3′ 
G-rich triplet motif. The sequence and structural features of mRNA 
substrates were very similar to the sequence context of NSUN2-
specific tRNA methylation sites. In addition, we observed another 
group of mRNA m5C substrates that were located in the loop region 
of a stem–loop structure and harbored a 3′ TCCA motif. These m5C 
sites were not the substrates of known methyltransferases, raising 
the possibility of the presence of one or more unknown mRNA 
methyltransferases that need to be further investigated.

In summary, as the impact and functional importance of indi-
vidual mRNA m5C sites are recently emerging, our framework to 
reliably identify mRNA m5C sites paves the way for deeper under-
standing of this post-transcriptional process. In addition, the m5C 
maps we generated in human and mouse samples provide a valuable 
resource to help unravel the regulation and function of mRNA m5C.
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Methods
Sample collection. Seven types of human tissue from several donors were 
purchased from the Chinese Brain Bank Center, including frontal cortex, heart, 
liver, lung, muscle, spleen and testis. These tissues were collected post-mortem 
from individuals with no known medical history. The informed consent of 
human tissue samples was obtained from the patients’ families. We have complied 
with all relevant ethical regulation and the study protocols were approved by 
the Ethical Committee of Sun Yat-Sen University (SYSU). Samples were lysed 
and homogenized in TRIzol Reagent (Thermo) using Precellys evolution 
tissue homogenizer (Bertin). Total RNA was extracted using chloroform and 
isopropanol following the manufacturer’s protocol. The quality of the total RNA 
was determined by agarose gel electrophoresis. For each tissue type, two biological 
replicates with the best RNA quality were selected for RNA BS-seq.

Male and female C57BL/6J mice 8–10 weeks of age were purchased from the 
Laboratory Animal Center of SYSU. All experiments were performed at the Animal 
Center of SYSU, in accordance with the Guide for the Care and Use of Laboratory 
Animals. The study protocols were approved by the Ethical Committee of SYSU.

Cell culture. The HEK293T and HeLa cell lines were obtained from Cell Bank 
of Type Culture Collection of Chinese Academy of Sciences (CBTCCCAS). Both 
cell lines have been identity verified using short tandem repeat analysis and 
determined to be free from mycoplasma contamination by CBTCCCAS. Cell lines 
were maintained in DMEM (Gibco) supplemented with 10% FBS (HyClone).

Construction of NSUN2-knockout and rescue cells. NSUN2-knockout HeLa cells 
were generated via CRISPR-Cas9-induced mutagenesis. In brief, a single guide RNA 
(sgRNA) sequence (GAGCTCAAGATCGTGCCCGA) was designed using CRISPR-
ERA (http://CRISPR-ERA.stanford.edu). The sgRNA template oligonucleotide 
was synthesized and cloned into lentiCRISPR v.2 plasmid (Addgene no. 52961). 
The plasmid was transfected into HeLa cells using Lipofectamine 3000 (Thermo) 
following the manufacturer’s instructions. Transfected cells were selected using 
puromycin (1 μg ml−1, Sigma). A mutant clone that produced a 1-nt frameshift at 
position 177 of the coding sequence, leading to a premature stop codon at amino 
acid position 65, was selected for the experiments. The loss of NSUN2 protein 
expression was verified with NSUN2 Antibody (Proteintech, 20854) by western blot.

To construct NSUN2 expression plasmid, complementary DNA 
from HeLa cells was reverse transcribed using HiScript II Q Select 
RT SuperMix for quantitative PCR (qPCR) (Vazyme) and full-length 
NSUN2 CDS fragment was amplified with the following primers: 
5′-TGTCCTAGGATGGGGCGGCGGTCGC-3′ (forward) and 
5′-GATACCGGTTCACCGGGGTGGATGGACC-3′ (reverse). The NSUN2 
fragment was inserted into the AvrII and AgeI sites of the pCDH-3xFLAG vector 
to generate pCDH-3xFLAG-NSUN2 plasmid.

For the rescue experiment, NSUN2-knockout cells were plated in a six-well 
plate. Then, 3 μg of pCDH-3xFLAG-NSUN2 plasmid was transfected using 
Lipofectamine 3000 (Thermo) following the manufacturer’s instructions. After 
24 h, a second transfection was performed in the same way. Then, 48 h after the 
second transfection, proteins of the cells were collected to confirm the expression 
of NSUN2 with mouse anti-FLAG antibody (Sigma, F1804) by western blot. Total 
RNA of the cells was purified with TRIzol Reagent (Thermo) for RNA BS-seq.

mRNA preparation. Total RNA was isolated from tissues or cultured cells using 
chloroform and isopropanol following the manufacturer’s protocol. Polyadenylated 
RNA was separated from total RNA using either GenElute mRNA miniprepKit 
(Sigma-Aldrich) or Oligo dT Magnetic Beads (Vazyme).

RNA spike-in controls. ERCC RNA mixes (Thermo) were used as the external 
RNA control for RNA BS-seq. For each sample, 5 μl 1:50 diluted ERCC RNA mixes 
were added before bisulfite treatment.

To quantify m5C level on in vitro–transcribed transcripts, we generated m5C 
and non-m5C transcripts. An artificial dsDNA template (Oligo-5C/m5C) with 
5Cs was synthesized by the Synbio Tech company. In vitro transcription with 
cytosine or 5-methylcytosine was performed following the manufacturer’s protocol 
(Thermo, TranscriptAid T7 High Yield Transcription Kit). m5CTP was purchased 
from TriLink BioTechnologies, LLC. DNase I (Thermo) treatment was performed 
after transcription. RNA was recovered by the RNA Clean and Concentrator kit 
(Zymo Research). m5C and non-m5C RNAs were mixed at different ratios, then 
100 pg in vitro–transcribed transcripts were spiked into 1 μg mRNA for BS-seq. 
The sense strand sequence of the double-stranded DNA (dsDNA) template is listed 
in Supplementary Table 5.

For the dot blot, m5C RIP rtPCR, m6A RIP rtPCR and m5C RIP-seq 
experiments, the transcripts containing unmodified nucleotide, 6-methyladenine 
or 5-methylcytosine were transcribed in vitro from the dsDNA templates using 
TranscriptAid T7 High Yield Transcription Kit (Thermo). m6ATP and m5CTP 
were purchased from TriLink BioTechnologies, LLC. All sense strand sequences of 
the dsDNA templates are listed in Supplementary Table 5.

Dot blot. The in vitro–transcribed RNAs containing either m5C or C were 
denatured at 65 °C for 5 min and then spotted onto a nylon membrane (GE 

Healthcare). RNA was fixed onto the membrane by cross-linking in a UV 
Stratalinker at 200 mJ. After blocking with 5% BSA in Tris-buffered saline and 
Tween 20 buffer, the membrane was incubated with mouse anti-m5C monoclonal 
antibody (Diagenode, no. 15200003, 1:1,000) overnight at 4 °C. The membrane was 
then washed with 1× Tris-buffered saline and Tween 20, followed by incubation 
with HRP-conjugated goat anti-mouse monoclonal antibody (CST) at 1:10,000 for 
1 h at room temperature. The membrane was again washed and developed with 
ECL (Millipore). Loading was assessed by methylene blue (Sigma, M9140) staining 
of the membrane.

RIP rtPCR and RIP-seq. m5C RIP was performed as previously described43 with 
some modifications. In brief, polyadenylated mRNA was first fragmented with 
Magnesium RNA Fragmentation Module (NEB, E6150S) at 94 °C for 5 min and 
then cleaned up using ethanol precipitation. Then, 100 ng RNA was saved to 
serve as the input control and the rest was incubated with 5 μg anti-m5C antibody 
in immunoprecipitation buffer (150 mM NaCl, 0.1% Igepal CA-630, 10 mM 
Tris-HCl, pH 7.4) overnight at 4 °C. 60 μl protein G magnetic beads (Thermo, 
1004D) was pre-blocked with 0.5 mg ml−1 BSA at 4 °C for 2 h and then added for 
immunoprecipitation to m5C-Ab mixture at 4 °C for another 2 h. After washing 
with immunoprecipitation buffer three times, RNA was competitively eluted from 
the beads with 20 mM 5-methylcytosine hydrochloride (Sigma-Aldrich, M6751), 
followed by ethanol precipitation. RNA was resuspended in 8 μl water and used for 
m5C RIP rtPCR or m5C RIP-seq.

For m5C RIP rtPCR, the in vitro–transcribed m5C and non-m5C transcripts 
(Supplementary Table 5) were spiked into the fragmented RNA before 
immunoprecipitation. Immunoprecipitation and input RNAs were reverse-
transcribed using HiScript II Q Select RT SuperMix for qPCR (Vazyme) with 
gene-specific primers, followed by rtPCR using ChamQ SYBR qPCR Master Mix 
(Vazyme). The primers used for reverse transcription and rtPCR were listed in 
Supplementary Table 5. The 2–△△Ct method was used to determine the enrichment 
of in vitro–transcribed m5C transcripts relative to the non-m5C transcripts44.

m6A RIP rtPCR was performed the same as for m5C, except rabbit anti-m6A 
polyclonal antibody (SYSY, 202003) was used for immunoprecipitation and 
N6-methyladenosine (Sigma-Aldrich, M2780) was used for competitive elution. 
All sequences of dsDNA template used for synthesizing in vitro–transcribed 
transcripts are listed in Supplementary Table 5.

For m5C RIP-seq, the VAHTS Stranded mRNA-sequencing (mRNA-seq)  
library prep kit (Vazyme) was used for library construction of both 
immunoprecipitated and input RNAs.

m5C RIP-seq peak calling. Adapters were first trimmed by cutadapt45 (-e 0.1 -m 
30 -q 20). Ribosomal RNA reads were then removed with SortMeRNA-2.1 (ref. 46). 
Clean reads were mapped to the reference genome (GRCh37) with Tophat2 (ref. 47)  
(–library-type fr-firststrand).

m5C peak analysis was conducted as previously described31. In brief, each gene 
was split into the 100-nt sliding windows, and an enrichment fold (winscore) was 
calculated for each window.











= ∕
∕

winscore log
MeanWinIP MedianGeneIP

MeanWinControl MedianGeneControl2

MeanWinIP and MeanWinControl are the mean coverage for each window 
for immunoprecipitation and input control, respectively. MedianGeneIP and 
MedianGeneControl are gene median coverages for immunoprecipitation and 
input control, respectively.

RNA BS-seq library construction. Bisulfite treatment was performed using the 
EZ RNA methylation kit (Zymo Research) with some modifications. In brief, 1 μg 
of polyadenylated RNA was converted using three different conversion conditions 
(Supplementary Table 1). The quantity of the converted RNA was determined 
by Qubit. Libraries were then constructed using VAHTS Stranded mRNA-seq 
Library Prep Kit (Vazyme). In short, 20 ng converted RNA was fragmented into 
~150- to 200-nt fragments by incubation at 94 °C for 3 min in 2× frag/prime 
buffer. The fragmented RNA was then used for library construction, following the 
manufacturer’s protocol. Libraries were sequenced in GENEWIZ. In brief, libraries 
first underwent quality control assessment using Agilent TapeStation. The libraries 
that passed quality control were sequenced on HiSeq X (Illumina) to produce 
paired-end 150-bp reads. All libraries are summarized in Supplementary Table 2.

ERCC coverage calculation. To calculate the normalized coverage of each ERCC 
mix, the following formula was used:

=
×

×
N

N N
Normalized coverage 10ERCC coverage

Observed Total ERCC coverage

6

NERCC coverage denotes the sum of the coverages of each base in a given ERCC 
transcript. NObserved denotes the detected length of ERCC transcript. NTotal ERCC coverage 
denotes the library size.
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Performance test for mappers. Simulated reads were generated by the R package 
polyester48 based on the GRCm38.87 transcriptome with the following settings: 
250-bp fragment size (s.d. of 25 bp), error rate 0.001 and 50× coverage. About 5 
million stranded 50-bp paired-end reads and 5 million stranded 100-bp paired-
end reads were generated for analysis. Different mappers were used to map the 
simulated reads into both the C-to-T and G-to-A converted reference genomes 
and/or transcriptome. Alignment results were examined with the original genomic 
coordinates of the simulated reads.

Mapping of RNA BS-seq reads. For stranded paired-end reads (BS-seq data 
generated in this study for m5C site calling), we trimmed adapters, the first 10 bp 
of the reads, the last 6 bp of the reads and the low-quality bases using cutadapt45 
(-e 0.25 -q 25 -trim-n) and Trimmomatic49. Clean read pairs were mapped to both 
the C-to-T and G-to-A converted reference genomes (GRCh37 or GRCm38) by 
HISAT2 (ref. 50) (-k 10,–fr,–rna-strandness FR,–no-mixed). Uniquely mapped 
reads were extracted and stored as a BAM file (named BAM.genome) for further 
analysis. Unmapped and multiple mapped reads were further mapped to a 
C-to-T converted transcriptome (in combination with spike-in sequences) by 
Bowtie2 (ref. 51) (-end-to-end,–fr,–gbar 5,–mp 5, -k 10, -R 2, -D 5). Only read 
pairs mapped to a single gene were further considered. If a read was mapped 
to multiple isoforms of a gene, the one mapped to the longest isoform was 
selected. For the read pairs that had only one read mapped to a transcript, if the 
forward read was uniquely mapped to the 3′ end of a transcript and the reverse 
read had >80% adenines, the forward read was retained. Reads mapped to the 
transcriptome were stored as a BAM file (named BAM.transcriptome) and the 
transcript coordinates were then liftovered to the genomic coordinates according 
to Ensembl GTF annotation. Last, BAM.genome and BAM.transcriptome were 
merged for further analysis.

For stranded single-end reads generated by Amort et al.29, reads were 
preprocessed and mapped by HISAT2 (ref. 50) (-k 10,–rna-strandness F) and 
Bowtie2 (ref. 51) (-end-to-end,–norc,–gbar 5,–mp 5, -k 10, -R 2, -D 5) with 
parameters specified for single-end reads.

m5C site calling and false-positive filtering. After the merging of BAM files, the 
reads were used to detect mismatches that may be putative m5C sites. We inferred 
the mismatch type of each site on the basis of the strand of overlapping annotated 
genes. We inspected all positions with C-to-T mismatches and only took variant 
positions into consideration if they conformed to our requirements for number, 
frequency and quality of bases that vary from the converted reference sequences. 
We specifically required that each variant was supported by three or more variant 
nucleotides having a base quality score of ≥30, a mismatch frequency of ≥0.1 
and coverage of C + T ≥ 20. Furthermore, we required that (1) the variant still 
satisfied this criteria after the removal of the overlapped C-reads on the basis of 
the Gini coefficient determined C-cutoff filter, (2) the signal ratio of the variant 
was ≥0.9, (3) the variant was not located at conversion-resistant genes and (4) the 
P value calculated using a one-sided binomial test on the basis of the gene-specific 
conversion rate was <0.001. Finally, to determine the set of high-confidence sites 
in a specific tissue or cell type, we required the presence of a site in the biological 
replicates. A combined P value was calculated by Stouffer’s Z-score method. Sites 
with a combined P value of <0.001 were considered to be high-confidence m5C 
sites. If a site was present in only one of the replicates but not others due to the 
coverage issue, we further required that at least five variant nucleotides in that 
sample achieve high specificity. To identify high-confidence sites in human, 14 
libraries from this study and 4 HeLa cell libraries from Yang et al.20 were used. 
To identify high-confidence sites in mouse, 12 libraries from this study and 16 
libraries from Yang et al.20 were combined for analysis.

The mismatch frequency is defined as the total number of reads with C as 
compared to all reads with C or T. C-content is defined as the number of Cs in a 
given read. A C-cutoff means the use of C-content cutoff to remove reads with 
multiple Cs due to conversion failure. The signal ratio is defined as the signal (the 
number of reads with C-content ≤ C-cutoff) divided by the total number of reads 
covered. The gene-specific conversion rate is defined as the coverage of Ts divided 
by the sum of coverages of Cs and Ts in all C positions in a gene. Only genes whose 
coverages in reference C positions was ≥1,000 and conversion rates >0.95 were 
used for analysis. The remaining genes were considered to be conversion-resistant 
genes, and the sites in these genes were removed.

Cluster status evaluation. The transcriptomic coordinate of each m5C site was 
determined on the basis of GTF annotation. Intergenic and intronic sites were 
excluded from further analysis. For sites on the same transcript, a hierarchy 
linkage clustering on site coordinates was done with scipy (‘single’ method, known 
as the ‘nearest point algorithm’). In brief, hierarchical clustering was performed 
on the condensed m5C distance matrix ‘X’ first (Z = scipy.cluster.hierarchy.
linkage(X)). Then, flat clusters were formed from the hierarchical clustering 
defined by the linkage matrix X (cluster = scipy.cluster.hierarchy.fcluster(Z, 50, 
criterion = ‘distance’)). The threshold applied to form flat clusters was set to 50. 
Cluster degree was defined as the number of putative m5C sites in a given cluster. 
To reveal the pattern of m5C cluster, we binned the putative m5C sites by cluster 
degree (1, 2–4, 5–9, 10–20 and >20).

m5C site calling using other methods. For Yang et al.’s method20, sites called from 
the original study were used for analysis directly.

For Amort et al.’s method29, sites in control samples were called with the 
same parameters used in the original studies. In brief, meRanTK-1.20 was used 
in alignment and site calling. During alignment, default parameters of meRanGs 
were used. Overlaps of paired-end reads were clipped with bamUtil to avoid 
duplications. Sites in controls were called by meRanCall (Q ≥ 30, coverage ≥ 10, 
m5C level ≥ 0.2 and false-discovery rate < 0.01). The conversion rates were 
estimated by meRanCall. Only sites annotated ‘T-to-C mutated’ (‘refBase’ is C and 
‘CalledBase’ is C, T and CT) were processed to structure folding filter: the longest 
isoform in the Ensembl gene model was folded with RNAfold in VennaRNA-2.2.8 
(–MEA 0.1,–maxBPspan 150, -T 70); the structure of the flanking 300 nt region 
was used if maximum expected accuracy (MEA) folding failed. Only sites 
presented in both replicates were used.

For Legrand et al.’s method28, sites in control samples were called with the same 
parameters used in the original studies. In brief, clean reads were mapped to the 
Ensembl transcriptome (mRNA and ncRNA) as well as tRNAs from GtRNAdb52 
and rRNAs from SILVA53. Reads were piled up and a C-cutoff of 2 was applied to 
remove false positive reads. Pileups were processed to R package ‘BisRNA’. For each 
sample, the lambda parameter was estimated using the RNAmeth.poisson.test.  
P values were adjusted for multiple tests using the Benjamini–Hochberg method. 
Only sites with coverage of ≥20, an m5C level of ≥0.1 in both replicates and a 
combined P value of <0.05 were used.

Motif discovery. For m5C sites identified by BS-seq, the flanking sequence of 
each site was extracted from the reference genome. Motif logos were plotted with 
WebLogo v.3.5 (ref. 54).

RNA secondary structure prediction. The upstream and downstream 25 bp 
sequences of the m5C sites were extracted from the genome and folded with the 
RNAfold tool in the ViennaRNA Package55. The Python API of VennaRNA-2.4.2 
with default parameters was used: RNA.fold function for RNA structure prediction 
and RNA.ptable function for base-pairing event parsing.

Cross-species position conversion. We converted the coordinates of sites between 
human and mouse using the LiftOver tool (http://genome.ucsc.edu). For positions 
that were successfully lifted over we determined the nucleotide using the  
pairwise alignments in axt format from the University of California, Santa Cruz 
Genome Browser.

m5C level call from BS-seq data of wild-type and Nsun2−/− mice. BS-seq libraries 
from Blanco et al. were used for analysis13. Because these BS-seq libraries were 
not constructed using poly(A)-selected RNAs, no sufficient reads can be used to 
call m5C sites in mRNAs de novo. Therefore, we applied the following pipeline 
to obtain m5C levels for known mouse sites identified using the mouse tissue 
samples we studied. In brief, we first preprocessed the FASTQ files before mapping 
by trimming the adapters and the first 5 bp of the reads, filtering low-quality 
bases, discarding reads <35 bp. Clean reads were mapped to the genome and 
subsequently mapped to the transcriptome as we described above. All replicates 
were merged for m5C level call. A C-cutoff of four was used to obtain m5C levels of 
known mouse sites.

Translation efficiency calculation. Translation efficiency of each gene was 
calculated as previously described34, with some modifications. In brief, we first 
preprocessed the FASTQ files before mapping by trimming the adapters, filtering 
low-quality bases, discarding reads <20 nt and shortening reads to 26 nt (cutadapt 
-m 20 -l 26 -q 25). Clean reads were then mapped to rRNA sequences by Bowtie2 
(ref. 51) (-N 1 -L 20–norc) to eliminate rRNA contamination. rRNA sequences were 
downloaded from SILVA database (https://www.arb-silva.de/). The remaining 
reads were then mapped to the reference genome and transcriptome (GRCh37 or 
GRCm38) by Tophat v.2.1.1 (ref. 47) (-M -N 1). To avoid ribosome stalling around 
start codon, the first 16 codons were discarded and only open reading frames with 
≥40 codons were used56. Only uniquely mapped reads were selected and processed 
to HTseq-count for feature counting. All replicates were merged for analysis.

To quantify mRNA or ribosome-protected mRNA fragment abundance, genes 
with ≥60 mapped reads were selected and normalized using the trimmed mean of 
M values method implemented in the edgeR Bioconductor package57. Translation 
efficiency was calculated by dividing the trimmed mean of M value–normalized 
ribosome-protected mRNA fragment value with that of gene expression value. 
Only genes with ≥60 mapped reads in the mRNA-seq data were used, and averaged 
translation efficiencies were obtained.

Small interfering RNA (siRNA) knockdown, rtPCR and western blot. siRNAs 
were transfected using Lipofectamine RNAiMAX (Thermo) following the 
manufacturer’s instructiona. Cells were collected 48 h after transfection. For rtPCR, 
total RNA was reverse transcribed with Oligo dT primer, followed by rtPCR with 
primers listed in Supplementary Table 5. For western blot, antibodies to NSUN2 
(Proteintech, 20854), NSUN4 (Abcam, ab101625), NSUN6 (Proteintech, 17240) 
and β-actin (Zsbio, TA-09) were used.
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Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The sequence data have been deposited in the NCBI GEO database under the 
accession code GSE122260. All other data are available from the corresponding 
author upon reasonable request.

Code availability
All relevant code and data processing pipelines have been deposited in GitHub 
(https://github.com/SYSU-zhanglab/RNA-m5C).
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