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The integration of RNA metabolic labelling by nucleoside analogues with high-throughput RNA sequencing has
been harnessed to study RNA dynamics. The immunoprecipitation purification or chemical pulldown technique
is generally required to enrich the analogue-labelled RNAs. Here we developed an a®A-seq method, which
takes advantage of N°-allyladenosine (a®A) metabolic labelling on cellular mRNAs and profiles them in an
immunoprecipitation-free and mutation-based manner. a®A plays a role as a chemical sequencing tag in that
the iodination of a®A in mRNAs results in 1,N®-cyclized adenosine (cyc-A), which induces base misincorporation
during RNA reverse transcription, thus making a®A-labelled mRNAs detectable by sequencing. A nucleic acid
melting assay was utilized to investigate why cyc-A prefers to be paired with guanine. a®A-seq was utilized to
study cellular gene expression changes under a methionine-free stress condition. Compared with regular RNA-seq,
a®A-seq could more sensitively detect the change of mRNA production over a time scale. The experiment of a®A-
containing mRNA immunoprecipitation followed by qPCR successfully validated the high-throughput a®A-seq
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data. Together, our results show a®A-seq is an effective tool to study RNA dynamics.

1. Introduction

High throughput RNA-seq has been widely used to profile global cel-
lular gene expression and understand the cellular biological processes
[11, however, it represents a steady state of messenger RNA (mRNA)
transcript abundance. To follow dynamic change of cellular mRNA ex-
pression, mRNA labelling and sequencing over time is necessary [2]. In
this regard, how to label cellular mRNAs and identify them in a simple
and high throughput manner remains critical.

The nucleoside analogues [3,4], such as 4-thiouridine (4sU) [5,6], 5-
ethynyluridine (5-EU) [7], 5-bromouridine (5-BrU) [8], 6-thioguanosine
(6sG) [9], Nﬁ-propargyladenosine (p®A) [10-12] and 2’-azidocytidine
(27-AzC) [13], have been used to label cellular mRNAs and study mRNA
dynamics [14]. They are able to be metabolically incorporated into the
newly transcribed RNAs by nucleoside salvage pathways [13]. From
the structure point of view, these analogues can serve as functional
tags because they are either immunoprecipitable or post-modifiable
for subsequent chemical pulldowns. For instance, specific antibodies
have been used to immunoprecipitate 5-BrU-labelled mRNA from to-
tal mRNA [8]. Similarly, 4sU and 6sG in RNA can be modified by
a 2-pyridylthio-activated disulfide of biotin (HPDP-biotin) [15,16] or
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methylthiosulfonate-activated biotin (MTS-biotin) [17], and then be en-
riched by streptavidin. The 5-EU-, p®A- or 2’-AzC-labelled RNAs can be
modified with an azide-fluorophore or azide-biotin probe by bioorthog-
onal azide-alkyne click reaction and then be quantified by a fluorescence
or chemical pulldown assay [18-20].

Recently, RNA nucleoside analogues for chemical sequencing have
brought considerable attention due to enrichment-free steps in the pro-
cess of RNA sequencing library construction. The nucleoside analogues
are chemically treated to induce base misincorporation in the RNA
reverse transcription (RT), and the mutation signals in RNA-seq are
counted to indicate the abundance of labelled RNA transcripts. For
example, chemical treatments of 4sU by thiol-linked alkylation [21],
oxidative-nucleophilic-aromatic substitution [22], or thiol-ene addition
[23] enable U-to-C mutations [24-26] in the RNA-seq. However, these
methods were only limited to 4sU analogue, and they either utilized
harsh chemical treatments or lacked the in vitro validation data to prove
the high-throughput sequencing results. Taken together, nucleoside ana-
logues for chemical sequencing of RNA are very rare, and the addition
to this toolkit will be highly beneficial to the field. In our previous work,
an adenosine analogue, N6-ally1adenosine (a®A) was synthesized [27],
and under mild iodination, it could be transformed into 1,N®-cyclized
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adenosine (cyc-A) to induce mismatch during RT [28,29]. Although
a®A was able to metabolically label cellular mRNA [30], an a®A-based
sequencing technique has not been developed yet for studying RNA
dynamics.

In this work, we developed an a®A-seq method, which takes advan-
tage of a®A metabolic labelling on cellular mRNAs and profiles them in
an immunoprecipitation-free and mutation-based manner. First, a nu-
cleic acid melting assay was performed to explain the preferred base
pairing of cyc-A with guanine. Then, a®A-seq was utilized to study the
change of the cellular gene expression profile under a methionine-free
stress condition. Compared with regular RNA-seq, a®A-seq could more
sensitively detect the level change of newly produced mRNAs. Finally,
the experiment of a®A-containing mRNA immunoprecipitation followed
by quantitative real-time PCR (qPCR) was successfully used to validate
the high-throughput a®A-seq data. Together, our results show a®A-seq
is an effective tool to study RNA dynamics.

2. Material and methods
2.1. Materials

All chemicals and reagents were used as purchased without further
purification. m®ATP (N®-methyladenosine-5’-Triphosphate, catalogue
no. N-1013) was purchased from TriLink BioTechnologies. MEGAscript
T7 kit (Invitrogen, catalogue no. AM1334), RevertAid enzyme (Thermo,
catalogue no. EP0441), 5x RT reaction buffer (Thermo Scientific, cata-
logue no. EP0441), DMEM/high-glucose medium (HyClone, catalogue
no. SH30243.01), FBS—fetal bovine serum (Gibco, catalogue no. 10270),
Penicillin-Streptomycin (HyClone, catalogue no. SV30010) and Roswell
Park Memorial Institute (RPMI) 1640 medium (no methionine) (Gibco,
catalogue no. A1451701) were purchased from Thermo Fisher Scien-
tific. iTag™ Universal SYBR® Green Supermix (Bio-Rad, catalogue no.
1725124) was purchased from Bio-Rad Laboratories, Inc. Reverse tran-
scriptase recombinant HIV (catalogue no. LS05003) was purchased from
Worthington Biochemical Corporation. N°-isopentenyladenosine anti-
body (catalogue no. AS09 415) was purchased from Agrisera.

2.2. Measurement of melting temperatures of RNA/cDNA hybrids

91-nt and 89-nt RNA probes (Tables S1, S2) were synthesized by in
vitro transcription using ATP, m®ATP, a®ATP [10] respectively with a
MEGAscript T7 kit. The transcribed products were digested by TURBO
DNase at 37 °C for 15 min to remove the template DNA and then puri-
fied with RNA clean and concentrator. For cyc-A RNA probe, aA-RNA
probe (10 pg) was dissolved in 52 pL water, and 8 pL 0.125 M I, (dis-
solved in 0.25 M KI solution) was added. The mixture was incubated
at 37 °C for 0.5 h, then approximately 8 uL 0.2 M Na,S,05; was added
until the mixture became colourless. Followed by adding 12 pL 0.1 M
Na,CO; (pH 9.5), the mixture was incubated at 37 °C for another 0.5 h.
After purified with RNA clean and concentrator, cyc-A-RNA product was
obtained. Next, 3 ug RNA probe was mixed with 4.5 ug corresponding
cDNA (Tables S1, S2) in 20 pL RNase-free water. The mixture was heated
at 95 °C for 5 min to denature, and cooled to 25 °C with a rate of 0.5 °C/s
for hybridization. Afterwards, 20 uL SYBR Green Supermix was added,
and the mixtures were divided into 10 uL portions for determination of
melting temperatures. The melting curve was measured by quantitative
real-time PCR (Bio-Rad CFX96 Connect) with temperature control from
65 °C to 95 °C at a rate of 0.5 °C/5 s.

2.3. RNA metabolic a®A labelling and its quantification by
mass-spectroscopy

HelLa and HEK293T cells were cultured in DMEM/high-glucose
medium supplemented with 10% FBS and 1% 100 X pen-strep at
37 °C with 5% CO,. The medium was changed to methionine-deficient
medium supplemented with 10% FBS, 1% 100 x pen-strep and 1 mM
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L-cysteine to deplete the intracellular methionine. In the meantime, a®A
was added at indicated concentrations. For the control samples, 1 mM
methionine was added. After culturing for 24 h, the total RNAs of HeLa
cells and HEK293T cells were isolated using Trizol Reagent, and the
mRNA was purified from the total RNA by GenElute™ mRNA Miniprep
Kit (Sigam, MRN10-1KT). For each sample, around 300-500 ng RNA
was digested by using 1 U nuclease P1 (Wako) in 30 uL reaction con-
taining 20 mM NH4OAc at 42 °C for 2 h. Next, 1 pL Alkaline Phos-
phatase (1 U, Sigma-Aldrich) and 3 pL 1 M NH4HCO5 (Sigma-Aldrich)
was added and the reaction was incubated at 37 °C for another 2 h. Sam-
ples were then filtered by 0.22 um filter (Millipore) and diluted to 80 pL.
10 pL of the sample was injected into LC-MS/MS. The levels of m°®A and
a®A in total RNA and mRNA were measured by reverse phase ultra-high
performance liquid chromatography on a C18 column coupled with on-
line mass spectrometry detection using Waters TQ MS triple-quadrupole
LC spectrometer in positive electrospray ionization mode. The a®A and
mPA nucleosides were quantified by using the nucleoside to base ion
mass transitions of 308 to 176, and 282 to 150, respectively.

2.4. Cell viability assay

Five thousand HeLa or HEK293T cells were seeded per well in the
96-well plate on the day before the experiment. After onset of the exper-
iment, cells were cultured with medium containing the indicated con-
centration of a®A. The conditions that a®A-containing culture medium
was exchanged every 6 h or 12 h were also tested. Cell viability experi-
ments were performed by CellTiter-Glo Luminescent Cell Viability Assay
(Promega) following the instructions of the manufacturer. Luminescent
signals were measured on SynergyNEO2 (BioTek).

2.5. Library construction and high-throughput sequencing analysis

Library preparations were conducted following the NEBNext Ultra II
Directional RNA Library Prep Kit for Illumina E7760 manual. Instead
of using the RT enzyme mix from the NEB kit, 20 Unites HIV (Re-
verse transcriptase recombinant HIV) and 5x RT reaction buffer were
added for first strand synthesis Reaction. The RT reaction was per-
formed at 25 °C for 10 min, 37 °C for 60 min, and 70 °C for 15 min.
Next, standard protocol was followed for second strand cDNA syn-
thesis and other continuing steps to complete the library construc-
tion. The library quality was checked using an Agilent 2100 Bioana-
lyzer and sequenced on an Illumina Hiseq X10 system with paired-end
2 x 150 bp read length. The sequencing reads data was first subject to
fastqe (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
for quality control, and adapters were trimmed using fastp (https://
github.com/OpenGene/fastp) [31]. The minimum quality threshold
was set to 20, and the maximum amplicon end distance was 146 nt.
For alignment, reads data was mapped to hg38 as the reference
genome using hisat2 (http://daehwankimlab.github.io/hisat2/) [32].
The uniquely aligned sam files (flag: 83/163, 99/147) were sorted
and reordered into bam files with samtools (http://www.htslib.org/)
[33]. To confirm the mutation pattern in high-throughput sequencing,
mutation sites were identified by samtools mpileup and annotated to
hg38_refGene. To quantify the total reads, all reads in cyc samples were
used for reads counting. To quantify the mutation reads with A-to-
C/T, we used sam2tsv (http://lindenb.github.io/jvarkit/Sam2Tsv.html)
to search each read with mutation sites for reads counting. In or-
der to eliminate the background signals, all mutation sites that oc-
curred in input samples were ignored in cyc samples. Afterwards,
total reads and mutation reads were annotated to hg38_refGene by
gene name. The fold changes of different genes (‘Met—’ samples ver-
sus ‘Met+’ samples) were calculated according to reads count after nor-
malization by sequencing depth. Statistical significance was set to P-
value <0.05. Gene ontology (GO) analysis was performed by Metascape
(http://metascape.org/gp/index.html#/main/stepl).
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2.6. a®A-RIP and qPCR assay

The metabolically a®A-labelled mRNA (10 pg, isolated from HelLa
cells) was fragmented into 100-300 nt length using 10 x fragmentation
buffer (1 pL. 1 M ZnCl,, 1 pL Tris—HCI pH = 7.0, 8 uL RNase-free water)
at 70 °C for 7 min. The fragmented RNAs were subjected to immuno-
precipitation as follows: 5 ug RNA fragments were mixed with 80 uL
5 x IP buffer (0.5 mL 1 M Tris-HCl pH = 7.4, 1.5 mL 5 M NaCl, and
0.5 mL 10% vol/vol Igepal CA-630 in total volume of 10 mL), 2 pL. RNase
inhibitor, and 1 uL of stock antibody (anti-N®-isopentenyladenosine,
Agrisera) in a total volume of 400 pL, and incubated with head-over-
tail rotation for 4 h at 4 °C. Meanwhile, 40 pL Protein A beads (Invit-
rogen, washed with 200 pL 1 x IP buffer 3 times) were mixed with
80 uL 5 x IP buffer, 10 puL 20 mg/pL BSA (MP Biomedicals) in total
volume of 400 pL and incubated with head-over-tail rotation for 2 h at
4 °C. After washed with 200 pL 1x IP buffer for 3 times, the Protein A
beads were mixed with the RNA fragment-antibody mixture described
above and incubated with head-over-tail rotation for 2 h at 4 °C. Finally,
the Protein A beads on magnetic stand were washed with 800 puL 1 x IP
buffer 2 times and were eluted by 100 uL elution buffer (90 uL 5 x IP
buffer, 3 uL. RNase inhibitor, and 40 pL 75 mM a®ATP in total volume
of 450 uL) with head-over-tail rotation for 3 h at 4 °C. The IP prod-
ucts were purified by isopropanol precipitation, dissolved in RNase-free
water, and stored at —80 °C. For qPCR assay, GAPDH was chosen as con-
trol and primer sequences are shown in Table S3. Through RT with Re-
vertAid enzyme and qPCR with SYBR Green Supermix, the enrichment
folds were calculated using the 2-2ACT method, where CT is the cycle
number to reach the detection threshold. For example, in order to cal-
culate enrichment folds of MAT2A, CTp_yar2a and CTigpy—maT2a TEP-
resented the cycle number of MAT2A to reach detection threshold in IP
and Input samples, respectively. When ACT; = CTyp_patoa — CTip.gapDH>
ACT, = CTypumat2a — CTimputcapprs and AACT(MAT2A) = ACT,
- ACT,, the enrichment fold of MAT2A is equal to 27AACT(MAT2A)
The same strategy was used to calculate enrichment of other selected
genes.

3. Results and discussion
3.1. Preferred cyc-A:G base pairing in RNA/DNA hybrid

In our previous study, the a®A-derived cyc-A in RNA probe has been
found to mismatch with guanine (G) and adenine (A) in a descend-
ing order during reverse transcription, with cyc-A:G pairing dominant
(Fig. 1a) [28]. From the structure point of view, the hydrogen bond-
ing sites for canonical Watson—Crick base pairing in cyc-A are impaired
[34]. We proposed the potential mode of hydrogen bond binding of cyc-
A with G as shown in Fig. 1b, however, there is no further evidence
to prove the preferred cyc-A:G base pairing. We first designed a nu-
cleic acid melting assay to validate the cyc-A pairing mode. Three 91-nt
RNA probes containing 13 unmodified versus modified adenosines at
the same sequence locations, named A-RNA, m®A-RNA, and a®A-RNA
(Table S1), were synthesized by in vitro transcription (IVT), and then
hybridized with their complementary DNA (cDNA) for measurement of
melting temperature (T,,). Since T, indicates the capacity of base pair-
ing, impaired base pairing will generally lead to decreased T,,. Obvi-
ously, a decreasing order of T,;, was found for hybrids of A-RNA/cDNA
(84.1 °C), m®A-RNA/cDNA (81.5 °C), and aA-RNA/cDNA (77.1 °C) (Fig.
S1), suggesting that chemical modifications significantly weaken the
canonical A:T (thymine) base pairing. We further converted the a®A-
RNA into cyc-A-RNA probe by iodination and tested its cDNA hybrid
T, but no reliable T,;, was detected, indicating the occurrence of even
worse base pairing between cyc-A and T.

Given the above results, we next prepared an 89-nt RNA probe (Ta-
ble S2) with only 3 adenosines in order to investigate the cyc-A base
pairing behaviour with an expectation to observe more efficient cDNA
hybridization and reliable T,,. Besides, to investigate the base pairing
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of modified A with different bases, we designed another three kinds of
cDNAs by replacing the corresponding T in the cDNA sequence with A,
C and G, named A-, C-, and G-cDNA, respectively (Table S2). The T,,
of A-RNA, m®A-RNA, a®A-RNA hybridized with T-cDNA were 83.3 °C,
82.9 °C and 82.0 °C (Fig. 1c), well consistent with the result of the above-
mentioned 91-nt RNA probes. Furthermore, the hybrids of A, m®A and
a®A-RNAs with A-, C-, and G-cDNAs exhibited significantly lower T,
than their T-cDNAs due to the weakened hydrogen bonding interactions
(Figs. 1c and S2). Both 91-nt and 89-nt RNA probes indicated that the
T,, of RNA decreased approximately 0.2 °C and 0.5 °C per m®A and a®A
site respectively. By looking into the a®A-derived cyc-A-RNA probe, we
observed a decreasing order of Ty,’s in hybrids with G-, A- and C-cDNAs,
supporting that cyc-A mainly pairs with G in the RT-induced misincorpo-
ration process (Figs. 1c and S2). These data provide excellent evidence
to explain the major mutation pattern of cyc-A to C/T in the cDNA se-
quencing data.

3.2. Development of high-throughput a®A-seq in mammalian cells

We next moved to develop high-throughput a®A-seq based on RNA
a®A metabolic labelling followed by RNA sequencing. First, HEK293T
cells were labelled with 1 mM a®A for different time within a period
of 4 h, and the a®A labelling level in total RNA were characterized
by UHPLC-QQQ-MS/MS (ultra-high-performance liquid chromatogra-
phy coupled with triple quadrupole mass spectrometry) (Fig. S3). The
a®A/A ratio significantly increased with labelling time, suggesting the
occurrence of RNA metabolic labelling event. In order to screen the op-
timal conditions for a®A labelling, the effect of a®A concentration on
cellular cytotoxicity was studied in both HEK293T and HeLa cells. We
treated cells with different a®A concentrations for 24 h of incubation
and then tested the cell viability. The results showed that the cytotoxi-
city gradually increased with a®A concentration (Fig. S4), and the suit-
able concentration range was 100 uM-1 mM, which gave the acceptable
cytotoxicity (>70% viability). It has been reported that the exchange of
medium with labelling molecules every time interval would improve the
labelling ratio [21]. However, our data showed that the level of mRNA
a®A only slightly increased by exchanging a®A-containing medium ev-
ery 6 h or 12 h (Fig. S5a), and that the toxicity was increased. It was
clearly seen that the a®A labelling levels on mRNAs increased signifi-
cantly with a®A concentrations (Fig. S5b). To achieve both low cytotox-
icity and high labelling yield, we finally chose the condition of 1 mM
a®A and 24 h of incubation time to perform a®A-seq in Hela cells. Over
the time period of 24 h, the a®A/A level increased to around 2.6%o, ap-
proaching the native cellular m®A level (Fig. 2a). Meanwhile, the a®A/A
level in mRNA increased much faster than that in total RNA, suggesting
that a®A preferred to be incorporated into mRNA.

In a®A-seq, the metabolically labelled mRNA was isolated, frag-
mented, iodinated, and subjected to standard RNA-seq library construc-
tion. The samples with and without iodination treatment were named
cyc and input, respectively. In order to acquire the mutation pattern of
cyc-A, we used two reverse transcriptases in the RT step to construct
sequencing libraries and compared their information on mutation sites
at transcriptome-wide level. The one is HIV RT enzyme which has been
reported to induce mutation of cyc-A in RNA, and the other is the com-
mercial RT enzyme from NEBNext Ultra II Directional RNA Library Prep
Kit for Illumina. After alignment of high-throughput a®A-seq sequencing
reads, mutation sites and certain base mutation ratios could be calcu-
lated. Compared with HIV-input samples, HIV-cyc samples showed sig-
nificant mutations of A-to-C and A-to-T, but they showed no significance
for other types of base mutations (Figs. 2b and S6) [35]. The NEB RT
enzyme did not demonstrate significant differences amongst mutation
sites of A to other bases between input and cyc samples (Figs. 2b and
S6), it was possibly because that NEB RT enzyme could not read through
the cyc-A base. For HIV enzyme, the mutation ratios of A-to-C and A-to-
T reached 0.75%o and 0.45%o (A-to-C/A-to-T, 5/3), respectively, under
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Fig. 1. Study of base pairing behaviour of different adenosine analogue-containing RNA probes with their complementary DNA (cDNA) by a melting
assay. (a) Schematic illustrations of RNA/cDNA hybrids having base pairing of cyc-A with G or A, (b) a predicted structure showing hydrogen bonding of cyc-A
with G, (c) melting temperatures of various RNA/cDNA hybrids. The RNA probes differ in adenosine modification designated as A, m°A, a®A and cyc-A. The melting
temperatures for each modification paired with A, T, C or G were tested. Mean values + s.e.m. are shown; n = 4 biologically independent samples.

the mRNA a®A labelling level of 2.6%o (Fig. 2a, b). Together, the HIV
RT system was suitable for a®A-seq.

Next, we annotated all sequencing reads and counted the numbers
of A-to-C/T mutation sites in each gene transcriptome-wide. The high
correlation between A-to-C and A-to-T mutations in cyc samples (Pear-
son’s R = 0.99, Figs S7, S8) made it feasible to identify the cyc-A (viz.
a®A) sites from total transcripts. By removing the background signals
from input samples, we found that the obtained effective mutation sites
from different samples were highly correlated (Pearson’s R > 0.98). The
ratio of A-to-C to A-to-T sites was around 1.6 (Fig. 2c, d), which was
almost the same as mutation ratio (5/3) calculated from total mRNA
transcripts (Fig. 2b). Therefore, it is reliable to apply A-to-C/T muta-
tion to distinguish the newly produced a®A-lablled mRNAs from total
transcripts (Fig. 2e).

3.3. Application of a®A-seq to study the change of gene expression profile
under stressed condition

We next explored the feasibility of a®A-seq to profile the gene ex-
pression in various cellular contexts. It was anticipated that a®A-seq
could not only provide the profile of global gene expression derived
from total mRNA reads, but also generate the information of metabol-
ically produced a®A-labelled mRNAs from mutation reads. We chose a
methionine-free condition as outlined in Fig. 3 to test how stress affects
mRNA production over a time period. Both the total reads and mutation
reads from a®A-seq were analysed in order to see dynamic fine change
in gene expression profile. Meanwhile, the IP of a®A-containing mRNA
and qPCR assay (Fig. 3) were used to validate the targets identified from
mutation reads in a®A-seq.

Methionine is the precursor of S-adenosyl methionine (SAM), which
is the methyl donor of various cellular methyltransferases [36-39],
therefore we thought the deficiency of methionine would affect the cel-
lular methylation processes. The N®-methyladenosione (m®A) modifi-
cation is a star epitranscriptomic mark and plays significant biological
roles in regulating gene expressions [40-43]. In this regard, decreased
supply of methionine will lead to the reduction of the m®A formation.
Indeed, after depletion of methionine in culturing medium of HeLa cells
for 16 h, a significant decrease of m®A level by 37.5% in mRNA was
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observed (Fig. 4a, Fig. $9), while the m®A change in total RNA was not
significant possibly due to the large contribution of m®A modification
in ribosomal RNA with a longer turnover time than mRNA.

The mutation analysis from a®A-seq data showed that the muta-
tion ratios of A-to-C/T in methionine-deficient samples (Met—) and
methionine-sufficient samples (Met+) were almost identical (Fig. 4b).
After annotation of high-throughput sequencing reads, a standard RNA-
seq protocol was used to calculate the reads of mRNA transcripts. More-
over, to identify the a®A-labelled transcripts, sequencing reads with mu-
tation sites of A-to-C/T were selected by removing background signals
from input samples (Fig. S10). By normalization according to sequenc-
ing depth, the fold changes of expressed genes in Met— versus Met+ were
calculated by total reads and mutation reads, respectively (Fig. 4c, d). It
is clearly seen that the mutation reads can demonstrate the fine change
of certain mRNA productions over the labelling period, which cannot
be identified from the total reads analysis. The information from the
mutation reads indicates the difference in mRNA transcription produc-
tion over this specific stress period, while the total reads represent the
addition of both existing and newly generated transcripts. In the analy-
sis of total reads, 2476 and 131 transcripts exhibited increased and de-
creased expressions, respectively (Fig. 4c). However, 425 up-regulated
and 377 down-regulated genes were identified from mutation reads
(Fig. 4d).

We next selected targets and performed an independent assay to val-
idate the a®A-seq result. It was found that MAT2A showed up-regulated
expression from the analysis of both total reads and mutation reads
(Fig. 5a), and was thus selected as the common target [44]. Special at-
tention was paid to the genes showing an opposite trend of fold changes
in between total and mutation reads analysis, and four genes including
NR_027295, COMMD1, KLHDC7B and ZFAND2B were chosen (Fig. 5a).
The combination of IP of specific a5A—c0natining mRNAs [30] and qPCR
is an ideal tool to validate the targets from the a®A-seq. The qPCR data
of the a®A IP product will reflect the amount of a®A-labelled mRNA
transcripts. The Met— and Met+ mRNA samples were subjected to frag-
mentation and a®A-spcific IP, then the products and their input samples
were characterized by qPCR assay. GAPDH was chosen as a control for
the qPCR assay due to its stable expression. The fold changes of MAT2A,
NR_027295, COMMD1, KLHDC7B and ZFAND2B between input and IP
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samples were highly consistent with those from high-throughput a®A-
seq (Fig. 5b). In order to confirm the gene expression changes calculated
from a®A-seq, we compared the data in between a®A-seq and normal
RNA-seq in the absence of a®A labelling [30]. The overlap of up- and
down-regulated genes between a®A-seq and normal RNA-seq was more
than 60% (Fig. S11). It should be noticed that MAT2A, NR 027295, KL-
HDC7B and ZFAND2B were included in the overlapped transcripts. The
normal RNA-seq showed the same trend of gene expressions with that
calculated from total reads by a®A-seq.

Finally, gene ontology (GO) analysis was performed to understand
the potentially influenced biological processes (BP) by differentially ex-
pressed genes in methionine-deficient samples versus control (Figs S12,
S13). The BP enrichment analysis from both mutation reads and total
reads showed some identical pathways, such as mitochondrion organi-
zation and RNA splicing. However, there were a quite number of dif-
ferently enriched pathways, especially in the group of down-regulated
genes (Fig. S13), indicating that mutation reads in a® A-seq could capture
the decrease of mRNA production more efficiently.

4. Conclusion

In summary, we report an a®A-seq technique which is built on
metabolic labelling of cellular mRNAs with nucleoside a®A and enables
the detection of labelled mRNAs in an immunoprecipitation-free and
mutation-based manner. a®A-seq can not only measure global mRNA
expression change but also quantify the RNA production over a cer-
tain time period under stimulating conditions, and thus functions as
an enhanced version of regular RNA-seq. Obviously, a®A plays a role
of chemical sequencing tag, and its A-to-C/T mutation pattern in a®A-
seq was solidified by a melting assay on cyc-A-RNA/cDNA hybrids. It
should be noticed that there are many methods to detect RNA modi-
fication sites based on mutation during reverse transcription. To help
exclude false positive mutation signals from background, our T,,-based
qPCR assay can be used to validate the mismatches of modified nu-
cleosides on RNA. The T, of RNA/DNA hybrids provides a standard
of mutation species for screening reverse transcriptases which can in-
duce misincorporation on cDNA. In our previous work about 1,N°-
cyclized adenosine, most RT enzymes could not introduce mutation
sites, but the T, provides evidence of mismatches, which led us to
find a suitable reverse transcriptase. Therefore, T,,-based qPCR assay
is a fast way to identify mutation-capable modified nucleosides. Finally,
combining the advantages of low-throughput and high-throughput se-
quencing, we provided an effective and orthogonal a®A-RNA IP fol-
lowed by qPCR assay, which was developed to validate the a®A-seq re-
sults. We believe that the application of multiple orthogonal methods
will greatly improve the reliability of sequencing results, especially for
RNA-seq.

Inspired by the success of a®A-seq, it is highly rewarding to de-
velop new RNA chemical sequencing tags for biorthogonal labelling
on different kinds of cells or temporal labelling on the same cell type.
Until now, only a®A and 4sU have been reported for applications of
RNA labelling and chemical sequencing. There is a lot more room to
explore cytosine- and guanosine-based chemical sequencing tags with
the hope of achieving specific labelling on a certain kind of RNA. Be-
cause each type of analogue has its own mutation pattern, cellular or
intercellular temporal events can be identified in the order. The work
along this line will contribute to the elucidation of sophisticated RNA
dynamics.
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