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Abstract The continuing discoveries of novel classes of RNA modifications in various organisms have raised the
need for improving sensitive, convenient, and reliable methods for quantifying RNA modifications. In particular,
a subset of small RNAs, including microRNAs (miRNAs) and Piwi-interacting RNAs (piRNAs), are modified at
their 3'-terminal nucleotides via 2’-O-methylation. However, quantifying the levels of these small RNAs is difficult
because 2’-O-methylation at the RNA 3'-terminus inhibits the activity of polyadenylate polymerase and T4 RNA
ligase. These two enzymes are indispensable for RNA labeling or ligation in conventional miRNA quantification
assays. In this study, we profiled 3’-terminal 2'-O-methyl plant miRNAs in the livers of rice-fed mice by oxidative
deep sequencing and detected increasing amounts of plant miRNAs with prolonged oxidation treatment. We
further compared the efficiency of stem-loop and poly(A)-tailed RT-qPCR in quantifying plant miRNAs in animal
tissues and identified stem-loop RT-qPCR as the only suitable approach. Likewise, stem-loop RT-qPCR was
superior to poly(A)-tailed RT-qPCR in quantifying 3'-terminal 2’-O-methyl piRNAs in human seminal plasma. In
summary, this study established a standard procedure for quantifying the levels of 3'-terminal 2’-O-methyl
miRNAs in plants and piRNAs. Accurate measurement of the 3'-terminal 2’-O-methylation of small RNAs has
profound implications for understanding their pathophysiologic roles in biological systems.
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cellular RNAs, including tRNAs (tRNAs), rRNAs
(rRNAs), mRNAs (mRNAs), small nuclear/small nucleo-

Introduction

The deposition of chemical modifications at specific sites
of ribonucleic acid (RNA) molecules is a ubiquitous
phenomenon in all kingdoms of life [1]. More than 170
distinct RNA modifications have currently been identified
in different organisms [2,3], and the methylation of the
ribose moiety at the 2’-hydroxyl group (2'-O-methylation)
is one of the most common and abundant RNA modifica-
tions. 2'-O-methylation is present in almost all types of
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lar RNAs (snRNAs/snoRNAs), and different small RNAs.
2'-O-methylation increases the structural diversity of cellu-
lar RNAs and has the potential to alter their function and
stability [4,5].

In particular, a subset of eukaryotic small RNAs is
modified at their 3'-terminal nucleotides via 2’-O-methyla-
tion. In plants, the biogenesis of microRNAs (miRNAs),
which refer to a class of endogenous single-stranded
small noncoding RNAs of 19-25 nucleotides in length
that play critical roles in regulating gene expression at
post-transcriptional levels [6,7], involves 2'-O-methylation
at their 3'-termini by a S-adenosylmethionine-dependent
methyltransferase called Hua enhancer 1 (HENI1) [8].
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Moreover, Piwi-interacting RNAs (piRNAs), which refer
to a class of germ cell-specific small RNAs of 26-31
nucleotides in length that form clusters at hundreds of
genome locations and function in protecting the animal
germline by silencing transposons [9—11], are 2'-O-methy-
lated at their 3'-termini by HEN1 homologs [12-15].
In Drosophila, endogenous small interfering RNAs (endo-
siRNAs), which refer to a class of ~22 nucleotide-long
small RNAs that are usually derived from endogenous,
long RNA duplexes after being cleaved by Dicer [16,17],
are modified by the methyltransferase DmHenl at their
3’-termini [12]. 2’-O-methylation at the 3'-terminus is vital
for the biological functions of these small RNAs to protect
small RNAs from 3’ nucleotide addition [8,13,18-20],
which probably stimulates a 3'-5" exonucleolytic activity
to degrade the tagged small RNAs. Additionally, the
artificial introduction of 3'-terminal 2'-O-methylation in
siRNAs increases the stability of siRNAs in vivo without
affecting their RNA interference activities [12,19].

The ubiquitous presence of 3’-terminal 2'-O-methyl
modifications across a wide variety of small RNAs raises
the need for methods that can detect and quantitate the
expression levels of modified small RNAs reliably.
Unfortunately, quantifying the 3'-terminal 2’-O-methylated
small RNAs directly is difficult [21], mainly owing to the
2'-O-methylation at the 3'-termini of RNAs negatively
affecting the enzymatic activity of polyadenylate
polymerase and T4 RNA ligase, which are the two
enzymes that are required for RNA labeling or ligation in
commercial miRNA profiling assays [22]. That is, if a
sample is a mixture of 2'-O-methyl and 2'-OH small
RNAs, then RNA labeling and ligation would favor the
capture of the 2’-OH small RNAs, thereby introducing a
considerable detection bias toward lower levels of 3'-
terminal 2’-O-methylated small RNAs [23]. Thus, accu-
rate measurement of 3’-terminal 2'-O-methyl-modified
small RNAs remains a paramount challenge. For instance,
although accumulating lines of evidence have demonstrated
that plant miRNAs can influence gene expression and
cellular processes in mammals as dietary miRNAs derived
from food [24-31], some studies have failed to detect
exogenous mMiRNAs from consumed plants in animal
blood and tissues [32-35]. Since mammalian miRNAs
have far less 2'-O-methylation than plants [8,36], mamma-
lian miRNAs are much easier to be detected than
methylated plant miRNAs in these tissues. Unsurprisingly,
plant miRNAs were missed in these studies when
inappropriate methods were used for the plant miRNA
detection in animal tissues. Likewise, deep sequencing
technology detected very minimal accumulation of 2'-O-
methyl piRNAs in seminal plasma compared with
more enriched 2’-OH miRNAs; however, stem-loop RT-
gPCR technology generated contradictory results [23].
Indeed, monitoring the dynamic change in the 3’-terminal
2'-O-methylation of small RNAs during various biological
processes is difficult because of the lack of an accurate

quantification method. Considering that determining the
absolute levels of 3'-terminal 2'-O-methyl modifications
in small RNA metabolism is of great importance to further
understand their biological functions, the development
of a reliable and accurate approach is urgently needed
to minimize the bias related to RNA 3'-terminal 2'-O-
methylation and to analyze the level of 3'-terminal 2’-O-
methylated small RNAs quantitatively.

In the present study, we compared the efficiency of
various widely used RNA quantification tools in measuring
3’-terminal 2"-O-methylated small RNAs. We developed a
feasible strategy by which the 3'-terminal 2'-O-methyl
levels of small RNAs can be quantified accurately. With
this strategy, we determined the levels of plant miRNAs
in rice-fed mice and piRNAs in human seminal plasma
successfully.

Materials and methods
Animals

All experimental animals were maintained on a C57BL/6J
background on a 12-h light/dark cycle in a pathogen-free
animal facility at Nanjing University. The Institutional
Review Board of Nanjing University approved all housing
and surgical procedures. At 6 weeks of age, each mouse
was fed fresh rice by gavage after fasting overnight. The
mice were maintained on this diet for 3 days, after which
serum and tissues were collected. Several mice were
euthanized directly after overnight fasting, and their sera
and tissues were collected as a control.

Semen samples

All samples were collected according to protocols
approved by the Medical Ethics Committee of Nanjing
Drum Tower Hospital. Semen samples were collected
from healthy donors. Informed consent was obtained
from each patient before sperm collection. Semen
samples were collected into a 15 mL centrifuge tube after
3-5 days of sexual abstinence and liquefied for 30 min at
37 °C. Seminal plasma was obtained by centrifuging
semen samples at room temperature at 3000 rpm for 10
min, and the supernatant was then collected and stored at
—80 °C until analysis.

Synthetic miRNA oligonucleotides

Synthetic miRNA and piRNA oligonucleotides, including
2'-OH miRNAs and piRNAs and 3'-terminal 2'-O-methyl
miRNAs and piRNAs, were purchased from GenePharma
(Shanghai, China). Oligonucleotide powder was dissolved
in diethylpyrocarbonate (DEPC) water to generate a
20 pmol/L stock solution and stored at —80 °C. Synthetic
unmethylated or methylated plant miRNA standards (e.g.,
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miR156a, miR158a, miR159a, miR166a, and miR168a)
were mixed with synthetic unmethylated animal miRNA
standards (e.g., miR-16, miR-21, and miR-122). The
concentration of each plant miRNA was 1072 umol/L, and
the concentration of each animal miRNA was 10! pmol/L.
Synthetic unmethylated or methylated piRNA standards
(e.g., piR-30198, piR-31068, piR-31925, piR-43771, and
piR-42773) were mixed with synthetic unmethylated
animal miRNA standards (e.g., miR-16, miR-21, miR-122,
miR-423, and let-7a) according to the above protocol.
The concentration of each piRNA was 107! umol/L, and
the concentration of each animal miRNA was 10! pmol/L.
The sequences of all oligonucleotides used are listed in
Table S1.

RNA extraction

Total RNA was extracted from serum, seminal plasma,
and tissues using TRIzol Reagent (Invitrogen) according
to the manufacturer’s instructions. A total of 50-100 mg
tissue was ground with 1 mL TRIzol Reagent in a tissue
grinding apparatus. Liver tissues were obtained from 6-
week-old male C57BL/6J mice. For seminal plasma, 100 uL
of sample was mixed with 1 mL of TRIzol Reagent in a
1.5 mL microcentrifuge tube (RNase-free). The mixture
was vortex-mixed vigorously and then added to 0.02
pmol synthetic MIR2911(GenePharma). The mixture was
further vortex-mixed vigorously, and 200 pL of chloroform
was then added. The mixture was vortexed, incubated on
ice for 10 min, and then centrifuged at 16 000% g for 20 min
at 4 °C. The supernatant was transferred to a new 1.5 mL
microcentrifuge tube. Then, the same volume of isopro-
panol was added to the supernatant, and the tube was
inverted 10 times to mix thoroughly. Subsequently, the
mixture was stored at —20 °C for 1 h followed by centri-
fugation at 16 000x g and 4 °C for 20 min. After discarding
the supernatant, the pellet was washed with 1 mL 75%
ethanol and centrifuged again at 16 000x g and 4 °C for
20 min. The pellet was then dried for 20 min at room
temperature. Finally, the pellet was dissolved in 20—50 pL
DEPC water and stored at —80 °C until further analysis.

Oxidation of small RNAs with sodium periodate

Periodate oxidation was performed, as previously described
but with slight modifications [8,37]. Briefly, total RNA
was extracted from mouse liver using TRIzol Reagent
(Invitrogen) according to the manufacturer’s instructions.
A 100 pL mixture that consisted of 30 pg of total RNA
and 80 mmol/L NalO4 was incubated at 4 °C for 40 or 90
min in the dark. The oxidized RNA was purified by a kit
(ZYMO) and then subjected to RNA deep sequencing.

RNA deep sequencing

The methylation status of small RNAs was evaluated by

treating small RNAs with sodium periodate followed by
RNA deep sequencing. Briefly, after the PAGE
purification of small RNA molecules under 30 bases and
ligation of a pair of adaptors to their 5’ and 3’ ends, the
small RNA molecules were amplified using adaptor
primers for 17 cycles, and fragments of approximately 90
bp (small RNA + adaptors) were isolated from agarose
gels. The purified DNA was used directly for cluster
generation and sequencing analysis using Illumina’s
Sequencer according to the manufacturer’s instructions.
Then, the image files generated by the sequencer were
processed to produce digital-quality data. The subsequent
procedures involved the summarization of the generated
data, the evaluation of sequencing quality, and the
calculation of the length distribution of small RNA reads.
Finally, clean reads were compared with the miRBase
database (release 22), and the total copy number of each
sample was normalized to 1 000 000.

RT-qPCR assays

Two RT-qPCR systems were used in our research: stem-
loop primer system and poly(A)-tailed system. A TagMan
probe-based RT-qPCR assay for miRNA detection was
performed according to the manufacturer’s instructions
(LightCycler480; Applied Biosystems), with a minor
modification, as described previously [38,39]. Briefly, the
reverse transcription reaction was carried out in 10 pL
containing 0.5—1 pg of RNA extract, 1 pL of 10 mmol/L
dNTPs, 0.5 pL of AMYV reverse transcriptase (TaKaRa),
1 uL of a stem-loop RT primer (Applied Biosystems), 2 pL
of 5x reverse transcription buffer, and diethylpyrocar-
bonate (DEPC) water. For cDNA synthesis, the reaction
mixtures were incubated at 16 °C for 30 min, 42 °C for
30 min, and 85 °C for 5 min and then held at 4 °C. Real-
time PCR was performed (1 cycle of 95 °C for 5 min and
40 cycles of 95 °C for 15 s and 60 °C for 1 min) with an
Applied Biosystems LightCycler480 Detection System.
The reaction was performed with a final volume of 20 pL
containing 1 pL of cDNA, 0.3 pL of Taq, 0.33 pL of
hydrolysis probe (Applied Biosystems), 1.2 uL of
25 mmol/L MgCl,, 0.4 uL of 10 mmol/L dNTPs, 2 pL of
10x PCR buffer, and 14.77 uL of DEPC water.

The poly(A)-tailed RT-qPCR assay for miRNA detection
was performed according to the manufacturer’s instructions
(Qiagen). The reverse transcription system included 10x
miScript Nucleics Mix, 5x miScript HiSpec Buffer, and
miScript Reverse Transcriptase Mix. Samples were kept
on ice before running the programs. The reverse transcrip-
tion program was detailed as follows: 37 °C for 60 min
and 95 °C for 5 min and then held at 4 °C. After obtaining
c¢DNAs, 2x QuantiTect SYBR Green Master Mix, 10%
miScript Universal Primer, and 10x miScript Primer
Assay were used for real-time PCR detection. The primer
sequences of the poly(A)-tailed RT-qPCR method are
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shown in Table S2. The program was presented as
follows: 95 °C for 15 min, followed by 40 cycles of 94 °C
for 15 s, 55 °C for 30 s, and 70 °C for 30 s. Each cDNA
sample was tested in triplicate.

For piRNA detection, the system and procedure of the
tailed PCR method were the same as those of miRNA
detection. For the stem-loop system, the reverse transcrip-
tion reaction was carried out in 10 uL containing 0.5—1 pg
of extracted RNA, 0.5 pL of 10 mmol/L dNTPs, 0.5 pL
of AMV reverse transcriptase (TaKaRa), 1 pL of a stem-
loop RT primer (GenePharma), 2 pL of 5x reverse transcrip-
tion buffer, and 0.25 pL of recombinant RNase inhibitor
(RRI) and diethylpyrocarbonate (DEPC) water. For the
synthesis of cDNA, the reaction mixtures were incubated
at 16 °C for 15 min, 42 °C for 60 min, and 85 °C for 5 min
and then held at 4 °C. Real-time PCR was performed (1
cycle of 95 °C for 5 min and 40 cycles of 95 °C for 15 s
and 60 °C for 1 min) with an Applied Biosystems
LightCycler480 Detection System. The reaction was
performed with a final volume of 20 pL containing 1 pL
of cDNA, 0.3 pL of Taq, 0.4 pL of 10 umol/L primer
(GenePharma), 0.2 puL of probe (GenePharma), 1.2 pL of
25 mmol/L MgCl,, 0.4 pL of 10 mmol/L dNTPs, 2 pL of
10x PCR buffer, and 14.5 pL of DEPC water.

Statistical analysis

The analyses were performed using GraphPad Prism 8.
The data are presented as the mean = SEM of at least
three independent experiments, and differences were
considered statistically significant at P < 0.05 using two-
tailed Student’s #-tests.

Results

Profiling 3’-terminal 2’-O-methylated miRNAs from
consumed plants in animal tissues by oxidative deep
sequencing

Deep sequencing is superior to other conventional tools
in capturing the whole genome-wide expression profiles
of small RNA species. Unfortunately, the 2'-O-methyl
modification at the 3'-terminus of small RNAs results in
decreased efficiency of adaptor ligation, so the sequencing
procedure is biased against 3’-terminal 2'-O-methylated
small RNAs compared with 3'-terminal 2"-OH small RNAs
[22]. Therefore, the sequencing reads of 2'-O-methyl small
RNAs will be lost in the basal pool of unmodified small
RNAs [23]. However, after treatment with sodium
periodate (oxidizing agent), the cis-diol ribose groups of
unmodified miRNAs will be destroyed and converted into
dialdehydes, whereas 3'-terminal 2’-O-methylation enables
miRNAs to resist periodate. Consequently, only 3'-terminal
2'-O-methylated RNAs contribute to the sequencing
library, whereas the oxidized ribose groups of unmodified
miRNAs are not competent for 3'-adapter ligation and are
therefore excluded from the generated library [8].

Theoretically, 3'-terminal 2'-O-methyl small RNAs should
be detected preferentially, and the basal pool of unmodi-
fied small RNAs should be decreased in oxidative deep
sequencing, to allow the enrichment of 3’-terminal 2'-O-
methylated small RNAs in the obtained sequencing reads.
Given that we have previously reported that plant
miRNAs can be ingested from plant food sources, pass
through the gastrointestinal tract, enter the blood,
accumulate in tissues, and regulate endogenous gene
expression in mammals [24], we fed mice with rice and
treated the total RNA isolated from mouse liver with
sodium periodate for 40 or 90 min. Subsequently, the
RNA samples were repurified and subjected to deep
sequencing. As anticipated, most animal miRNAs in
mouse liver had an unmodified 3'-terminal 2'-OH and were
therefore oxidized and failed to be sequenced (Fig. 1A).
In contrast, plant miRNAs in mouse liver were resistant
to the oxidizing agent and were successfully detected by
deep sequencing (Fig. 1B). Interestingly, when we
gradually increased the oxidizing procedure from 40 to 90
min, we observed that while 40 min of treatment with
oxidizing agent only partially increased plant miRNAs in
mouse liver, 90 min of oxidation generated a more
thorough accumulation of plant miRNAs in mouse liver
(Fig. 1B). For example, animal miRNAs, such as miR-
122-5p, miR-423-5p, miR-10a, miR-486-5p, miR-16-5p,
miR-21-5p, miR-27b-3p, miR-30e-3p, miR-222-3p, and
miR-3781, underwent a marked reduction in mouse liver
after treatment with oxidizing agent, whereas plant
miRNAs, such as miR156a-5p, miR159a, miR157a-5p,
miR162a-3p, miR166a-3p, miR164b-5p, miR167a-5p,
miR168a-5p, miR396a, and miR858a, exhibited gradually
enhanced levels along with extended oxidizing time (Fig.
1C and 1D). These results indicate that the relative
abundance of plant miRNAs is indeed detected by
oxidative deep sequencing.

Determining the absolute levels of 3’-terminal 2'-O-
methylated miRNAs from consumed plants in animal
blood and tissues by RT-qPCR

Stem-loop and poly(A)-tailed RT-qPCR are common
methods for quantifying small RNAs. In theory, poly(A)-
tailed RT-qPCR rather than stem-loop RT-qPCR will
show the reduced amplification of 3'-terminal 2'-O-
methylated miRNAs [40], because the presence of a 2'-O-
methyl group at the 3'-terminus may reduce the efficiency
of RNA polyadenylation by polyA polymerase, whereas
stem-loop primers allow the direct measurement of small
RNAs independent of a 3'-terminal 2'-O-methyl modifica-
tion (Fig. 2A). We synthesized several plant miRNAs (e.g.,
miR156a, miR158a, miR159a, miR166a, and miR168a)
artificially and modified them with a 2’-O-methyl end or
retained their 2'-OH ends. Then, these synthetic plant
miRNAs were serially diluted and assessed using the
stem-loop or poly(A)-tailed RT-qPCR assay to generate a
standard curve. Stem-loop and poly(A)-tailed RT-qPCR
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Fig. 1 Plant miRNAs in the liver of rice-fed mice are detected by oxidative deep sequencing. (A) The levels (total sequencing reads) of animal
miRNAs in the livers of rice-fed mice that were unoxidized or oxidized for 40 or 90 min. For normalization, the total sequencing reads of animal
miRNAs were normalized to the clean reads of each sample. (B) The levels (total sequencing reads) of plant miRNAs in the livers of rice-fed mice
that were unoxidized or oxidized for 40 or 90 min. For normalization, the total sequencing reads of plant miRNAs were normalized to the clean
reads of each sample. (C) Relative fold changes of plant and animal miRNAs that were subjected to 40 min of oxidation in comparison with those
without oxidation. The sequencing reads of each miRNA were normalized to the clean reads of each sample. (D) Relative fold changes of plant
and animal miRNAs that were subjected to 90 min of oxidation in comparison with those without oxidation. The sequencing reads of each miRNA

were normalized to the clean reads of each sample.
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Fig. 2 Comparison of the differences between stem-loop and poly(A)-tailed RT-qPCR in quantifying synthetic 2’-O-methyl plant miRNAs.
(A) Schematic diagram of the working model of stem-loop and poly(A)-tailed RT-qPCR. The blue line represents the template miRNA. The black
structure or line represents the reverse transcription primer. The red line represents the reverse transcription product. The green line represents the
forward primers or reverse primers. “Me” represents the methylation site. (B—F) The absolute levels of 5 synthetic 2'-O-methyl and 2’-OH plant
miRNAs (miR156a, miR158a, miR159a, miR166a, and miR168a) detected by stem-loop and poly(A)-tailed RT-qPCR. (G—I) The absolute levels
of 3 synthetic 2’-OH animal miRNAs (miR-16, miR-21, and miR-122) detected by stem-loop and poly(A)-tailed RT-qPCR. Data are represented

as the mean = SEM. ***P < (.001.

assays showed a linear correlation between the Ct value
and miRNA concentration (Fig. S1). The standard curves
for stem-loop RT-qPCR analysis of unmethylated and
methylated plant miRNAs nearly overlapped with each
other (Fig. SIA—S1E), indicating that the stem-loop RT-
gPCR assay had the same efficiency in amplifying 2’-O-
methyl and 2'-OH plant miRNAs. In contrast, the
poly(A)-tailed RT-qPCR assay resulted in a significant
decrease in the amplification of 2'-O-methyl plant miRNAs
compared with 2’-OH plant miRNAs (Fig. SIF—S1J).
Next, we compared the differences between stem-loop
and poly(A)-tailed RT-qPCR in quantifying equal amounts
of 2'-O-methyl and 2'-OH plant miRNAs. Synthetic
unmethylated or methylated plant miRNAs were mixed
with synthetic unmethylated animal miRNAs, and the

mixture was quantified with stem-loop or poly(A)-tailed
RT-qPCR assays. The absolute concentration of each
miRNA was then calculated according to the standard
curve. The stem-loop RT-qPCR assay detected equal
amounts of unmethylated and methylated plant miRNAs
in the mixture, whereas poly(A)-tailed RT-qPCR detected
significantly lower amounts of methylated plant miRNA
than unmethylated plant miRNAs (Fig. 2B-2F). As a
control, stem-loop and poly(A)-tailed RT-qPCR assays
detected the same amounts of nonmethylated animal
miRNAs (Fig. 2G—2I). Thus, poly(A)-tailed RT-gPCR
had a significantly decreased ability to quantify 2'-O-
methyl miRNAs because of the presence of 3'-terminal
2'-O-methylation, whereas stem-loop RT-qPCR may be a
nonbiased technique for detecting 2’-O-methyl and 2’-OH
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miRNAs with equal detection efficiency.

Subsequently, we extracted RNA from the serum and
liver of rice-fed mice and compared the efficiency of
stem-loop and poly(A)-tailed RT-qPCR assays in differen-
tiating 2'-O-methyl plant miRNAs from 2'-OH animal
miRNAs. We first calculated the ACt value (recorded as
Ctiai—Clstem-loop) Of each miRNA (Fig. S2). For 2'-O-
methylated plant miRNAs, ACt values were generally
larger than “zero,” whereas the ACt values of animal
miRNAs tended to be “zero.” The results indicate that
poly(A)-tailed RT-qPCR generated higher Ct values than
stem-loop RT-qPCR when quantifying 2'-O-methyl plant
miRNAs. Then, the absolute concentration of each
miRNA was calculated according to the standard curve.
The absolute levels of miR156a and miR168a determined
by stem-loop RT-qPCR assay were significantly higher in
the serum and liver of rice-fed mice than control mice
(Fig. 3A, 3B, 3F, and 3G). In contrast, the poly(A)-tailed
RT-qPCR assay was inefficient in detecting 2'-O-methyl
plant miRNAs in rice-fed and control mice, and no
significant difference in 2'-O-methyl plant miRNA levels
was observed between the two groups (Fig. 3A, 3B, 3F,
and 3G). As a control, the absolute levels of animal
miRNAs (e.g., miR-16, miR-21, and miR-122) measured
by stem-loop and poly(A)-tailed RT-qPCR showed no
significant difference between the rice-fed mice and
control mice (Fig.3C, 3E, 3H, and 3J). Overall, the
results confirm that the poly(A)-tailed RT-qPCR assay
significantly underestimated the levels of 2'-O-methyl
miRNAs.

Determining the absolute levels of 3’-terminal 2’-O-
methylated piRNAs in seminal plasma by RT-qPCR

Considering that the 3'-terminal 2'-O-methylation of
piRNAs also reduces the efficiency of RNA polyadenyla-
tion by polyA polymerase, poly(A)-tailed RT-gPCR
analysis is biased against piRNAs compared with other
nonmodified small RNAs [23]. We synthesized several
piRNA sequences (e.g., piR-30198, piR-31068, piR-
31925, piR-43771, and piR-42773) with 2’-O-methyl or
2'-OH ends, and the standard curves of unmethylated and
methylated piRNAs were generated using stem-loop or
poly(A)-tailed RT-qPCR assays (Fig. S3). Although the
standard curves generated by stem-loop RT-qPCR
analysis of unmethylated and methylated piRNAs largely
overlapped (Fig. S3A-S3E), the standard curves
generated by poly(A)-tailed RT-qPCR analysis of
methylated piRNAs were significantly shifted to the right
compared with those of unmethylated piRNAs (Fig.
S3F-3J). We also compared the differences between
stem-loop and poly(A)-tailed RT-qPCR in quantifying
equal amounts of 2'-O-methyl and 2-OH piRNAs.
Unmethylated and methylated piRNAs were synthesized
and mixed with unmethylated animal miRNAs. While the

stem-loop RT-qPCR assay detected nearly identical levels
of unmethylated and methylated piRNA in the mixture,
the poly(A)-tailed RT-qPCR assay detected significantly
lower levels of methylated piRNA than unmethylated
piRNAs (Fig. 4A—4E). Similarly, no significant difference
was observed between the two methods in detecting
unmethylated animal miRNAs (Fig. 4F—4J).

Finally, we compared the efficiency of stem-loop RT-
qPCR and poly(A)-tailed RT-qPCR assays in measuring
3’-terminal 2’-O-methyl piRNAs and 3'-terminal 2'-OH
miRNAs in seminal plasma. The ACt values of piR-
31068, piR-31925, piR-43771, and piR-42773 were larger
than “zero,” whereas the ACt values of miR-16, miR-21,
miR-122, miR-423 andlet-7awere closeto “zero” (Fig. S4).
Accordingly, the seminal plasma concentrations of
piRNAs determined by stem-loop RT-qPCR assay were
dramatically higher than those determined by poly(A)-
tailed RT-qPCR assay (Fig. 4K), whereas the seminal
plasma concentrations of miR-16, miR-21, miR-122,
miR-423, and let-7a determined by these two approaches
were quite similar (Fig. 4L). The results suggest that the
2'-O-methylation modification in piRNAs also affected
detection by the poly(A)-tailed RT-qPCR approach, but
the stem-loop RT-qPCR approach could overcome the
interference.

Discussion

Small RNAs, 20—30 nucleotides long, have diverse and
important biological roles in eukaryotic organisms
[7,8,41,42]. Three major types of small RNAs, namely,
miRNAs, piRNAs, and endo-siRNAs, are further modified
at their 3'-terminal nucleotides via 2'-O-methylation [4,5].
To analyze these 3’-terminal 2'-O-methyl small RNAs
quantitatively, several approaches have been pursued. For
example, oxidative deep sequencing has already been
established and widely used in piRNA research [43—45].
Unfortunately, these methods are usually limited to
qualitative analysis rather than quantitative analysis or
have the disadvantage of detecting low levels of small
RNAs. Moreover, the most convincing analytical method
to validate the presence of 3'-terminal 2'-O-methylation in
small RNAs is sodium periodate oxidation combined with
Northern blot [8], but this technology is labor intensive
and time consuming and has relatively low throughput
and sensitivity. Likewise, although mass spectrometry is a
definitive tool to identify small RNA 2'-O-methylation
[37], this technology yields little quantitative information
and requires a substantial amount of input RNA. Also,
although deep sequencing is a high-throughput and highly
sensitive method to analyze small RNAs qualitatively, the
presence of 2'-O-methyl modification at the 3'-terminus is
known to reduce the efficiency of 3’-adapter ligation,
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Fig. 3 Comparison of the differences between stem-loop and poly(A)-tailed RT-qPCR in quantifying 2'-O-methyl plant miRNAs in rice-fed
animals. (A and B) The absolute levels of plant miRNAs (e.g., miR156a and miR168a) determined by stem-loop and poly(A)-tailed RT-qPCR in
the serum of rice-fed mice. (C—E) The absolute levels of animal miRNAs (e.g., miR-16, miR-21, and miR-122) determined by stem-loop and
poly(A)-tailed RT-qPCR in the serum of rice-fed mice. (F and G) The absolute levels of plant miRNAs (miR156a and miR168a) determined by
stem-loop and poly(A)-tailed RT-qPCR in the livers of rice-fed mice. miRNA levels were normalized to the total amount of RNA. (H-J) The
absolute levels of animal miRNAs (e.g., miR-16, miR-21, and miR-122) determined by stem-loop and poly(A)-tailed RT-qPCR in the livers of
rice-fed mice. miRNA levels were normalized to the total amount of RNA. Data are represented as the mean = SEM (n = 5). **P < 0.01, ***P <

0.001.

thereby further reducing the library yield and representa-
tivity [22,23]. Therefore, a strategy should be optimized
to improve the sensitivity of small RNA sequencing and
to overcome the technical obstacles in sequencing small
RNAs with 3’-terminal 2’-O-methylation. The methodology
of detecting 3'-terminal 2’-O-methylated RNA has also
been proposed by other groups. Brett Robb et al. provided
a strategy to make a library by using PEG, RNL2tr, and
other optimized reaction conditions. The strategy was
validated by quantifying representative miRNAs and
piRNAs in RNA samples prepared from mouse testes
[22]. However, the customized library construction process
may have limited practice of this method because most
sequencing companies will not consider these customized
requirements. In this study, by using the oxidative deep
sequencing we not only successfully detected the level of
2'-O-methyl piRNA with higher concentration in seminal
plasma, but also detected the levels of 2'-O-methyl plant
miRNAs in animal tissues, where the methylated plant
miRNAs existed in a lower abundance. Besides, the
treatment of samples can be easily performed in any
laboratory. However, given the complex procedure of
periodate oxidation and RNA repurification before library
construction during oxidative deep sequencing, a large
amount of starting RNA material might be required.

Considering that 3'-terminal 2’-O-methylated small RNAs
are usually expressed at a low abundance in tissue and
cellular samples, we instead applied a stem-loop RT-
qPCR strategy because this approach has been reported as
a highly sensitive method in amplifying the limited
amount of 3'-terminal 2'-O-methylated small RNAs
[46,47]. Indeed, we showed that the 2'-O-methyl plant
miRNAs and piRNAs can be directly quantified on the
basis of stem-loop RT-qPCR technique. Unlike poly(A)-
tailed RT-qPCR, stem-loop RT-qPCR can overcome the
bias related to RNA 3’-terminal 2'-O-methylation and is
especially suitable for quantifying 3'-terminal 2’-O-
methylated small RNAs. In addition, our results indicated
that the poly(A)-tailed method is far less sensitive than
stem-loop method in detecting low amount of plant
miRNA in animal tissues (Fig. 3B and 3F). Thus, oxidative
deep sequencing combined with stem-loop RT-qPCR
may be an optimal solution to quantify 3'-terminal 2’-O-
methyl small RNAs comprehensively.

Many studies have shown that dietary exogenous
miRNAs can be detected in and play active roles in
animal tissues [24-31]. Conversely, some studies failed to
detect dietary exogenous plant miRNAs in consumers
[32-35]. For example, some groups mined public high-
throughput sequencing data sets of animal fluids and
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Fig. 4 Comparison of the differences between stem-loop and poly(A)-tailed RT-qPCR in quantifying synthetic 2’-O-methyl piRNAs and piRNAs
in seminal plasma. (A—E) The absolute levels of 5 synthetic 2’-O-methyl and 2’-OH piRNAs (e.g., piR-30198, piR-31068, piR-31925, piR-43771,
and piR-42773) detected by stem-loop and poly(A)-tailed RT-qPCR. (F—J) The absolute levels of 5 synthetic 2'-OH animal miRNAs (e.g., miR-
16, miR-21, miR-122, miR-423, and let-7a) detected by stem-loop and poly(A)-tailed RT-qPCR. (K) The absolute levels of piRNAs (e.g., piR-
31068, piR-31925, piR-43771, and piR-42773) determined by stem-loop and poly(A)-tailed RT-qPCR in seminal plasma. (L) The absolute levels
of animal miRNAs (e.g., miR-16, miR-21, miR-122, miR-423, and let-7a) determined by stem-loop and poly(A)-tailed RT-qPCR in seminal
plasma. Data are represented as the mean £ SEM (n = 6). ¥**P < 0.01, ***P < 0.001.

tissues and identified quite small amounts of plant
miRNAs in these samples. Therefore, they concluded that
plant miRNAs are derived from contaminants during
library preparation and sequencing [48]. However, these
studies ignored the critical fact that the conventional
protocols and solutions in sequencing procedures are
biased against plant miRNAs compared with nonmodified
animal miRNAs. In other words, if a sample contains a
mixture of 2'-O-methyl plant miRNAs and 2’-OH animal
miRNAs, ligations will favor the capture of 2'-OH animal
miRNAs [22]. Unsurprisingly, the sequencing reads of
plant miRNAs are lost in the vast amount of animal
miRNAs during the sequencing of mixed plant and
animal libraries. Indeed, we obtained few reads of plant
miRNAs using a routine sequencing protocol, but an
increase in the relative abundances of plant miRNAs was
observed in periodate-treated samples. Furthermore, we
obtained higher sequencing efficiency with 90 min of
oxidation than 40 min, which indicates that the oxidation
time and intensity are crucial in 3'-terminal 2'-O-

methylated small RNA sequencing. In conclusion,
oxidative deep sequencing may be an ideal strategy to
detect 3'-terminal 2'-O-methyl small RNAs when they
were mixed with unmethylated RNAs, such as in
detecting dietary plant miRNAs in animal tissues or
piRNAs in circulation.

Currently, the major reported function of piRNAs is to
provide an elaborate system that protects germline cells
against harmful expression of transposable elements and
stabilizes the formation of male germ cells [49,50]. In
addition, piRNAs are also shown to be promising
prognostic markers for various types of cancers [51].
Efficient and accurate quantification of piRNAs is critical
for elucidating their molecular functions. However,
piRNAs are notoriously difficult to detect by sequencing
or RT-qPCR because of challenges, such as low abun-
dance, assembly in clusters, and 3’-terminal 2'-O-methyl
modification. For example, our previous studies surveyed
piRNA profiling by deep sequencing technology and
detected quite low piRNA levels (~0.5% of total small
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RNA sequencing reads) in seminal plasma compared with
the significantly enriched miRNAs (~5% of total small
RNA sequencing reads). In contrast, the stem-loop RT-
qPCR assay determined the concentration of piRNAs at
approximately 1-10 000 pmol/L in seminal plasma, which
is considerably more abundant than that of miRNAs at
about 10-2000 fmol/L [23]. This inconsistency indicates
that piRNAs are not accurately assessed ordinarily. To
measure the true abundance of piRNAs efficiently, we
used oxidized deep sequencing again to overcome the
inhibitory effect of 3’-terminal 2'-O-methylation on adaptor
ligation. As a result, an increase in the relative abundance
of piRNAs in periodate-treated RNAs derived from
seminal plasma was detected. Furthermore, we showed
that piRNAs can be directly quantified by the stem-loop
RT-qPCR assay rather than the poly(A)-tailed RT-qPCR
assay. Overall, the combination of oxidative deep sequenc-
ing with stem-loop RT-qPCR may provide a nonbiased
technique to measure piRNAs with 3'-terminal 2'-O-
methylation accurately.

In conclusion, this study established a standard procedure
for quantifying the levels of 3’-terminal 2'-O-methylated
small RNAs, including plant miRNAs and piRNAs. With
the ubiquitous presence of 3’-terminal 2’-O-methyl modifi-
cations across a wide variety of species, the accurate
detection of 3’-terminal 2'-O-methylated small RNAs is
critical to understand their basic biological principles and
has profound clinical implications.
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