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The most effective method for mapping N6-methyladenosine (m6A) is m6A RNA immunoprecipitation 
sequencing (MeRIP-seq). The quality of MeRIP-seq relies on various factors, with the anti-m6A antibody 
being a crucial determinant. However, comprehensive research on anti-m6A antibody selection 
and optimal concentrations for different tissues has been limited. In this study, we optimized the 
concentration of five different anti-m6A antibodies across various tissues. Our findings demonstrated 
that 5 µg of Millipore antibodies (ABE572 and MABE1006) performed well, starting from 15 µg total 
RNA from the liver, while 1.25 µg of Cell Signaling Technology antibodies (CST) (#56593) was suitable 
for low-input total RNA. In summary, we provide a significant guideline for anti-m6A antibody selection 
in MeRIP sequencing for different tissues, especially in the context of low-input RNA.
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Abbreviations
MeRIP-seq	� m6A RNA immunoprecipitation sequencing
m6A	� N6-methyladenosine
miCLIP	� m6A individual-nucleotide-resolution cross-linking and immunoprecipitation
MAZTER-seq	� RNA digestion via m6A sensitive RNase
DART-seq	� Deamination adjacent to RNA modification targets
3’UTR	� Three prime untranslated region
GTEx	� Genotype-Tissue Expression
TiGER	� Tissue-specific Gene Expression Regulation

RNAs undergo more than 150 distinct posttranscriptional modifications, with N6-methyladenosine (m6A) 
methylation being the most prevalent internal chemical modification in messenger RNA (mRNA)1,2. Playing 
a pivotal role in various biological processes like cell differentiation, embryogenesis, and disease3–5, m6A 
modification is a reversible and dynamic process catalyzed by the m6A methyltransferase complex, comprising 
METTL3 and METTL146. Remarkably, a reduction in METTL3 has been linked to inhibited spermatogenesis 
and oocyte maturation7,8, while METTL14 is essential for mammalian embryogenesis9.

Conversely, m6A demethylation is carried out by m6A demethylases, including FTO and ALKBH5. The m6A 
demethylation mediated by the fat mass and obesity associated (FTO) gene affects the expression of transcription 
factors, influencing autophagy regulation in tumors10. Additionally, m6A can be recognized by m6A binding 
proteins, specifically proteins of the YTH domain family (YTHDC1/2 and YTHDF1/2/3). These YTH domain 
proteins play a role in mRNA translation and promote cell proliferation by binding to m6A-modified mRNA11,12.

The most widely used transcriptome-wide m6A profiling method, MeRIP-seq, has been applied in various 
cell lines and tissues across multiple species13,14. In this RNA immunoprecipitation assay, RNA fragmentation 
is followed by immunoprecipitation of m6A-modified RNA fragments. After extensive high/low salt washing, 
the eluted RNA fragments are used to construct an m6A library. However, MeRIP-seq has some limitations, for 
example, sequencing RNA fragments typically allows mapping the orientation of m6A at a resolution of 100–200 
nt. To enhance the accuracy of m6A position mapping, miCLIP, based on cross-linking and immunoprecipitation, 
was developed for single-nucleotide detection15. While miCLIP offers superior m6A resolution compared to 
MeRIP-seq, it entails a labor-intensive process and requires a substantial amount of starting material. Recently, 
novel antibody-independent m6A identification strategies, such as MAZTER-seq16 and DART-seq17, have been 
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introduced for global m6A profiling. MAZTER-seq utilizes MazF RNase to cleave RNA at unmethylated sites 
containing ACA motifs, leaving the unmethylated sites unchanged. Although allowing quantitative tracking 
of m6A at single-nucleotide resolution, MAZTER-seq only detects 16-25% of all m6A methylation sites16. 
DART-seq enables m6A detection through APOBEC1-YTH binding and C-to-U editing, but the expression and 
purification of the APOBEC1-YTH protein pose challenges17. Nevertheless, MeRIP-seq remains more popular 
than other m6A detection methods due to its relatively simple protocol and wide applicability for low-input 
starting materials, as low as 2 µg of total RNA, through optimization of different parameters18.

Currently, conventional MeRIP-seq typically necessitates 300  µg of total RNA for subsequent intricate 
processes, leading to significant RNA loss. Despite reducing the starting total RNA to 2 µg by optimizing key 
parameters18, the best-performing m6A antibody (Millipore, ABE572) has unfortunately been discontinued. 
Monoclonal or polyclonal m6A antibodies serve as the master reagent in MeRIP-seq.  Generally, polyclonal 
antibodies comprise a mixed group with varied activities and exhibit superior affinity, while monoclonal 
antibodies recognize a defined epitope with specific specificity and affinity19–21. Given that m6A is a relatively 
small molecule with minimal immunogenicity, accurately identifying and capturing it poses a challenge for m6A 
antibodies. To address these limitations, our study aims to enhance MeRIP-seq performance by systematically 
evaluating and optimizing the concentration of commercially available m6A antibodies. Specifically, we seek to 
provide practical guidelines for selecting appropriate antibody concentrations to maximize m6A enrichment 
accuracy, particularly for low-input RNA samples from diverse organs and species. These efforts aim to ensure 
reliable and reproducible m6A profiling for epitranscriptomic studies, even under suboptimal conditions.

Results
M572 demonstrated superior performance with standard amounts of liver RNA, while CST exhibited significant 
potential with low amounts of mouse brain RNA.

Since anti-m6A antibodies play a crucial role in the capture efficiency of m6A-containing RNA fragments, we 
selected five commonly used anti-m6A antibodies for a comprehensive performance comparison. To assess their 
effectiveness across different tissues and species, we focused on two representative organs, the liver and brain, 
from human fetuses and mice in the subsequent optimized MeRIP-seq (Fig. 1A). The optimized MeRIP-seq 
involved extensive high/low salt washing after incubation of the antibody-bead complex and RNA fragments. 
Subsequently, the SMARTer Stranded Total RNA-Seq Kit v2 (Pico Input Mammalian) was used for library 
construction, following a previously reported protocol18 (Fig. 1A). Initially, we successfully constructed thirty-
five MeRIP-seq libraries, comprising twenty-nine RIP and six corresponding input RNA samples, using five 
anti-m6A antibodies (Darmstadt, Germany, Millipore, ABE572, Darmstadt, Germany, Millipore, MABE1006, 
Goettingen, Germany, Synaptic Systems, 202003, Danvers, Massachusetts, USA, Cell Signaling Technology, 
#56593, Waltham, Massachusetts, USA, Thermo Fisher Scientific, MA5-33030). These anti-m6A antibodies 
are abbreviated as M572, M1006, SY, CST, and THER, respectively (Fig. 1A). Subsequently, we analyzed and 
compared the number of m6A peaks and m6A-modified genes using 15 µg total RNA from human fetal liver 
among the five antibodies (the regular amount of anti-m6A antibody was 5 µg). Interestingly, the five antibodies 
exhibited distinct numbers of m6A peaks and genes, with M572 identifying the most m6A peaks and genes in 
human fetal liver. In contrast, M1006 detected fewer m6A peaks and genes than M572, and SY, CST, and THER 
showed significant reductions in both aspects (Fig.  1B). A similar trend was observed in adult mouse livers 
(Fig. 1C). However, in the adult mouse brain, CST obtained more m6A peaks compared to M572 (Fig. 1D). 
Clearly, the efficiency of capturing m6A-containing RNA fragments varies among antibodies derived from 
different tissues (Fig. 1B-D). Additionally, we calculated the modified level of the m6A genes for each antibody 
in the adult mouse brain and found that CST had more unique m6A genes, while M572, CST, M1006, and SY 
shared quite a few overlapping common m6A genes (Figure S1A). Furthermore, we mapped the m6A genes of 
the five antibodies onto human and mouse chromosomes. Additionally, we plotted the m6A genes associated 
with the five antibodies on human and mouse chromosomes. While the distribution of m6A genes on each 
chromosome followed a pattern similar to that observed in Fig. 1B and D (Figure S1H-J), the distribution of 
m6A genes was consistent across chromosomes (Figure S1E-G). Notably, M572 exhibited a high percentage of 
captured m6A genes on chromosome twelve in the adult mouse liver (Figure S1I).

Subsequently, we observed that enriched m6A peaks exhibited a preference for clustering near the stop codon, 
and this distribution pattern of m6A peaks was consistent among the five antibodies in different tissues (Figure 
S1B-D), aligning with previous studies22. These findings suggested that we obtained highly reliable m6A genes 
with the exception of THER among the five antibodies. We then investigated the distribution of differential m6A 
peaks in the genome and observed that a higher percentage of m6A peaks from M572 tended to be enriched 
in the 3’UTRs compared to other antibodies in the human fetal liver (Fig. 1E). Furthermore, the proportion of 
m6A peaks enriched in the 3’UTRs notably increased for M572 compared to the other antibodies, particularly 
in the adult mouse liver and brain (Fig. 1F, G). Concurrently, M1006, SY, and CST exhibited similar m6A peak 
enrichment in the 3’UTRs and exons across different tissues (Fig. 1E-G).

In summary, M572 demonstrated notable advantages in regular amounts of RNA from human fetal and 
mouse liver. However, for routine MeRIP sequencing, M1006 or CST could serve as suitable alternatives. CST 
also exhibited promising potential in low amounts of RNA from the mouse brain, with comparable performance 
to M572 or M1006. CST’s potential in low-input RNA scenarios is particularly noteworthy given the challenges 
in m6A profiling when sample availability is limited. Many experimental designs, especially those involving 
rare tissues, single cells, or small-scale samples, face constraints in RNA quantity, which often hampers data 
reliability and reproducibility. CST’s ability to achieve significant m6A enrichment under such conditions 
highlights its utility for applications where RNA input is a limiting factor. CST’s strong performance at low RNA 
concentrations makes it a promising candidate for single-cell or single-nucleus m6A sequencing studies. This 
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application could provide high-resolution insights into cell-type-specific m6A patterns in complex tissues such 
as the brain.

M572, M1006, and CST: high enrichment of m6A levels and tissue-specific m6A genes
Next, we analyzed the pattern of enriched m6A methylation among the five antibodies. Notably, both M572 and 
M1006 exhibited significantly higher m6A enrichment peaks, ranking as the top two antibodies in both human 
fetal liver and mouse liver (Fig. 2A and B). In contrast, the other three antibodies displayed comparatively lower 
m6A enrichment levels (Fig. 2A and B). Interestingly, M572 and CST demonstrated superior abilities to enrich 
m6A peaks in the adult mouse brain compared to the other antibodies (Fig. 2C), aligning with the earlier findings 
(Fig. 1D). Additionally, we calculated the counts of unique and overlapping tissue-specific m6A genes based on 
Genotype-Tissue Expression (GTEx) and Tissue-specific Gene Expression Regulation (TiGER). Notably, M572 
exhibited the highest counts of overlapping liver-specific m6A genes (approximately 120), surpassing M1006, SY, 
CST, and THER (Fig. 2D). This trend continued in the adult mouse liver, where M572 also showed the highest 
counts of overlapping and unique liver-specific m6A genes among the five antibodies (Fig. 2E). Furthermore, in 
the adult mouse brain, M572, M1006, CST, and SY displayed similar numbers of unique m6A genes, as well as 
overlapping brain-specific m6A genes, whereas THER exhibited a lower count (Fig. 2F).

Fig. 1.  Overall differential m6A profiling in human fetal and mouse livers with five anti-m6A antibodies. (A) 
Schematics of the selected organs, such as the livers and brains of human fetuses (9–13 gestational weeks) and 
mouse (8–12 weeks after birth), and the procedure of improved MeRIP sequencing for low-input samples. 
(B) The total number of m6A peaks and m6A genes of libraries constructed from five antibodies in human 
fetal liver. (C) The total number of m6A peaks and m6A genes in libraries constructed from five antibodies in 
the livers of adult mice. (D) The total number of m6A peaks and m6A genes in libraries constructed from five 
antibodies in the brains of adult mice. (E) The percentage of m6A peaks belonging to five libraries in human 
fetal liver distributed across different genomic regions, including the promoter, 5’ UTR, exon, intron, 3’ UTR, 
distal intergenic and downstream regions. (F) The percentage of m6A peaks belonging to five libraries in the 
livers of adult mice distributed across different genomic regions. (G) The percentage of m6A peaks belonging to 
five libraries in the brains of adult mice distributed across different genomic regions.
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Early studies have indicated that m6A transcripts commonly exhibit a conserved ‘‘RRACH’’ motif (R = G/A, 
H = A/U/C). Therefore, we examined the most likely consensus motif for m6A among the five antibodies in 
three tissues. Notably, we observed distinct distribution patterns for the most likely consensus motif for m6A 
among the antibodies. For example, in human fetal liver, ‘‘GGACH’’ emerged as the most frequent consensus 
motif (Fig. 2G), while in mouse liver, ‘‘RAACH’’ dominated the consensus motif landscape (Fig. 2H). Among 
the ‘‘RRACH’’ m6A consensus motifs, ‘‘GGACH’’ stands out as the most frequent and core motif in tissues13. 
These findings suggest that the m6A consensus motifs of different anti-m6A antibodies are conserved in human 
tissues, such as the fetal liver, but divergent in mouse tissues, including the liver and brain. When considering 

Fig. 2.  Distribution of enriched m6A level and m6A motifs as well as tissue-specific m6A genes among five 
anti-m6A antibodies. (A) The distribution of enriched m6A level among five antibodies in human fetal liver. 
(B) The distribution of enriched m6A level among five antibodies in adult mouse liver. (C) The distribution of 
enriched m6A level among five antibodies in the adult mouse brain. (D) The overlapped and unique human 
liver-specific m6A genes obtained with five antibodies in human fetal liver. (E) The overlapping and unique 
mouse liver-specific m6A genes obtained with five antibodies in adult mouse livers. (F) The overlapped and 
unique mouse brain-specific m6A genes obtained with five antibodies in the adult mouse brain. (G) Sequence 
motifs identified within m6A peaks across five antibodies in human fetal liver. (M572, p value = 1e− 17, M1006, 
p value = 1e− 17, CST, p value = 1e− 6, SY, p value = 1e− 17, THER, p value = 1e− 10). H, Sequence motifs identified 
within m6A peaks across five antibodies in adult mouse liver. (M572, p value = 1e− 14, M1006, p value = 1e− 12, 
CST, p value = 1e− 6, SY, p value = 1e− 12, THER p value = 1e− 9). I, Sequence motifs identified within m6A 
peaks across five antibodies in the adult mouse brain. (M572, p value = 1e− 30, M1006, p value = 1e− 158, CST, 
p value = 1e− 89, SY, p value = 1e− 29, THER, p value = 1e− 6). Key findings: M572 and M1006 consistently show 
superior performance in terms of enriched m6A levels and the identification of tissue-specific m6A genes 
across human and mouse liver tissues. CST excels in the adult mouse brain, highlighting the importance of 
selecting the appropriate antibody depending on the tissue type. The identification of distinct consensus motifs 
across tissues underscores the tissue-specific nature of m6A modifications and the variability in antibody 
performance. Implications: Fig. 2 provides a comprehensive overview of antibody performance in detecting 
m6A modifications across tissues, emphasizing their tissue-specific strengths and revealing critical insights into 
the biology of m6A.
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the consensus motif and related p-value, M572, M1006, and SY consistently ranked in the top three, not only in 
human fetal liver but also in adult mouse liver (Fig. 2G and H). However, in the adult mouse brain, M1006, CST, 
and M572 emerged as the superior antibodies (Fig. 2I). It is worth noting that, despite M572 having a relatively 
low p-value, its consensus motifs in the three organs displayed diversity (Fig. 2G, H and I).

In summary, M572 and M1006 exhibited higher enrichment of m6A levels and tissue-specific m6A genes, 
along with consensus motifs, compared to the other three antibodies in the liver. As mentioned earlier, CST 
displayed favorable performance in the mouse brain. Using CST at lower concentrations allows for the reduction 
of antibody and material costs while still obtaining high-quality data. This could be particularly advantageous in 
large-scale experiments, such as in high-throughput screening or studies involving small sample sizes. Moreover, 
CST’s versatility could make it an ideal choice for large-scale, multi-tissue studies, where optimizing RNA input 
is crucial to maximize efficiency and reduce costs.

M572 and M1006 excelled in the liver, while CST performed similarly to M572 in the mouse 
brain
Since m6A peaks were not evenly distributed on a transcriptome-wide scale, we further examined the adenosine 
methylation pattern within transcripts. The majority of m6A genes displayed a single m6A peak (Fig. 3A, D and 
G). In the group with one m6A peak, M572 and M1006 exhibited similar gene numbers (Fig. 3A). For the group 
with two m6A peaks, M572 had the highest number, followed by SY, with the other three antibodies showing 
similar counts (Fig. 3A). In groups with three or more m6A peaks, M572 dominated, while the counts for the 
other three antibodies were significantly lower (Fig. 3A). In mouse liver, M572 outperformed in all four groups 
with different m6A peak numbers (Fig. 3D). M1006 had a notably lower count than M572 in the single peak 
group and showed a sparse pattern in the other three groups (Fig. 3D). In the mouse brain, while M572, M1006, 
CST, and SY had similar m6A gene numbers in groups with a single or two peaks, CST surpassed in the group 
with four or more peaks (Fig. 3E). Next, we investigated the pattern of highly methylated m6A transcripts. In 
both human fetal liver and mouse liver, the number of enriched m6A genes (score > 10 and score > 20) was 
consistently highest for M572, followed by M1006, CST, SY, and THER (Fig. 3B and E). In the mouse brain, 
the number of enriched m6A genes in CST significantly increased, ranking second only to M572 (Fig. 3H). To 
illustrate the similarity and heterogeneity of m6A genes, a Venn diagram was created. The overlap of m6A genes 
was low (35 genes) between the five antibodies in human fetal liver (Fig. 3C), but relatively higher (208 genes) 
in the mouse liver (Fig. 3F). Moreover, the number of unique m6A genes (2892) in CST significantly exceeded 
those of the other four antibodies in the adult mouse brain (Fig. 3I). These findings indicate that M572 still holds 
superiority in both enriched m6A peaks and m6A genes within transcripts, while M1006 closely follows in the 
liver. In the mouse brain, CST’s performance is comparable to that of M572 and M1006.

A relatively low concentration of CST performed well in the human fetal brain starting from 
low-input materials
While M572 demonstrated superior performance in most of the aforementioned analyses, the complexity of the 
polyclonal antibody composition may lead to diverse results. Consequently, based on the earlier discussions, 
we opted for M1006 and CST as two monoclonal antibodies to conduct further optimized experiments with 
low-input total RNA (15 µg) from the human fetal brain. Initially, we selected different concentrations of CST 
(1.25 µg, 2.5 µg, and 5 µg) and M1006 antibody (2.5 µg and 5 µg) to conduct MeRIP-seq with 15 µg of total 
RNA from the human fetal brain. The results showed that the number of m6A peaks and m6A genes in the 5 µg 
M1006 group was significantly higher than those in the 2.5 µg M1006 group (Fig. 4A). To the contrary, the 
number of m6A peaks and genes in the 1.25 µg CST library was much higher than those in the 2.5 µg and 5 µg 
CST libraries, and it was comparable to the 5 µg M1006 group (Fig. 4A). To confirm if a similar phenomenon 
exists in the mouse brain, we measured the m6A level via m6A dot blot in mouse brains treated with M1006 and 
CST at different concentrations (Fig. 4B). As anticipated, when the initial amount of total RNA was reduced, 
the expression of m6A decreased for M1006 at a fixed concentration of 5 µg/mL (Fig. 4A). Surprisingly, CST 
exhibited an unexpected characteristic, with the detected m6A level increasing as the concentration of CST was 
reduced from 5 µg/mL to 1 µg/mL (Fig. 4B), regardless of the starting RNA amount (5 µg, 2 µg, 1 µg, or 500 ng). 
A similar phenomenon was also observed in the mRNA from mouse brain tissue using dot blot analysis (Figure 
S2). Based on these observations, we hypothesized that a regular concentration of M1006 (5 µg) and a reduced 
concentration of CST (1.25–2.5 µg) might perform well in the brain with 15 µg of total RNA. Notably, the m6A 
enrichment peaks of 5 µg M1006 ranked highest among the five groups (Fig. 4C). Additionally, the number of 
enriched m6A peaks increased as the concentration of CST antibody was reduced from 5 µg to 1.25 µg (Fig. 4C). 
Moreover, the percentage of m6A peaks enriched in the 3’UTR of CST decreased gradually as the concentration 
of CST changed from 1.25 µg to 5 µg, while the trend of M1006 was inversely proportional to its concentration 
(Fig. 4D). To confirm the effectiveness of obtaining m6A peaks, we selected three neuro-related genes, Sox2, 
Snurf and Map2, for IGV screenshots of m6A peaks. We found that M1006-5  µg antibody library exhibited 
distinct enrichment of m6A peaks specifically on Sox2. Notably, the CST-1.25 µg library displayed significant 
enrichment of m6A peaks on Snurf. Shared m6A peaks were identified in the Map2 region between the M1006-
5 µg and CST-1.25 µg libraries (Fig. 4E). In the four groups of m6A genes with different peaks, the number of 
m6A genes with 5 µg M1006 was consistently the highest among the five antibodies (Fig. 4F). Notably, in the 
group of one m6A peak, the number of m6A genes in 1.25 µg CST was much higher than in 2.5 µg CST, while in 
the other three groups of m6A peaks, the number of m6A genes in both concentrations was similar (Fig. 4F). As 
anticipated, the m6A peaks preferentially appeared around stop codons in all groups (Fig. 4G). Furthermore, to 
investigate the overlapping m6A genes between the five groups, we generated an UpSet plot using the R package, 
revealing considerable overlaps of shared m6A genes between the two antibodies at different concentrations 
(Fig. 4H).
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In summary, both M1006 at a regular concentration of 5 µg and CST at a relatively low concentration of 
1.25 µg exhibited better performance in various aspects in the human fetal brain.

CST at lower concentrations excels in low-input MeRIP libraries from human fetal liver
The reduced concentration of CST unexpectedly exhibited excellent performance in the human fetal brain with 
low-input materials. To validate that this notable performance was not a coincidence, we specifically selected 
the CST antibody and optimized its concentrations for constructing a library from low-input RNA in the 
human fetal liver. Initially, we selected different concentrations of CST (1.25 µg, 2.5 µg, and 5 µg) and conducted 
MeRIP-seq with 15 µg of total RNA from the human fetal liver. In line with the brain results, the number of 
m6A peaks and genes in the 1.25 µg CST library were slightly higher than those in the 2.5 µg CST library and 
significantly higher than those in the 5 µg CST library (Fig. 5A). Subsequently, we assessed the m6A levels using 
a dot blot in mouse livers treated with different concentrations of CST and M1006 (Fig. 5B). Notably, M1006 
proved unsuitable for low-input RNA from mouse liver (Fig. 5B). Excitingly, the m6A level remained remarkably 
consistent at a CST concentration of 1 µg/mL, irrespective of the initial RNA quantity (5 µg, 2 µg, 1 µg, and 
500 ng). (Fig. 5B), consistent with the results observed in the mouse brain (Fig. 4B). Using GTEx and TiGER, 

Fig. 3.  Diverse numbers of m6A peaks within transcripts and m6A genes of high expression (gene score > 10 
and gene score > 20). (A) Histogram of m6A genes that contain one or more m6A peaks (peak = 1, peak = 2, 
peak = 3, and peak ≥ 4) in human fetal liver. (B) The counts of m6A genes (score > 10 and score > 20) among 
five antibodies in human fetal liver. (C) Venn diagram showing the overlap of m6A-containing genes across five 
antibodies in human fetal liver. (D) Histogram of m6A genes that contain one or more m6A peaks (peak = 1, 
peak = 2, peak = 3, and peak ≥ 4) in mouse liver. (E) The counts of m6A genes (score > 10 and score > 20) 
among five antibodies in mouse liver. (F) Venn diagram showing the overlap of m6A-containing genes across 
five antibodies in mouse liver. (G) Histogram of m6A genes that contain one or more m6A peaks (peak = 1, 
peak = 2, peak = 3, and peak ≥ 4) in the mouse brain. (H) The counts of m6A genes (score > 10 and score > 20) 
among five antibodies in the mouse brain. (I) Venn diagram showing the overlap of m6A-containing genes 
across five antibodies in the mouse brain. These findings highlight the exceptional performance of M572 in 
detecting both enriched m6A peaks and highly expressed m6A-containing genes, particularly in human fetal 
liver and mouse liver, demonstrating its utility for epitranscriptomic studies in liver tissues.
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we observed that the count of m6A genes in the 1.25 µg CST library consistently surpassed the counts of the 
other two higher CST concentrations, encompassing unique m6A genes and overlapping liver-specific m6A 
genes (Fig. 5C). Furthermore, the percentage of m6A peaks enriched in the 3’UTR increased from 23 to 32% 
with the reduction of CST concentration from 5 µg to 1.25 µg (Fig. 5D). The characteristic m6A distribution 
patterns, with enrichment near the stop codons, were consistently observed for CST at different concentrations 
(Fig.  5E). Additionally, the number of m6A genes distributed across every chromosome at 1.25  µg CST was 
markedly higher than at 2.5 µg and 5 µg CST (Fig. 5F). The modified level of the m6A genes for CST at different 
concentrations were then analyzed, revealing that 1.25 µg CST not only encompassed the majority of the m6A 
gene at 2.5 µg and 5 µg but also contained numerous unique m6A gene (Fig. 5G).

In summary, a reduced concentration of CST (1.25  µg) outperformed higher concentrations in terms of 
enriched m6A peaks and m6A genes in the human fetal liver.

Fig. 4.  Optimization of CST and M1006 antibody to construct MeRIP-seq libraries from human fetal brain. 
(A) The counts of the m6A peak and m6A gene were expressed in the M1006 (2.5 µg and 5 µg) and CST (1.25 
µg, 2.5 µg and 5 µg) libraries from the human fetal brain. (B) The m6A level of total RNA from the mouse brain 
was indicated by m6A dot blot. Corresponding total RNAs were loaded equally by a serial dilution with 5 µg, 2 
µg, 1 µg and 500 ng; the corresponding antibodies were CST and M1006 (concentration at 1 µg/mL, 2 µg/mL, 
5 µg/mL). (C) The distribution of enriched m6A level of two antibodies at different concentrations. (D) The 
distribution of m6A peaks in the human fetal brain was analyzed, considering different genomic regions, such 
as the promoter, 5’ UTR, exon, intron, 3’ UTR, distal intergenic, and downstream regions, for two antibodies at 
varying concentrations. (E) IGV screenshots illustrating the m6A peaks of Sox2, Snurf, and Map2 for M1006-
5 µg and CST-1.25 µg. (F) Histogram of m6A genes that contain one or more m6A peaks (peak = 1, peak = 2, 
peak = 3, and peak ≥ 4) of two antibodies at different concentrations in the human fetal brain. (G) Distribution 
of the enriched m6A peaks of two antibodies at different concentrations in the human fetal brain. (H) UpSet 
diagram showing the overlapping m6A genes in two antibodies at different concentrations in the human fetal 
brain. These findings highlight the exceptional performance of M572 in detecting both enriched m6A peaks 
and highly expressed m6A-containing genes, particularly in human fetal liver and mouse liver, demonstrating 
its utility for epitranscriptomic studies in liver tissues.
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Discussion
In this study, we conducted a comprehensive comparison of the performance of five commercial anti-m6A 
antibodies in the liver and brain from human fetuses and adult mice, considering different concentrations. Our 
findings reaffirmed the superior performance of the discontinued M572 antibody, consistent with previous 
reports18. Given the unavailability of M572 and the need for low-input starting RNA from limited clinical 
samples, we optimized the concentrations of CST and M1006, two monoclonal antibodies, for MeRIP-seq 
using 15 µg total RNA from both human fetal brain and liver. While a regular concentration of M1006 yielded 
satisfactory results for the human fetal brain in MeRIP-seq, the dot blot results for m6A levels with M1006 were 
notably less favorable than those obtained with CST at reduced concentrations in the mouse brain and liver. 
Intriguingly, the CST antibody, particularly at a low concentration (1.25 µg), exhibited excellent performance 
in terms of m6A levels and MeRIP-seq starting from low-input total RNA (15 µg) in both the human fetal brain 
and liver.

Recent advancements in research have enabled large-scale, transcriptome-wide identification of m6A. For 
anti-m6A antibodies to serve as reliable tools, they need thorough validation for their intended use, considering 
variations in tissues or species. A systematic comparison between anti-m6A polyclonal and monoclonal 
antibodies has been lacking until now. Studies on antibodies targeting posttranslational histone modifications 

Fig. 5.  Concentration optimization of CST to construct low-input MeRIP-seq from human fetal liver. (A) 
The counts of m6A peaks and m6A genes were measured in the CST (1.25 µg, 2.5 µg, and 5 µg) libraries 
derived from the human fetal liver. (B) The m6A level of total RNA from mouse liver was indicated by m6A 
dot blot. Corresponding total RNA was loaded equally by serial dilutions of 5 µg, 2 µg, 1 µg and 500 ng; the 
corresponding antibodies were CST and M1006 antibody (concentrations of 1 µg/mL, 2 µg/mL, and 5 µg/
mL). (C) The overlapped and unique human liver-specific m6A genes obtained with CST (1.25 µg, 2.5 µg and 
5 µg) in human fetal liver. (D) The percentage of m6A peaks belonging to CST (1.25 µg, 2.5 µg and 5 µg) in 
human fetal liver distributed across different genomic regions, including the promoter, 5’ UTR, exon, intron, 3’ 
UTR, distal intergenic and downstream regions. (E) Distribution of the enriched m6A peaks of CST (1.25 µg, 
2.5 µg and 5 µg) in the human fetal liver. (F) Distribution of m6A genes of CST (1.25 µg, 2.5 µg and 5 µg) on 
chromosomes. (G) Heatmap of of the m6A scores of CST (1.25 µg, 2.5 µg and 5 µg).
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have indicated that monoclonal antibodies offer similar sensitivity but higher reproducibility compared to 
polyclonal antibodies23. Polyclonal antibodies generally perform well with high initial total RNA due to their 
adaptability under complex conditions. They often exhibit an extensive but less well-characterized pattern of 
interaction. In contrast, monoclonal antibodies typically recognize a defined epitope with specific and known 
affinity. While RNA nucleotides are too small to induce immune responses, constructing antibodies targeting 
single nucleosides is possible by coupling proteins with immunogenic carriers. The carrier protein used for 
coupling may influence the antibody titer of anti-m6A antibodies. Antibody titer is a measure of the inverse of 
the greatest dilution level for a positive result24. It is hypothesized that the antibody titer of CST might be higher 
than that of other anti-m6A antibodies. The regular concentration of CST (5 µg or even 2.5 µg) did not match well 
with low-input RNA (15 µg), possibly because a high antibody titer led to an excess of antibody binding to protein 
A/G. This resulted in crowded antibodies with numerous effective binding sites for m6A, making it challenging 
for RNA containing m6A to access and interact with the binding sites of antibodies. On the other hand, a lower 
concentration of CST (1.25  µg) created a suitable balance of antibody-bead complexes to effectively capture 
m6A RNA fragments under optimized conditions. Furthermore, since M572 is a rabbit polyclonal antibody 
consisting of a heterogeneous mixture of antibodies targeting different epitopes, inconsistencies between batches 
may contribute to the diverse consensus motifs observed with M57225. In contrast, monoclonal antibodies such 
as M1006 and CST exhibited higher sensitivity and reproducibility than other polyclonal antibodies (Fig. 2G-I).

This study does have some limitations. We did not assess the lower limit of the CST antibody for 500 ng 
or even smaller amounts of RNA. Clinical samples often provide limited RNA, frequently less than 1 µg. Due 
to cost and time considerations, we did not use reduced concentrations of CST to conduct MeRIP-seq in a 
broader range of tissues. Nevertheless, given the current analysis, we are optimistic that CST at relatively low 
concentrations holds significant promise for effective performance in low-input RNA from various tissues across 
different species.

Conclusion
In this study, we conducted a comprehensive comparison of five commercially available anti-m6A antibodies, 
offering a valuable guide for selecting antibodies in m6A sequencing across diverse tissues and varying amounts 
of low-input RNA. Our findings revealed that standard concentrations of M572 and M1006 exhibited strong 
performance in the liver, whether from mice or humans, while CST demonstrated comparable results in the 
mouse brain. Additionally, reduced concentrations of CST demonstrated superior performance in m6A 
sequencing from low-input RNA extracted from the human brain and liver. Looking ahead, future studies 
should explore CST’s performance in a wider array of tissue types, particularly those with limited availability or 
low RNA yields, such as rare cell populations, human biopsies, or single-cell samples. Additionally, optimizing 
CST antibody concentrations for even lower RNA inputs, including sub-nanogram quantities, would enhance its 
utility for high-throughput even single-cell epitranscriptomic profiling.

Materials and methods
Tissues from adult mouse and human fetal donors, following human ethics and animal ethics 
guidelines
The human brain and liver were surgically removed from human first-trimester fetuses (9–13 weeks). Euthanasia 
for mice is performed using carbon dioxide (CO2) inhalation followed by cervical dislocation. Mouse brains and 
livers were then collected from the same male C57BL/6 mice, aged 8 to 12 weeks. All methods were carried out in 
accordance with relevant guidelines and regulations. All experimental protocols involving humans and animals 
were approved by the Research Ethics Board of Suzhou Hospital affiliated with Nanjing Medical University, 
under ethics approval number 2019-002 Written informed consent was obtained from all subjects, or from a 
parent and/or legal guardian if subjects were under 16. All methods are reported in accordance with ARRIVE 
guidelines. The animal research procedures were implemented in accordance with the Animal Care and Use 
Committee of Nanjing Medical University. The human fetal samples were sourced from Suzhou Municipal 
Hospital, while the mouse samples were sourced from Nanjing Medical University. All sample collections were 
approved by an ethical review board, and the approval documents, along with the animal experiment licenses, 
are provided in the supplementary materials.

RNA isolation and DNase digestion
Total RNA was isolated from tissues using RNAiso plus (Takara, 9109) according to the manufacturer’s 
instructions with jingxin technology multi-sample tissuelyser. Samples with high quality (28 S/18S > 2) were 
selected for further experiments. Since m6A was also present in DNA, Turbo DNase (Invitrogen, AM2239) 
treatment was implemented to eliminate DNA contamination. A Qubit RNA HS Assay Kit (Thermo Fisher 
Scientific, Q32855) was employed to measure the RNA concentration.

MeRIP-seq of the brain and liver from human fetuses and mice
The procedure for MeRIP sequencing was slightly modified from the previously described low-input m6A-seq 
protocol18. Briefly, 15 µg of total RNA was fragmented into 200-nt fragments with RNA Fragmentation Reagents 
(Thermo Fisher Scientific, AM8740). The fragmentation reaction was carried out in 70 °C for approximately 5 
to 6 min in a preheated thermal cycler (Eastwin, ETC 821). Then, 2 µl of stop solution (0.5 M EDTA) was added 
to stop the reaction. The fragmented RNA was pelleted by ethanol precipitation. To prepare the m6A input 
sample, 10 ng of the fragmented RNA was treated with the SMARTer Stranded Total RNA-Seq Kit v2-Pico Input 
Mammalian (Clontech, 634488) to construct a strand-specific RNA library. The remaining RNA was prepared 
for m6A-seq: 30 µl protein G magnetic beads (Thermo Fisher Scientific, 10004D) and 30 µl protein A magnetic 
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beads (Thermo Fisher Scientific, 10002D) were mixed and washed twice with IP buffer (10 mM pH 7.5 Tris-HCl, 
150 mM NaCl, and 0.1% IGEPAL CA-630), and then the mixed beads were resuspended in 200-µl IP buffer. 
Then, 5  µg anti-m6A antibody (Darmstadt, Germany, Millipore, ABE572; Darmstadt, Germany, Millipore, 
MABE1006; Goettingen, Germany, Synaptic Systems, 202003; Danvers, Massachusetts, USA, Cell Signaling 
Technology, #56593; Waltham, Massachusetts, USA, Thermo Fisher Scientific, MA5-33030) was added to the 
resuspended beads, and the mixture was rotated at 4 °C overnight. After the combination of beads and antibody, 
the bead-antibody mixtures were washed twice with IP buffer and resuspended in 500-µl IP reaction buffer 
containing fragmented RNA and 5 µl Recombinant RNase Inhibitor (Takara, 2313B). After rotating at 4 °C for 
approximately 2 h, the bead-antibody-RNA mixtures were washed twice with IP buffer, washed twice with low-
salt IP buffer (10 mM pH 7.5 Tris-HCl, 50 mM NaCl and 0.1% IGEPAL CA-630) and washed twice with high-
salt IP buffer (10 mM pH 7.5 Tris-HCl, 500 mM NaCl and 0.1% IGEPAL CA-630). After the low/high salt wash, 
the bound RNA was eluted by competition with 6.7 mM N6-methyladenosine (Selleckchem, S3190). The 200-µl 
eluted RNA was mixed thoroughly with 1400 µl of 100% ethanol and 700 µl of RLT buffer. The mixture was 
loaded onto a RNeasy MiniElute spin column (Qiagen, 74104) and centrifuged at 12,000 rpm at 4 °C for 1 min. 
Then, the membrane of the spin column was washed with 500 µl RPE buffer once, then 500 µl 80% ethanol once, 
and finally centrifuged at 4 °C at full speed for 5 min. Then, 14 µl ultrapure H2O was used to elute the m6A RNA. 
The input RNA (10 ng fragmented RNA) and m6A RNA were used as starting materials to construct libraries 
with SMARTer Stranded Total RNA-Seq Kit v2-Pico Input Mammalian (Takara-Clontech, 634488) according to 
the standard protocol. The input RNA was subjected to 14 PCR cycles, and the m6A RNA was subjected to 16 
cycles. The libraries were sequenced on an Illumina NovaSeq with a PE 150 bp read length.

m6A dot blot assay
Total RNA from each sample was diluted to the same concentration with ultrapure H2O (Beyotime, ST876) 
and then denatured at 95 °C for 3 min. Then, 2 µl of total RNA was loaded onto NC membranes (Beyotime, 
FFN05) and UV crosslinked (1250 µJ UV, 48 s, 2 times). The membrane was washed with 1× PBST (10× PBS, 
Beyotime, ST448-1 L) for 3 min. Then, the membrane was washed with 5% nonfat milk at room temperature for 
1 h and incubated with m6A antibody (Millipore, MABE1006, 4 µg/µl) at 4 °C overnight. On the following day, 
the membrane was incubated with secondary antibody (Beyotime, A0216, A0208) at room temperature for 1 h. 
Then, the membrane was washed 4 times with 1× PBST for 10 min each. Finally, the m6A signal was examined 
with a detection system (Tanon, GelCap All).

Reads pre-processing and alignment
First, Trim-Galore software was used to remove the splice and low-quality fragments of all the m6A-seq and 
input raw data reads. Then, they were mapped with Bowtie226 (version 2.4.1) to the human reference genome 
(hg19) and reads mapped to rRNA were discarded. The remaining reads were mapped to human genome using 
HISAT227(version 2.2.1) with default parameters. Finally, the results obtained from HISAT2 were transformed 
into the bam format using BEDTools28 (version 2.29.2).

Analysis of MeRIP-seq data
First, m6A-enriched peaks from human tissues and mouse tissues were detected using MACS (2.2.7)29 and input 
from human tissues and mouse tissues. Second, narrowPeak data obtained in MACS2 were annotated to the 
hg19 or mm10 reference genome from UCSC using the ChIPseeker (1.26.2) package30. We defined the m6A 
methylation level of genes as the average value of the score value of corresponding m6A peaks. Next, the package 
‘Guitar’31 was used to analyze m6A RNA-treated genomic features. All peaks were chosen for m6A motif analysis 
with HOMER (v4.11)32. Then, annotation data were visualized by R software (version 4.0.3) and GraphPad 
Prism 8.

Peak intensity and the calculated overall m6A modification level
The methylation intensity of a corresponding region was calculated with (IPFPKM/InputFPKM), where Input 
FPKM is ((Counts of mapped fragments × 109) / (Length of peak × Total count of the mapped fragments)) 
and IPFPKM is ((Counts of mapped fragments × 109) / (Length of peak × Total count of the mapped m6A 
fragments)) in MeRIP-seq. We identify the m6A methylation level of the gene as Σn

l
mili

L  (i ∈ (1, 2, . . . , n) , 
where mi is the methylation level, li is the length of the peak in the gene, n is the number of peaks located in 
the gene, and L is the longest transcript length of every gene). Enrichment of m6A level was defined as the 
representation of the enrichment of the m6A methylation level of all m6A gene in each library.

Unique and overlapping tissue-specific m6A genes
The expression values calculated by the Genotype-Tissue Expression (GTEx) project and Tissue-specific Gene 
Expression and Regulation (TiGER) datasets were defined as tissue-specific genes. The file containing the median 
transcripts per million (TPM) of each gene was downloaded from version V8. The median TPM of each gene 
was ranked in decreasing order. Tissue-specific genes must meet two criteria: 1) the top 5 genes expressed in all 
tissues; and 2) > 90% of all genes expressed in particular tissues. Then, we merged these genes with the tissue-
specific genes downloaded from the TiGER database to constitute a tissue-specific gene set33. Overlap between 
each kind of antibody library (M572, M1006, SY, CST and Ther) and the corresponding tissue-specific gene set 
(human brain, human liver, mouse brain and mouse liver). These overlapping genes were defined as overlapping 
tissue-specific m6A genes. The remaining genes were defined as unique m6A genes in each antibody library.
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Motif discovery analysis
A de novo motif search was performed using HOMER (Version 4.11) in each antibody library. We selected the 
first “RRACH” motif from the obtained motifs of every antibody library (M572, M1006, SY, CST and Ther) and 
recorded the p value, using the ‘-mask -rna -len 8, 10, 12’ parameters.

Statistical analysis
To assess antibody performance, we conducted statistical analyses using GraphPad Prism 8.0 software. Specifically, 
two-tailed Student’s t tests were employed for comparisons. Results were considered statistically significant when 
the adjusted p value was less than 0.05. The significance thresholds were defined as follows: *p < 0.05, **p < 0.01, 
***p < 0.001 and ****p < 0.0001. These analyses ensured robust comparisons across experimental conditions, 
facilitating an objective evaluation of antibody performance.

Data availability
The raw reads of the MeRIP-seq data were deposited into NCBI SRA under BioProject ID (PRJNA801897 and 
PRJNA801798 ) and accession number (SUB11014229 and SUB11001174) . The raw reads of the MeRIP-seq data 
were deposited into NCBI SRA under BioProject ID (PRJNA801897 and PRJNA801798 ) and accession number 
(SUB11014229 and SUB11001174) . The website link is ​h​t​t​p​s​:​​/​/​w​w​w​.​​n​c​b​i​.​n​​l​m​.​n​i​​h​.​g​o​v​/​b​i​o​p​r​o​j​e​c​t​/​P​R​J​N​A​8​0​1​8​9​
7​/ and https:​​​//w​ww.n​cbi​.nl​m.n​ih.gov/bio​​proj​ect​/?term=PRJNA801798.
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