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ABSTRACT: MicroRNAs (miRNAs) play important regulatory  sgrandard Direct RNA Sequencing | Direct Full-Length miRNA Sequencing

roles in biology. Direct sequencing of miRNAs in full-length can s . s mRnA ERS P
reveal comprehensive information on their sequences, abundance, R K ittt
and modifications, which, however, has yet to be achieved due to l

their extremely short length (~22 nt). Herein, we developed

Direct-miR-seq, a nanopore-based direct RNA sequencing (DRS) 4 O/_\O A © 0
method that elongates miRNAs at both the 5 and 3’ ends by %!’ ﬁ’ \

ligating with custom nucleic acid adaptors to ensure full-length
sequencing of miRNAs with high yield and accuracy. Compared to

full-length miRNA sequencing: no full-length miRNA sequencing: yes
standard DRS, Direct-miR-seq enabled sequencing of the whole . 4ifcation: no modification: yes
sequence of miRNAs, achieved a 26-fold sequencing yield, and  sequence variation: high sequence variation: low
exhibited reduced bias across miRNA species along with low targeted sequencing: no targeted sequencing: yes

sequencing error rates. We applied Direct-miR-seq to native RNA

populations from cells and human serum to demonstrate its capability to selectively capture miRNAs of known sequences in complex
RNA environments for revealing quantitative information in abundance and m6A modification at single-molecule and single-base
resolution of ~100 miRNA species in a single sequencing event. We envision that Direct-miR-seq may be translated toward a variety
of biological and medical applications by sequencing miRNAs and other small RNAs.

Bl INTRODUCTION quantitatively obtain their sequence and abundance informa-
L 26-2

MicroRNAs (miRNAs) are a class of short (~22 nt), single- tion in high throughput.”*~*" Nevertheless, NGS suffers from

high sequencing bias across various miRNA species that

stranded, noncoding RNAs that serve as post-transcriptional
derives from inherent bias existing in library construction

regulators of gene expression, influencing many critical

biological processes, including the occurrence of cancer."” processes, including ligation of sequencing linkers, reverse
The biological roles of miRNAs have been found to be highly transcription, and amplification,” which diminishes its
associated with their sequences, abundance, and epigenetic quantiﬁcation accuracy. In addition, NGS is unable to directly
modifications.”™ Hence, revealing such information on probe modifications to miRNAs. It has to couple with
miRNAs in a quantitative way could offer important insights antibody-based isolation of methylated miRNAs, which not
into relevant biological processes, which has remained a grand only requires a large quantity but also exhibits low specificity
technical challenge. Conventional techniques such as quanti- due to nonspecific capturing of antibodies against methylated
tative reverse transcription polymerase chain reaction (qRT- RNAs.> 0732

PCR),”” northern blot,”” RNA microarray,'”"" or specifically Nanopore-based direct RNA sequencing (DRS) based on
designed nucleic acid probeslz_17 can merely acquire limited Oxford Nanopore Technology (ONT) has enabled simulta-
information on miRNA sequences and abundance with low neous detection of RNA sequence, abundance, and mod-
multiplexing  capability, which are also unable to probe ifications with single-molecule and single-base resolution,” ™
modifications. A number of custom nanopore platforms have which is independent of amplification, and can offer highly

been developed to detect miRNAs based on ionic current
change when molecules pass through the nanopores.'®™**
Since most of them cannot convert ionic current into sequence
information, they suffer from low multiplexity and low
specificity.”* Mass spectrometry can quantitatively detect
miRNA sequences and modifications, but at a very low
throughput. Moreover, it demands a large quantity of miRNAs
with high purity that severely limits its applicability for low-
abundant biological samples.”> Next-generation sequencing
(NGS) has been widely used for miRNA investigations to

. . 36 . -
accurate information on RNAs.”” However, given the existing
nanopore configuration possessing high sequencing error at
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Figure 1. Direct-miR-seq for quantitative and multiplexing sequencing of miRNAs in full-length by nanopores. (a) A typical workflow for direct
RNA sequencing on the ONT nanopore by using the standard DRS method. (b) Direct-miR-seq enables direct miRNA sequencing in full-length
via ligation to custom elongation adaptors at both ends. (c) Integrated genomic viewer (IGV) snapshots of mapped reads from Direct-miR-seq for
synthetic, cellular, and human serum miRNAs, with miR-21-5p as the representative miRNA. Error rates for synthetic, cellular, and human serum
miR-21-5p from Direct-miR-seq were 3.1, 4.2, and 2.7%, respectively. For the bar charts, positions with mismatch frequencies lower than 0.2 are
shown in gray. (d) Scatter plot of cellular miRNA abundance in two biological replicates sequenced by Direct-miR-seq. The correlation strength is

indicated by Spearman’s correlation coefficient (p).

both ends of RNAs and loss of sequences at the S’ end
(infeasible for short RNAs),”’~* direct sequencing of miRNAs
in full-length has yet to be achieved (Figure la). One
pioneering work by Huang and colleagues realized direct
miRNA sequencing on a custom nanopore platform by using a
nanopore-induced phase-shift sequencing method, where they
were able to probe the sequence and modifications of miRNAs
with a length of up to 15-nt*'; thus, it did not enable
sequencing of miRNAs in full-length. Furthermore, this
method is not compatible with the ONT platform for enabling
the accessible, well-established, and high-throughput sequenc-
ing of miRNAs. Herein, to enable direct sequencing of
miRNAs in full-length on the ONT nanopore platform by
using commercially available kits, we developed Direct-miR-
seq, where targeted miRNA molecules of known sequences are
specifically captured and elongated at both their 5" and 3’ ends
via ligating to custom elongation adaptors that serve as
cushioning regions to compensate for the high sequencing
errors at both ends of the RNA molecule to ensure full-length
miRNA sequencing with high yield, coverage, accuracy, along
with m6A modification information (Figure 1b). Direct-miR-
seq provides a simple, cost-effective, and high-throughput
(~100 miRNA species, which can be further expanded to
thousands) sequencing platform to accurately quantify the
abundance and modification of miRNAs of interest, which is
validated by synthetic, cellular, and human serum miRNAs
(Figure 1c,d). We envision that Direct-miR-seq will contribute

1
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to the study of the functions of miRNAs in a wide variety of
contexts (e.g, cancer) that may be translated into many
biological and medical applications.

B RESULTS AND DISCUSSION

Validation of Direct-miR-seq for miRNA Sequencing
in Full-Length. Several works have demonstrated that
nanopore DRS can be used to sequence short RNA molecules
such as snoRNA,* snRNAs,*” and tRNAs,"™** but it is difficult
to capture sequences shorter than ~50 nt, such as miRNAs
(~22 nt). The reason is that short sequences produce irregular
electric current signals to be wrongly basecalled or discarded,
thus making it infeasible to gain confident sequence and
modification information (Figure 1a).***" About 15 nucleo-
tides next to the 5’ end cannot be sequenced, and ~4
nucleotides next to the 3’ end exhibited significantly low
accuracy. To solve this technical challenge, we proposed to
elongate miRNA molecules at their 5" and 3’ ends by ligating
to elongation adaptors, which could compensate for the high
sequencing errors at the ends to enable the sandwiched
miRNA sequences to be sequenced in full-length, a method we
named Direct-miR-seq (Figure 1b). The elongation adaptors
consist of three parts, including a DNA probe, a 5’ elongation
RNA (ERS), and a 3’ elongation RNA (ER3, containing a
poly-A tail for adaptor ligation). The incorporation of DNA
probes has several benefits. First, the DNA probe can
specifically capture and position miRNA molecules and
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Figure 2. Validation of Direct-miR-seq for miRNA sequencing in full-length. (a) Denaturing PAGE to verify ligation of ERS, miR-21—5p, and ER3.
To remove the DNA probes, all ligation products were treated with DNase I-XT at room temperature prior to PAGE analysis. Concentrations of
miR-21-5p, ERS, ER3, and DNA probe in the ligation reaction were 100, 200, 200, and 200 nM, respectively. (b) Length distribution of basecalled
reads from Strategy A and Strategy B. There are four major populations for the basecalled reads, whose identities are illustrated in the dashed line
box. Population 3 is the dominant population for both strategies, which corresponds to the correct ligation product. (c—f) Basecalled read counts,
mapped read counts, reads-covered miRNA full sequence, and miRNA sequence coverage for miR-21—5p as sequenced via Direct-miR-seq by
using Strategy A or Strategy B. (g—i) Sequencing error rates for ERS, miR-21—5p, and ER3, respectively. (j—m) IGV snapshots of mapped reads
from strategies A and B. (k—n) Sequencing error rate for each individual nucleotide in miR-21—Sp and elongation RNAs from Strategies A and B,
respectively. (1-0) Sequencing error rates for A, U, G, and C nucleotides in miR-21—S5p and elongation RNAs from Strategy A and Strategy B,
respectively. All experimental measurements are presented as mean + SD with n = 3.

elongate RNAs in proximity to promote ligation, given that
single-stranded RNAs exhibit low and varied ligation efficiency.
Second, the presence of DNA probes can largely minimize self-
ligation of miRNAs or elongation RNAs to ensure the correct
elongation of miRNAs with high purity. Third, DNA probes
can capture targeted miRNAs based on sequence comple-
mentarity, which not only alleviates sequence variation-
induced bias but also enables targeted sequencing for
miRNA species of interest. Taken together, such a design
strategy should enable the efficient capture and ligation of
targeting miRNAs with high sensitivity, specificity, and low
variations among different RNA species. It should be noted
that, given that miRNAs are captured by the DNA probes via
sequence complementarity, Direct-miR-seq can only be
applied to sequence miRNAs of known sequences, and is
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thus not suitable for universally detecting all miRNA species of
known and unknown sequences.

We first validated and optimized Direct-miR-seq by
sequencing a synthetic miRNA (miR-21-Sp) based on two
different strategies (Figure S1). Both strategies employed the
same library construction protocol. Strategy A used the default
configuration for electric current data processing, while
Strategy B was accompanied by a custom pseudosequencing
configuration to process the original collected data file prior to
basecalling, which supposedly can recapture discarded short
reads that were wrongly tagged as “adaptor-only” reads by the
default nanopore configuration (Figure $2).** Since direct
RNA sequencing was suitable for RNA greater than 85 nt’”
and exhibited the highest sequencing error rate for uracil
among the four bases,”” ERS and ER3 were designed with 40-
nt in length, which were composed of low uracil content

https://doi.org/10.1021/jacs.5c02808
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Figure 3. Quantitative and multiplexing analysis of miRNAs by using Direct-miR-seq. (a) Length distribution of basecalled reads from DRS and
Direct-miR-seq. (b) Basecalled and mapped read counts for a total of 12 synthetic miRNAs. (c) Mapped read counts of individual miRNAs. (d)
Mapped read counts that cover the full sequence of miRNAs. (e) Average coverage of nucleotides for individual miRNAs. (f) Sequencing error rate
of Direct-miR-seq for synthetic miRNAs computed by taking the mean of all nucleotides. The average error rate for the 12 synthetic miRNAs was
4.7%. Bach point represents the error rate for a single nucleotide. The two nucleotides with the highest error rates (red letters) and their
surrounding nucleotides (black letters) were annotated. (g) Sequencing error rates of adenines (A), guanines (G), cytosines (C), and uracils (U)
contained in the synthetic miRNAs. (h) Validation of the quantitative ability and sensitivity of Direct-miR-seq for sequencing miR-21-5p and miR-
16-Sp with different input quantities. The read count for each concentration was normalized by setting the value for total counts of each miRNA
species in a single sequencing event as 1. (i) Read count variation among 12 miRNAs from DRS, Direct-miR-seq, and NGS was assessed by
sequencing miRNAs of the same input quantities. miRNA identities are represented by colored solid circles consistent with (c) through (f). (j)
Examination of the specificity of Direct-miR-seq targeting let-7a-5p. Other miRNAs belonging to the let-7 family of single- or double-nucleotide
variants of let-7—5p were sequenced with input identical to that of let-7a-Sp and compared to let-7a-Sp. Mapped counts were normalized by setting

the value for let-7a-Sp as 1. All experimental measurements are presented as mean + SD with n = 3.

(7.5%) to minimize uracil-induced sequencing error, to reach a
total length of 102-nt for the final ligated RNA product (ERS-
miR-ER3). ER3 contained a 10-nt poly-A tail at the 3’ end for
sequencing adaptor ligation. Denaturing polyacrylamide gel
electrophoresis (PAGE) confirmed the successful and high-
yield ligation of elongated RNAs to miRNAs (Figures 2a and
S3). miR-21-Sp was then subjected to library construction for
Direct-miR-seq, which was sequenced on an ONT direct RNA
sequencing platform. The length distribution of basecalled
reads showed four populations (Figure 2b), with the correct
ligation product (population 3: ERS-miR-ER3) being the
dominant population for both strategies, indicating high
efficiency for miRNA capture and library construction. In
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addition to the expected ligation product, there were reads
with lengths shorter than 48-nt (population 1: ER3; population
2: miR-ER3) or longer than 150-nt (population 4: ERS-miR-
ER3-DNA probe; Figure S4). The incomplete ligation
products (populations 1 and 2) represented 10.9% of all
basecalled reads for Strategy B (Figure SS). For these short
reads, given that they only covered ~8 miRNA nucleotides,
they were not considered valid reads for miR-21-5p. Hence, we
set 48-nt as the minimum read length for subsequent
alignment. Strategy A generated 133,150 basecalled reads
(Figure 2c), among which 98% were mapped uniquely to miR-
21-5p by using BWA-MEM™ with short-strand friendly
parameters (-x ont2d -k 10 -T 20) (Figure 2d), and 98% of
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Figure 4. Direct-miR-seq for revealing the abundance and modifications of native miRNAs from cells. (a) Denaturing PAGE for small RNAs
extracted from the AGS cell line by IP and SM. (b, c) Sample length distribution of (b) IP and (c) SM extractive by Agilent Bioanalyzer. (d)
Comparison of Direct-miR-seq data for small RNAs extracted from AGS cells by IP or SM. (e, f) Abundance of 12 target miRNA species from IP
(e) and SM (f) extraction. (g, h) Sequencing error rates of adenines (A), guanines (G), cytosines (C), and uracils (U) contained in the 12 miRNA
species from IP (g) and SM (h). The average error rates for IP and SM are 7.9 and 9.0%, respectively. (i) Reads of 100 cellular miRNAs revealed by
Direct-miR-seq. (j) Scatter plot of normalized miRNA counts from Direct-miR-seq and NGS showing moderate correlation, as characterized by
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Figure 4. continued

Spearman’s correlation coefficient (p). The read count for each miRNA was normalized by setting the value for total counts of the 100 miRNA
species in a single sequencing event as 1, followed by taking a negative logarithm. One point represents one miRNA. (k) Coverage and error rate
for each individual cellular miRNA from Direct-miR-seq. (1) 6 cellular miRNAs were identified to be m6A-modified by Direct-miR-seq red dotted
line (modified probability = 0.033, reccommended by m6Anet) was the threshold to judge whether miRNA was m6A-modified. (m) MEME analysis
of the sequence context (from —2 to +2) of all significant m6A sites revealed by Direct-miR-seq. All experimental measurements are presented as
mean + SD with n = 3. P values were calculated by a two-tailed Student’s t-test.

the mapped reads were able to cover the full sequence of miR-
21-Sp (Figure 2e). In comparison, Strategy B produced 2.3-
fold more basecalled reads, 2.1-fold more mapped reads, and
2.1-fold more reads that covered the full sequence of miR-21-
Sp. The average coverage of miRNA sequences from mapped
reads was 99.8 and 99.4% for Strategy A and Strategy B,
respectively (Figure 2f). Furthermore, increased sequencing
accuracy in ERS, miRNA, and ER3 was achieved by Direct-
miR-seq using Strategy B, with the average error rate for miR-
21-Sp being as low as 2.96% (Figures 2g—i and S6). We should
note that ERS and ER3 exhibited higher sequencing error rates
than miRNA for both strategies, suggesting that ERs
functioned well in serving as the cushioning regions to
compensate for the elevated sequencing errors at the ends.
Detailed analysis on the level of nucleotides is illustrated in
Figure 2j—o, which further validates that Direct-miR-seq was
able to capture the whole sequence of miRNA with high
sequencing accuracy that is comparable to standard DRS on
long transcripts.””"® The average sequencing accuracy of
adenines (A) and guanines (G) was slightly higher than
cytosines (C) and uracils (U), consistent with previous studies
for direct RNA sequencing (Figure 21—0).*" In summary, it has
been validated that Direct-miR-seq can enable direct
sequencing of miRNAs in full-length with high yield and
high accuracy, with Strategy B outperforming Strategy A in all
essential categories, and therefore, it was chosen for later
sequencing experiments.

Direct-miR-seq Enables Quantitative and Multiplex-
ing Analysis of miRNAs. With Direct-miR-seq being
comprehensively validated by a single miRNA, we next sought
to examine its quantitative and multiplexing capabilities in
sequencing a group of 12 different synthetic miRNAs
simultaneously, which were equally mixed for library
construction and sequencing. Standard DRS and next-
generation sequencing (NGS) were used for comparison
(Table S1). As revealed from the length distribution of
basecalled reads, one can tell that the majority reads from
Direct-miR-seq covered the whole sequence of miRNAs
(Figure 3a). In contrast, reads from the DRS can only partially
cover miRNA sequences. Furthermore, Direct-miR-seq
achieved a significantly higher sequencing yield than DRS,
with 3.5-fold more basecalled reads and 26-fold more mapped
reads, along with a much-improved mapping ratio of 88.0%
(Figure 3b,c). The poor mappability of DRS reads is attributed
to the sequence loss on the 5" end due to the inability to cover
the full sequence of miRNAs. The majority (Avg: ~89%,
Figure S7) of the mapped reads from Direct-miR-seq were able
to cover the full sequence of 12 miRNAs (Figure 3d),
exhibiting an average coverage of miRNA sequences of 99%
(Figures 3e and S8). In contrast, reads from DRS only
exhibited an average coverage of miRNA sequences of ~28%,
with only one read being successfully mapped to miRNAs in
full-length (Figure 3d). Moreover, Direct-miR-seq demon-
strated high sequencing accuracy for these 12 miRNAs

(average 4.7%), with the error rate of let-7a-Sp being as low
as 2.49% (Figure 3f,g). In contrast, DRS exhibited significantly
lower sequencing accuracy, with an average error rate of 69.8%
for these synthetic miRNAs (Figure S9), which further justified
the necessity of using elongation adaptors for short miRNAs.
Note that variations existed between different miRNA species,
with miR-25-3p and let-7a-5p having the highest and lowest
sequencing errors, respectively, which can be attributed to the
inherent sequencing bias of nanopores against different
nucleotides and sequences. For instance, the two nucleotides
with the observed highest error rate should be attributed to
low sequencing accuracy for uracils and bases next to uracils,
congi}stent with the accuracy consensus of nanopore sequenc-
ing.’

To assess its accuracy and sensitivity in quantifying miRNAs,
we examined the performance of Direct-miR-seq in sequencing
synthetic miR-21-Sp and miR-16-5p with a series of different
concentrations from 500 aM to 7.5 nM as distinguished by a
15-nt barcode on ER3 (Table S2). Given its single-molecule
detection nature, in principle, nanopore sequencing will be
able to detect miRNAs of extremely low abundance if there are
miRNA molecules in the pool. It was revealed that Direct-miR-
seq provided expected estimates of miRNA abundance that
agreed well with the input quantities (Figure 3h), showing
potent capability in accurately quantifying miRNAs. Further-
more, Direct-miR-seq achieved high miRNA coverage (Avg:
99%) and low error rate (Avg: 3.4%) in sequencing miRNAs at
various concentrations, verifying the robustness of Direct-miR-
seq (Figure S10). Therefore, Direct-miR-seq exhibited high
detection sensitivity and sequencing accuracy due to its single-
molecule detection nature that is readily applicable to
biological miRNAs of reported abundance, typically in the
fM—pM range.

We further analyzed read counts for the 12 synthetic
miRNAs with the same input quantity to evaluate quantifica-
tion bias across different miRNAs by Direct-miR-seq, DRS,
and NGS. The read ratio for each miRNA was calculated by
dividing the expected read counts (total counts divided by 12)
by the observed read counts (Figure 3i). As illustrated, for
Direct-miR-seq, 11 out of 12 miRNAs fell within 2-fold of the
expected abundance, with only let-7a-Sp exhibiting slightly
lower counts than expected. In comparison, DRS and illumina-
based small-RNA sequencing (NGS) showed higher variations
among miRNA species, with DRS having the highest bias for
quantification (Figure S11). The potent quantification
accuracy of Direct-miR-seq can be attributed to the
incorporation of DNA probes and elongation RNAs for
minimizing polyadenylation and ligation bias-induced sequenc-
ing variations that exist in DRS and NGS methods. To evaluate
the detection specificity of Direct-miR-seq, we examined the
let-7a probe for discriminating let-7a-5p from other family
members with single- or double-nucleotide variations,
including let-7b, let-7d, let-7e, and let-7f. As shown in Figure
3j, a great majority of reads (>80%) were mapped to let-7a,
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Figure S. Detection of serum-derived miRNAs by Direct-miR-seq. (a) Relative abundance of 12 targeted miRNAs in serum from gastric cancer
(GC) and noncancer controls (NC), as revealed by Direct-miR-seq. Relative abundance was calculated by dividing the counts of miRNAs by the
counts of miR-16-5p, with miR-16-Sp serving as the housekeeping gene for expression normalization. (b) Sequencing coverage and error rate of 12
miRNAs in GC and NC samples. (c) Sequencing error rates of adenines (A), guanines (G), cytosines (C), and uracils (U) contained in the 12
miRNA species from GC and HD. (d) Differentially expressed miRNAs of GC relative to NC. Differentially expressed miRNAs were defined as
having an adjusted P value less than 0.01 and an absolute fold change greater than 2. (e) Relative expression profiles of GC to NC for the targeted
miRNAs between Direct-miR-seq and RT-qPCR. All experimental measurements are presented as mean = SD with n = 3. P values were calculated

by a two-tailed Student’s t-test.

and no reads were mapped to miRNAs outside the let-7 family,
indicating Direct-miR-seq’s high specificity in detecting
targeting miRNAs.

In summary, we have demonstrated that Direct-miR-seq was
able to sequence different miRNA species simultaneously in a
highly quantitative, accurate, and specific manner.

Direct-miR-seq Reveals Abundance and Modifica-
tions of Native Cellular miRNAs. We next sought to apply
Direct-miR-seq to detecting native miRNAs. Isopropanol
precipitation (IP) and silicon membrane (SM) are two widely
used RNA extraction protocols for biological samples, both of
which have been evaluated for sequencing miRNAs from a
gastric cancer cell line (AGS cells). In comparison, RNAs
extracted by SM exhibited better enrichment of short RNAs
(<100 nt) than IP (Figure 4a—c), suggesting that it should
produce a higher sequencing output of miRNAs. Indeed, by
using SM-extracted RNAs for Direct-miR-seq of 12 probes,
there were 86.78% reads mapped to miRNAs, while in
contrast, only 7.48% reads were mapped to miRNAs if using
the IP method, with its majority reads corresponding to other
RNAs such as mRNAs, rRNAs, tRNAs, etc. (Figure 4d).
Though these RNAs are not specifically captured by Direct-
miR-seq, a large portion of them may still be ligated to the
sequencing adaptors or may pass through the nanopore by
themselves; both will impede the sequencing of miRNAs.
Hence, enrichment of miRNAs in the starting pool prior to
library construction is critical to Direct-miR-seq for acquiring
high sequencing yields. For mapped miRNA reads, the SM and
IP methods exhibited similar relative miRNA abundances after
Direct-miR-seq sequencing (Figure 4e,f). The overall sequenc-
ing error rate of 12 cellular miRNAs (7.9% for IP, 9.0% for
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SM) was slightly higher than that of their synthetic
counterparts (Figures 4gh andS12—S13).

The detection capability of Direct-miR-seq was expanded by
sequencing 100 different cellular miRNAs from AGS cells
(Tables S2 and S3), whose read counts are plotted in Figure 4i.
miR-21-5p and miR-454-3p exhibited the highest and lowest
abundances, respectively. Direct-miR-seq showed high specif-
icity with negligible untargeted miRNAs (0.011% out of all
mapped reads) captured by the DNA probes (Figure S14).
There was a strong correlation between reads from Direct-
miR-seq and NGS (p = 0.77, Figure 4j). An average sequence
coverage of 87.8% was achieved for 100 cellular miRNAs,
along with an average sequencing error rate of 18.2% (Figures
4k and S15). The sequencing error rate of cellular miRNAs is
higher than that of synthetic miRNAs, which is probably
because native miRNAs potentially exhibit various modifica-
tions (e.g, m°A, m'A, and m>C) that may impair sequencing
accuracy.” ™ In addition to revealing miRNA abundance,
Direct-miR-seq can capture m6A information at consensus
DRACH motifs at single-molecule and single-base resolutions
by using a neutral network model m6Anet based on supervised
machine learning with high accuracy and high precision.’”"
Among 100 cellular miRNAs, Direct-miR-seq identified 6
miRNAs with m6A modification at single-molecule and single-
base levels, given that their modified probability provided by
m6Anet is higher than the threshold (P > 0.033) (Figure 4l,m).

Quantitative Detection of Serum-Derived miRNAs by
Direct-miR-seq. To further demonstrate its applicability,
Direct-miR-seq was used to sequence native miRNAs extracted
from the serum of two clinical groups, gastric cancer (GC) and
noncancer controls (NC), with each group containing 16
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donors. Individual serum samples within the same group were
mixed prior to RNA extraction to ensure that a single
sequencing run could collect miRNA information representing
the whole clinical group (Table S4). A total of 12 serum
miRNAs were sequenced by Direct-miR-seq, with miR-16-5p
serving as the biological reference since it has been widely
reported to exhibit stable expression in humans.>” As revealed,
the relative abundance of miRNAs derived from Direct-miR-
seq showed highly differential profiles for GC and NC groups
(Figure Sa). High coverage and low error rate of miRNAs for
both GC and NC were achieved by Direct-miR-seq, as
illustrated in Figures Sb,c and S16 and S17. Based on a
negative binomial model of miRNA counts, we identified three
miRNAs that showed significantly elevated expression, and one
miRNA that exhibited significantly reduced expression in GC
(Figure 5d). To verify the quantitative ability of Direct-miR-
seq in native miRNAs, we compared the relative expression of
each miRNA in GC relative to NC with RT-qPCR (Figure
S18) using miR-16-Sp as the biological reference. Relative
miRNA expression profiles of GC versus NC derived from the
two assays showed good agreement (p = 0.90, Figure Se). Note
that heterogeneous relative abundance profiles of different
miRNA species were observed by Direct-miR-seq and RT-
qPCR, which may be attributed to the nonoptimal design of
primers causing biased amplifications of different miRNAs.
m6A modification information on serum miRNAs has not been
derived from Direct-miR-seq, presumably due to the low
sequencing depth.”*"!

B CONCLUSIONS

In the past few years, various methods have been developed for
the direct sequencing of RNAs to reveal their sequence and
modification information (e.g, Nano-tRNaseq, NERD-seq)
based on ONT nanopores, but none of them are applicable to
miRNAs due to their extremely short length. When short RNA
passes through the nanopores, it generates an irregular electric
current that cannot be accurately basecalled, especially for
nucleotides close to the ends. In Direct-miR-seq, miRNA
molecules are elongated at both the 5" and 3’ ends by ligating
with custom adaptors to compensate for the high sequencing
errors at RNA ends. Being sandwiched and sealed in the
middle, miRNAs can then be sequenced in full-length with
high yield and accuracy. Direct-miR-seq has been validated on
synthetic, cellular, and serum miRNAs to quantitatively reveal
their sequence, abundance, and modification information with
high accuracy and replicability. For synthetic miRNAs, in
comparison to standard DRS, Direct-miR-seq achieved a 26-
fold sequencing yield and a 7.5-fold mapping ratio, along with
higher miRNA coverage and lower sequencing error rate.
Furthermore, Direct-miR-seq exhibited potent capability in
miRNA quantification, showing much lower bias against
different miRNA species, compared to DRS and NGS methods
(Table SS). For native miRNAs extracted from cells and
human serum, Direct-miR-seq enabled high-throughput (~100
miRNA species) sequencing of extracted smalllRNA pop-
ulations to reveal their abundance and modification
information. For instance, we identified 6 miRNA species
with m6A modification at the single-molecule level, confirming
that Direct-miR-seq can obtain epigenetic information with
single-base resolution. With the development of new
sequencing flow cells and basecalling algorithms, chemical
modifications beyond m6A may be detected by Direct-miR-seq
in the near future. The number of targeting miRNAs could be
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readily expanded to thousands by using a larger number of
DNA probes for sequencing library construction. To the best
of our knowledge, Direct-miR-seq is the first reported
nanopore method that enables direct sequencing of the
whole sequence of miRNAs. Direct-miR-seq is a highly
programmable and applicable nanopore method for direct
full-length miRNA sequencing. This method is not limited to
the MinION platform used here, which can be easily adapted
by other ONT platforms, such as Flongle, GridION, and
PromethION, or any other non-ONT nanopore platform
capable of RNA sequencing, either commercial or customized.
With the development of new sequencing nanopores and
basecalling algorithms, the sequencing yield and accuracy of
direct miRNA sequencing may be further improved in the near
future. We envision that Direct-miR-seq will shed light on
miRNA detection that may be used for many biological and
medical applications, such as diagnostics and prognostics of
cancers.

We note that miRNAs detected by Direct-miR-seq all have
known sequences. Although the use of DNA probes can
enhance miRNA capture and ligation efficiency and reduce
variations between different miRNA species, it limits the
multiplexing capability of Direct-miR-seq and renders it unable
to discover new miRNAs. A new version of Direct-miR-seq is
currently under development to universally capture the total
population of small RNA, containing both known and
unknown sequences (Figure S19). In addition, Direct-miR-
seq can only capture miRNAs with terminal modifications of
S’-P and 3’-OH, which may leave a small portion of miRNAs
with noncanonical end modifications (e.g, 5’-OH, 3'-P, 2/,3'-
cP) not being quantified."® To overcome this challenge, in the
future, miRNAs may be pretreated with enzymes, such as T4
polymerase kinase, to restore noncanonical terminal mod-
ifications to S’-P and 3’-OH before library preparation. It
should also be noted that Direct-miR-seq is not able to
improve the overall RNA sequencing accuracy of nanopore
technology, which is determined by intrinsic nanopore
configurations and basecalling algorithms. Direct-miR-seq
achieved higher miRNA sequencing accuracy by employing
an innovative library construction strategy, which is to
sandwich miRNAs with elongation RNAs. In other words,
the sequencing accuracy of elongation RNAs was sacrificed to
help improve the sequencing accuracy of miRNAs sealed in the

middle.
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