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The dynamic RNA modifications have been viewed as new posttranscriptional regulator in modulating
gene expression as well as in a broad range of physiological processes. N'-methyladenosine (m'A) is one
of the most prevalent modifications existing in multiple types of RNAs. In-depth investigation of the func-
tions of m'A requires the site-specific assessment of m'A stoichiometry in RNA. Herein, we established a
demethylase-assisted method (DA-m'A) for the site-specific detection and quantification of m'A in RNA.
N1-methyl group in m'A could result in the stalling of reverse transcription at m'A site, thus produc-
ing the truncated cDNA. E. coli AIKB is a demethylase that can demethylate m'A to produce adenine in
RNA, thus generating full-length cDNA from AlkB-treated RNA. Evaluation of the produced amounts of
full-length cDNA by quantitative real-time PCR can achieve the site-specific detection and quantification
of m'A in RNA. With the DA-m'A method, we examined and successfully confirmed the previously well-
characterized m'A sites in various types of RNAs with low false positive rate. In addition, we found that
the level of m'A was significantly decreased at the bromodomain containing 2 (BRD2) mRNA position

1674 and CST telomere replication complex component 1 (CTC1) mRNA position 5643 in human hepa-
tocellular carcinoma tissues. The results suggest that these two m'A sites in mRNA may be involved in
liver tumorigenesis. Taken together, the DA-m'A method is simple and enables the rapid, cost-effective,
and site-specific detection and quantification of m'A in RNA, which provides a valuable tool to decipher
the functions of m'A in human diseases.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In addition to the four canonical nucleosides of adenosine (A),
guanosine (G), cytidine (C) and uridine (U), RNA molecules also
contain diverse chemical modifications [1-3]. Since the first modi-
fication was characterized over 60 years ago, more than 150 chem-
ical modifications have been identified in a variety of RNA species
from three-domain of life [4-8]. RNA modifications occur in ribo-
somal RNA (rRNA), transfer RNA (tRNA), messenger RNA (mRNA),
and non-coding RNAs (ncRNAs) [9-11]. Similar to epigenetic DNA
methylation, RNA modifications have their own writers, erasers,
and readers [12,13]. Now, the dynamic RNA modifications have
been viewed as new posttranscriptional regulator in modulating
gene expression as well as in a broad range of physiological pro-
cesses [14-19].
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N6-methyladenosine (m®A) is the best-characterized internal
modification in eukaryotic mRNA [20]. As an isomer of m®A, N'-
methyladenosine (m'A) has also been found to be present in all
the three kingdoms of life [21]. m'A is a reversible modification
occurring in tRNA, rRNA, mRNA, and mitochondrial RNA [22,23].
The methyl group in m'A could disturb the formation of the
Watson-Crick base pair (Fig. 1A), which would therefore affect the
secondary structure of RNA and the interaction with its reader pro-
teins. It has been reported that m'A is involved in the folding of
tRNA [24-26], maturation of ribosomes [27], and translation pro-
cess [28,29].

In recent years, mass spectrometry-based and sequencing-
based techniques have been developed to discover, identify, and
map nucleic acid modifications [30-37]. The presence of N1-
methyl group in m!A could induce stop or misincorporation
feature in reverse transcription (RT), which was employed for
the transcriptome-wide mapping of m!A while in combination
with high-throughput sequencing [28,29]. However, these high-
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Fig. 1. Schematic illustration of the principle of DA-m'A method. (A) N1-methyl group in m'A can disturb the formation of hydrogen bonding between m'A and thymine,
while adenosine and thymine can form classic Watson—Crick base pairing. (B) In DA-m'A method, m'A in RNA will cause RT stalling in m'A, producing truncated cDNA.
Removal of m'A by AIkB will lead to the generation of full-length cDNA. Evaluation of the produced amounts of full-length cDNA by qPCR could realize site-specific detection
and quantification of m'A in RNA. (C, D) LC-MS/MS analysis of the demethylation efficiency toward m'A by AIkB treatment. Error bars indicate mean + SD with three

replicates.

throughput sequencing-based methods generally require complex
sample pretreatment and sequencing library construction, which
is time-consuming, costly and needs sophisticated bioinformat-
ics analysis. Mass spectrometry-based analysis generally offers the
identification and quantification of bulky RNA modifications [38-
40]. However, the site information of RNA modifications typically
couldn’t be obtained by mass spectrometry-based methods. Some
studies aim to evaluate m!A at certain critical sites with stoichiom-
etry information. In this respect, a method that enables rapid,
straightforward, site-specific detection and quantification of m!A
is highly desired. m'A carries a methyl group in the N1 position of
adenine, which can compromise the formation of hydrogen bond-
ing between m'A and thymine (Fig. 1A). By virtue of this prop-
erty of m'A, we developed a demethylase-assisted method (DA-
m'A) for the site-specific assessment of m!A stoichiometry in RNA.
The presence N1-methyl group in m!A could cause the stalling
of reverse transcription at m!A site, thus producing the truncated
cDNA. E. coli AIKB is a demethylase that acts as a repair protein and
can demethylate m'A [41,42]. Since m'A can cause the stalling of
reverse transcription and produce truncated ¢cDNA in RT reaction,
we envisioned that AlkB-assisted demethylation of m!'A to pro-
duce adenine in RNA would generate full-length cDNA. Therefore,
evaluation of the produced amounts of full-length cDNA by qPCR
could realize site-specific detection and quantification of m!A in
RNA (Fig. 1B).

We first expressed and purified the recombinant AIKB protein
(Table S1, Figs. S1 and S2 in Supporting information). We employed
LC-MS/MS to evaluate the demethylation efficiency of m'A by AlkB
protein (Table S2 in Supporting information). Since the bromod-
omain containing 2 (BRD2) mRNA was proved to contain m'A at
position 1674 [43], a 46-nt RNA (Oligo-m!A, Table S3 in Support-

ing information) that has the same sequence context around the
position 1674 of BRD2 mRNA was synthesized and used as the
substrate for the evaluation. Oligo-m!A was treated with AlkB fol-
lowed by enzymatic digestion and LC-MS/MS analysis. The result
showed that m'A was almost undetectable after AlkB treatment
(Fig. 1C). Quantification of the trace level of m!A demonstrated
that 99.95% demethylation efficiency toward m'A was achieved
upon AlkB treatment (Fig. 1D). The highly efficient demethylation
of m'A by AIKB indicates the high feasibility for the development
of the DA-m!A method.

Two 46-nt RNAs of Oligo-m!A and Oligo-A (Table S3) were
used as the templates for the optimization reaction. A 78-nt DNA
(Preamp oligo) was designed to hybridize with Oligo-m!A and
Oligo-A for the RT reaction. The RT stalling efficiencies were cal-
culated using the equation of ACt=Cty s —Cta (Figs. 2A and B).

Based on the ACt values, we first evaluated the RT stalling effi-
ciency of m'A by five commercial reverse transcriptases, includ-
ing ProtoScript II reverse transcriptase, Bst 3.0 DNA polymerase,
SuperScript III reverse transcriptase, M-MuLV reverse transcriptase,
and AMV reverse transcriptase. The results showed that larger ACt
values were obtained with using ProtoScript II reverse transcrip-
tase and Bst 3.0 DNA polymerase, indicating m!A would lead to
stronger RT stalling by these two transcriptases (Fig. 2C). We then
optimized the reaction temperatures of these five reverse tran-
scriptases from 37 °C to 70 °C. The results showed that ProtoScript
II reverse transcriptase exhibited overall the best discrimination
between m'A and A under the temperature ranging from 37 °C to
52 °C (Fig. 2C). Similar to the qPCR results, the PAGE analysis also
suggested that m!A exhibited stronger RT stalling efficiency with
using Protoscript II reverse transcriptase (Fig. 2D). As expected, the
band intensities from the AlkB-treated Oligo-m!A template were
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Fig. 2. Optimization of the RT reaction in DA-m'A method. (A) Schematic illustration showing that differential Ct values could be obtained from Oligo-m'A (Ctyia) and
Oligo-A (Cta) in DA-m'A method. The ACt (Ctya-Cta) values are used to evaluate the RT stalling efficiency. (B) Representative real-time fluorescence amplification curves
with using Oligo-m'A and Oligo-A templates. (C) Evaluation of the RT stalling efficiencies by different reverse transcriptases under different temperatures. (D) Evaluation of
the RT stalling efficiencies by different reverse transcriptases with PAGE analysis. 22 cycles were carried out for PCR. (E—-G) Optimization of the concentrations of Protoscript
I reverse transcriptase, dNTP, and Mg?*. Error bars indicate mean + SD with three replicates.

comparable to the Oligo-A template, indicating that AIkB treatment
would efficiently remove the methyl group of m'A and therefore
eliminate the RT stalling caused by m'A (Fig. 2D).

Since ProtoScript Il reverse transcriptase shows the best per-
formance in discriminating m'A and A under 42 °C (Fig. 2C), we
chose this enzyme for the method development. To obtain the best
discrimination, we further optimized the conditions of the RT re-
actions, including the concentrations of Protoscript II reverse tran-
scriptase, dNTP, and Mg?*. With the increased concentration of
Protoscript II reverse transcriptase, the ACt values increased and
slightly decreased over 0.3U/puL (Fig. 2E). The concentrations of
dNTP and Mg2+also affected the discrimination between m!A and
A. The results showed that 0.5mmol/L dNTP and 3 mmol/L Mg+
offered the best discrimination (Figs. 2F and G). Collectively, the
optimal RT reaction was conducted under 42 °C with 0.5 mmol/L
dNTP, 3 mmol/L MgCl, and 0.3 U/uL Protoscript II reverse transcrip-
tase.

Having optimized the conditions of the DA-m'A method, we
evaluated its quantitative ability toward m'A at given sites in RNA.
We first constructed a calibration curve using different concen-
trations of Oligo-A and Oligo-m'A from 10~'> mol/L to 10-° mol/L
(Fig. S3 in Supporting information). The Ct values were plot-

ted against the logarithm (lg) of the concentrations of Oligo-A
or Oligo-m'A. The resulting equations of Cta =—3.0051gColigo-a
14.681 and Ctyip =—3.0281gCo0g0-m1a — 11.360 showed good lin-
earity with R? being 0.997 (Figs. S4A and B in Supporting infor-
mation). The obtained ACt (Ct,,;5 — Cta) were similar under differ-
ent concentrations of Oligo-A and Oligo-m'A (from 10~'> mol/L to
10~2 mol/L, Fig. S4C in Supporting information), indicating the DA-
m'A method can be applied in the detection of m'A with a wide
range of concentrations of RNA substrates.

We next quantitatively assessed the m!A level in individual
sites by the DA-m'A method. In this respect, the mixtures of Oligo-
A and Oligo-m!A with various molar ratios of Oligo-m!A/(Oligo-
m'A+0Oligo-A) were prepared and subjected to AIKB treatment.
The ACt (Ctapg- — Ctag,) values between untreated mixtures
(Ctap-) and AlkB-treated mixtures (Ctayp-) were plotted against
the theoretical percentages of m'A fraction (Fig. 3A). A non-linear
fitting curve (y = 1.156x/(100 - 0.675x)) was generated with R? be-
ing 0.998 (Fig. 3B). With this equation, we quantified the m'A level
at specific loci in RNA of HEK293T cells (Fig. S5 in Supporting in-
formation). We first examined a control site without m!'A modi-
fication (position 316) in 28S rRNA. As shown in Fig. S6A (Sup-
porting information), the ACt (0.02) was extremely low, indicat-



J. Xiong, K.-K. Chen, N.-B. Xie et al.

A
7O RLGPCR
m'A %\’\ —_— TR —Chye
—
o _e_ WY e 4 Less PCR products
A
/.\//'\/ \
kg s Nz A
(%) _RT-gPCR | T ot
A e AN A
More PCR products
B4 C HEK293T
y = 1.156x/(100 — 0.675x)
~ 3] Re=0908 100
© 2 60
& 3
2 < 40
G 1 3
- 20
5
<0 0
© X & S Ak A
0 20 ; 40 60 80 100 Y,:;\ .\‘bq?/\é\ (Dbbt\vﬁa Yg)b »{’3\,\?'39
m'A fraction (%) AP

Fig. 3. Assessment of m'A stoichiometry at given sites in RNA by DA-m'A method.
(A) Schematic illustration showing the assessment of m'A stoichiometry at given
sites in RNA by DA-m'A method. The mixtures of Oligo-A and Oligo-m'A with var-
ious molar ratios were prepared and subjected to AlkB treatment. (B) The ACt
(Ctaip- - Ctap,) values between untreated mixtures (Ctayp-) and AlkB-treated
mixtures (Ctaygp-) were plotted against the theoretical percentages of m'A fraction.
(C) Assessment of m'A stoichiometry at specific loci in RNA of HEK293T cells by
DA-m'A method. Error bars indicate mean + SD with three replicates.

ing low false positive rate of the DA-m!A method. We then ex-
amined the previously well-characterized m'A site (position 1322)
in 28S rRNA [44]. The result showed a ACt of 3.49 was obtained,
and the m'A level was calculated to be 99.4% + 1.2% (Fig. 3C
and Fig. S6B in Supporting information), which was consistent
with the previous study [44]. m'A modification occurs in differ-
ent RNA species, including mRNA, ncRNA, and mitochondrial RNA
[22,23]. We also applied the DA-m'A method to quantify m'A
level in individual sites of different RNA species. Some previously
reported m'A sites, including BRD2 mRNA position 1674 (BRD2:
m'A1674), CST telomere replication complex component 1 (CTC1)
mRNA position 5643 (CTC1: m!A5643), ncRNA prune exopolyphos-
phatase 1 (PRUNE1) position 58 (PRUNE: m!A58), long intergenic
non-protein coding RNA 324 (LINC00324) position 659 (LINC00324:
m'A659), mitochondrially encoded NADH:ubiquinone oxidoreduc-
tase core subunit 5 mRNA (MT-ND5: m'A1374) and mitochondri-
ally encoded cytochrome C oxidase 1 mRNA (MT-CO2: m!A297).
The measured levels of m'A at BRD2: m'A1674, CTC1: m'A5643,
PRUNE: m!A58, LINC00324: m!A659, MT-ND5: m'A1374, and MT-
C02: m!'A297 were 77.9% and 68.8%, 46.1%, 78.6%, 59.7%, and 66.3%,
respectively (Fig. 3C and Figs. S6C-H in Supporting information).
The quantification results of these m'A sites are comparable to
previously reported data (91% for BRD2: m'A1674, 84% for CTCI:
m'A5643, 49% for PRUNE: m'A58, 82% for LINC00324: m!AG659,
67% for MT-ND5: m'A1374, and 76% for MT-CO2: m!A297) [44-46].
Taken together, these results suggest that the DA-m!A method is
capable for site-specific assessment of m!A stoichiometry in RNA.

Nucleic acid modifications are known to be involved in a va-
riety of human cancer development [47-49]. It has been reported
that m'A in tRNA is elevated in human hepatocellular carcinoma
(HCC) tissues and drives liver tumorigenesis [50]. However, site-
specific quantification of the change of m!A in RNA of HCC tissues
is lacked.

Here we explored the correlation of the levels of m!A at spe-
cific sites in RNA with HCC. The total RNA from 5 pairs of hu-
man HCC tissues and their matched tumor-adjacent normal tis-
sues were isolated and subjected to DA-m'A analysis (Table S4 in
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Fig. 4. Site-specific quantification of m'A in RNA of human HCC tissues by DA-m'A
method. Total RNA from five pairs of human HCC tissues and their matched tumor-
adjacent normal tissues were isolated and subjected to DA-m'A analysis. (A) BRD2:
m'A1674. (B) CTC1: m'A5643. (C) PRUNE: m'A58. (D) LINC00324: m'A659. (E) MT-
ND5: m'A1374. (F) MT-CO2: m'A297. All p values were evaluated by a two-sided
paired t-test.

Supporting information). An approval for the study was granted
by the Wuhan University Ethics Committee and met the decla-
ration of Helsinki. All experiments were conducted in accordance
with Wuhan University Ethics Committee’s guidelines and regula-
tions. The aforementioned six m!A sites were evaluated (Tables S5
and S6 in Supporting information). The results showed that, com-
pared to the tumor-adjacent normal tissues, m'A level in HCC tis-
sues was significantly decreased at BRD2: m!'A1674 (P=0.013) and
CTC1: m'A5643 (P=0.004) (Figs. 4A and B, Figs. S7A and B in Sup-
porting information). m'A level in the other 4 sites showed no sig-
nificant change between HCC tissues and tumor-adjacent normal
tissues (Figs. 4C-F and Figs. S7C-F in Supporting information). The
results suggested that the two m!A sites in mRNA (BRD2: m'A1674
and CTC1: m'A5643) may be involved in liver tumorigenesis.

LC-MS/MS analysis only could provide the bulky level of m'A,
which is not able to accurately reflect the site-specific change of
m'A between samples. Indeed, the bulky m'A level in the total
RNA measured by LC-MS/MS showed no significant change be-
tween human HCC tissues and their matched tumor-adjacent nor-
mal tissues (P=0.930, Fig. S8 in Supporting information). Although
the bulky m'A level may not have obvious change, the levels of
m'A at certain sites may have significant changes between can-
cer tissues and normal tissues. Since the DA-m!A method enables
the site-specific quantification of m!A with stoichiometry informa-
tion, it allows the evaluation of precise alteration of m'A at given
sites. The DA-m'A is a well complementary method to LC-MS/MS
method. In addition, the DA-m'A method is also suitable to be em-
ployed to confirm the m'A sites determined by transcriptome-wide
mapping methods. The limitation of the DA-m'A method is that it
relies on prior knowledge of sequence information flanking the tar-
get m'A.

In summary, we proposed the DA-m'A method for the site-
specific assessment of m!A stoichiometry in RNA from biological



J. Xiong, K.-K. Chen, N.-B. Xie et al.

and clinical samples. With the DA-m!A method, we examined and
successfully confirmed the previously well-characterized m!A sites
in 28S rRNA, mRNA, ncRNA, and mitochondrial RNA with low false
positive rate. In addition, we found the level of m'A was signif-
icantly decreased at BRD2 mRNA position 1674 and CTC1 mRNA
position 5643 in human HCC tissues, suggesting that these two
m'A sites in mRNA might be involved in liver tumorigenesis. Col-
lectively, the developed DA-m'A method offers a straightforward,
cost-effective, and site-specific detection of m!A with stoichiom-
etry. The DA-m!A method is simple and rapid, which is especially
suitable for the evaluation of the status of certain critical m'A sites
in RNA from a plenty number of biological or clinical samples.
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