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Abstract

RNA cleavages by many ribonucleases generate RNA molecules that contain a 2′,3′-cyclic 

phosphate (cP) at their 3′-termini, and many cP-containing RNAs (cP-RNAs) are expressed as 

functional molecules in cells and tissues. 5′-tRNA half molecules are representative examples 

of functional cP-RNAs, playing important roles in various biological processes. We here show 

in vitro production of cP-containing 5′-tRNA half molecules that is able to prepare abundant 

synthetic cP-RNAs enough for functional analyses. Furthermore, we report a multiplex TaqMan 

RT-qPCR method which can simultaneously quantify multiple cP-containing 5′-tRNA half 

species. The method enabled us to efficiently quantify 5′-tRNA halves using samples with limited 

amounts, such as human plasma samples, revealing drastic enhancement of 5′-tRNA half levels 

at approximately 1000-fold in patients infected with Mycobacterium tuberculosis. These in vitro 
production and multiplex quantification methods can be applied to any cP-RNAs, and they provide 

cost-effective, in-house techniques to accelerate expressional and functional characterizations of 

5′-tRNA halves and other cP-RNAs.

1. Introduction

In biogenesis of non-coding RNA (ncRNA) molecules, newly transcribed RNAs usually 

undergo multiple maturation steps in which enzymatic cleavages of the RNAs play crucial 

roles. RNA cleavages by many ribonucleases generate RNA molecules that contain a 2′,3′-
cyclic phosphate (cP) at their 3′-termini [1]. The 3′-terminal cP end is also formed by 

ribozyme cleavages or is generated de novo by the enzymes, such as RtcA and MthRnl, 

that convert a 3′-terminal phosphate (P) to a cP [1]. Many cP-containing RNAs (cP-RNAs) 

have been demonstrated to be expressed as functional molecules. Representative examples 
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of functional cP-RNAs include the 5′-tRNA half molecules produced from tRNA anticodon 

cleavage by angiogenin (ANG), a member of the RNase A super family [1]. In mammalian 

cells, ANG cleavage of tRNAs is induced by various biological phenomenon, such as stress 

stimuli, the sex hormone signaling pathway, and mycobacterial infection [2–6]. The resultant 

cP-containing 5′-tRNA half molecules play important roles in a variety of biological 

processes. Stress-induced 5′-tRNA halves promote stress granule formation, regulate 

translation, and trigger cellular stress responses and apoptosis in neurodevelopmental 

disorders [2, 7–10]. Sex hormone-dependent 5′-tRNA halves promote cell proliferation in 

hormone-dependent breast and prostate cancers [4, 11]. Infection-induced 5′-tRNA halves 

promote immune response by activating Toll-like receptor 7 (TLR7) [5]. 5′-tRNA halves 

further serve as direct precursors of Piwi-interacting RNAs (piRNAs) in germ cells [12]. 

Because cP-RNAs cannot be ligated to a 3’-adaptor (AD) in standard RNA-seq procedure, 

cP-RNAs are not captured by standard RNA-seq, forming a hidden component in the 

transcriptome [1]. We developed cP-RNA-seq that is able to specifically sequence cP-RNAs 

[4, 13] and recently performed genome-wide identification of short cP-RNA transcriptome, 

revealing abundant expression of numerous cP-RNAs derived not only from tRNAs but also 

from rRNAs and mRNAs [6, 14].

To further expand cP-RNA research, it is imperative to continuously unravel expressional 

regulations and biological roles of cP-RNAs. Many previous functional characterizations of 

5′-tRNA halves relied on the transfection of cP-lacking synthetic RNAs into cultured cells. 

However, cP formation is not just the consequence of specific ribonuclease digestions—cP 

formation itself could have a functional significance: cP formation regulates RNA-protein 

interaction and RNA stability [15, 16] and it is required for specific ligation reaction 

[17–19]. Recent discovery of cP-specific phosphatase further suggests the importance of 

cP-formation [20]. Thus, even though cP-RNA syntheses are relatively costly and not 

many companies offer them, it is ideal to utilize synthetic cP-RNAs, instead of cP-lacking 

RNAs, for functional analyses of cP-RNAs. Utilization of synthetic cP-RNAs would also 

greatly contribute to unraveling fundamental roles of a cP. In this light, we here show in 
vitro production of cP-containing 5′-tRNA half molecules that is able to prepare abundant 

synthetic cP-RNAs enough for functional analyses. Furthermore, given that the expression 

levels of 5′-tRNA half molecules are drastically changed in various biological processes and 

diseases [2, 4–6, 21], a specific cP-RNA quantification method would be an indispensable 

technique in cP-RNA research. We here report a multiplex TaqMan RT-qPCR method 

that efficiently, specifically, and simultaneously quantifies multiple cP-containing 5′-tRNA 

half species. These methods provide cost-effective, in-house techniques to accelerate 

characterizations of 5′-tRNA halves and other cP-RNAs.

2. Materials and Methods

2.1. In vitro production of cP-containing 5′-tRNA halves

The sequences of three cP-containing 5′-tRNA halves (5′-tRNALysCUU half, 5′-
tRNAHisGUG half, and 5′-tRNAGlyGCC half) synthesized in this study are shown in Fig. 

1A. We produced the three cP-RNAs according to the Ciesiołka’s method [22] with 

modifications. The method consists of the two steps: 1) in vitro synthesis of RNAs 
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containing a 3′-terminal hepatitis delta virus (HDV) ribozyme recognition site (RRS: 5′-
GGGUCGG-3′); and 2) 3′-end cleavage of the synthesized RNAs by trans-acting HDV 

ribozyme to form a cP end. In vitro RNA synthesis was performed as described previously 

[5, 23]. dsDNA templates were synthesized using the primers shown in Table S1. The 

templates were then subjected to an in vitro transcription reaction with T7 RNA polymerase 

(New England Biolabs) at 37°C for 4 h. The synthesized RNAs were then gel-purified 

using denaturing PAGE with single-nucleotide resolution. The in vitro synthesized RRS-

containing 5′-tRNA half (3 μM) and HDV ribozyme (6 μM) were subjected to annealing 

procedure by incubating in 18 μl mixture containing 2 μl of 10× reaction buffer [500 mM 

Tris-HCl (pH 7.5) and 1 mM EDTA] at 90°C for 2 min, followed by incubation at 0°C for 

10 min and then at 37°C for 10 min. Subsequently, RNA cleavage by HDV ribozyme was 

started by adding 2 μl of 100 mM MgCl2 solution and incubating at 37°C for 60 min. The 

cleaved RNAs were then gel-purified using denaturing PAGE.

2.2. Confirmation of a cP end in the produced 5′-tRNA halves

The 3′-terminal phosphate states of the produced 5′-tRNA halves were analyzed as 

described previously [6, 12, 14]. The RNAs were treated with calf intestinal phosphatase 

(CIP; New England Biolabs) or T4 polynucleotide kinase (T4 PNK; New England Biolabs). 

The RNAs were then subjected to specific quantification of 5′-tRNA halves using 3′-AD 

ligation and TaqMan RT-qPCR as described previously [4–6, 12, 14].

2.3. Multiplex TaqMan RT-qPCR for quantification of synthetic 5′-tRNA halves

The produced cP-containing 5′-tRNA halves (100 fmol each), mixed with 500 ng of 

E. coli total RNA, were treated with 10 units of T4 PNK in 10 μl reaction mixture 

at 37°C for 1 h. One μl of the mixture was then added to a 3′-AD ligation mixture 

(total 10 μl) containing 0.1 mg/ml BSA, 1 mM ATP, 5% PEG8000, 2 μM of 3′-AD 

[4], 20 units of RNasin® Ribonuclease Inhibitor (Promega), 5 units of T4 RNA ligase 

(T4 Rnl: Thermo Scientific), and 1× T4 Rnl reaction buffer. For 3′-AD ligation, the 

mixture was incubated at 37°C for 1 h, followed by overnight incubation at 4°C. The 

ligated RNAs were diluted 20-fold, and 2 μl of the diluted mixture was subjected 

to TaqMan RT-qPCR (reaction mixture volume 10 μl) using One Step PrimeScript RT-

PCR Kit (Takara) and StepOne Plus Real-time PCR machine (Applied Biosystems). 

Two groups of multiplex quantification were established: Group 1 for 5′-tRNAHisGUG 

half (hexachlorofluorescein, HEX), 5′-tRNAGlyGCC half (carboxytetramethylrhodamine, 

TAMRA NHS Ester), and spike-in control RNA (6-carboxyfluorescein, FAM; 

5′-GGGAGGCAAGCCCGACGUCGUCCAGAUUGUCCGC-3′), and Group 2 for 5′-
tRNALysCUU half (HEX) and spike-in control RNA (FAM), respectively. The sequences and 

concentrations of primers and TaqMan probes are shown in Table S2. The cycle conditions 

of PCR were: 42°C for 5 min and 95°C for 10 s, followed by up to 40 cycles of 95°C for 10 

s and 63°C for 34 s.

2.4. Cell culture, induction of oxidative stress, and RNA isolation

HeLa cells were cultured in DMEM (Life Technologies) containing 10% FBS. The cells 

were treated with 500 μM of sodium arsenite (SA; Sigma) to induce oxidative stress and 
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expression of stress-induced tRNA halves as described previously [6]. Total RNA from the 

cells was isolated using TRIsure (Bioline).

2.5. Multiplex quantification of 5′-tRNA halves for cellular RNAs

To remove a cP from cP-RNAs, total RNA (500 ng) was first treated with T4 PNK as 

described previously [4]. Then, 50 ng of the treated RNAs were subjected to 3′-AD ligation 

reaction, followed by multiplex TaqMan RT-qPCR as described in 2.3.

2.6. Ethical approval, human plasma samples, and RNA isolation

The Office of Human Research (OHR) of Thomas Jefferson University (TJU) approved 

our use of human plasma samples from patients infected with Mycobacterium tuberculosis 
(Mtb) without private information in accordance with all federal, institutional, and ethical 

guidelines. We obtained the plasma samples from a biological specimen company, BioIVT, 

without receiving patients’ information. Human plasma samples were derived from healthy 

or Mtb-infected males aged 30–35 years. RNA isolation from the plasma samples was 

performed as described previously [5]. First, 500 μl of plasma was centrifuged at 16,060 g 

for 5 min, and then 400 μl of supernatant was mixed with 1 fmol of the spike-in control 

RNA and subjected to RNA extraction using TRIzol LS (Invitrogen). The extracted RNAs 

were further subjected to purification using the miRNeasy Mini Kit (Qiagen).

2.7. Multiplex quantification of 5′-tRNA halves for plasma RNAs

We adapted the above-described multiplex 5′-tRNA half quantification method to plasma 

RNAs by combining T4 PNK treatment and 3′-AD ligation into one-step reaction. Plasma 

RNA sample (2 μl) was added to the reaction mixture (total volume 20 μl) containing 0.1 

mg/ml BSA, 2 mM ATP, 5% PEG8000, 1 μM 3′-AD, 40 units of RNasin® Ribonuclease 

Inhibitor, 10 units of T4 Rnl, 10 units of T4 PNK, 1 mM DTT, and 1× T4 RNA ligase 

reaction buffer. The reaction mixture was first incubated at 37°C for 1 h, followed by 

incubation at 4°C for 1 h. The reacted mixture was diluted 3-fold, and 2 μl of the diluted 

mixture was subjected to the multiplex TaqMan RT-qPCR (reaction mixture volume 10 μl) 

as described in 2.3.

3. Results and Discussion

3.1. Selection of 5′-tRNA half species for production and quantification

In this study, we selected the three 5′-tRNA halves (5′-tRNALysCUU half, 5′-tRNAHisGUG 

half, and 5′-tRNAGlyGCC half, Fig. 1A) because they are abundantly and differentially 

expressed in various cells and tissues. 5′-tRNALysCUU half and 5′-tRNAGlyGCC half were 

the two most abundant tRNA-derived cP-RNAs in oxidative stress-induced HeLa and 

U2OS cells [6]. Together, the 5′-tRNALysCUU half and 5′-tRNAHisGUG half occupied 

>87% of sex hormone-dependent tRNA-derived cP-RNAs in BT-474 breast cancer cells 

[4]. 5′-tRNAHisGUG half and 5′-tRNAGlyGCC half were among the top 4 abundant 5′-tRNA 

halves identified in extracellular vehicles (EVs) secreted from human monocyte-derived 

macrophages [5]. The EV-5′-tRNAHisGUG half, which plays an important role in promoting 

the immune response by activating TLR7, were greatly upregulated in plasma samples from 

Mtb-infected patients [5]. Regarding the 5′-tRNALysCUU half and 5′-tRNAHisGUG half, 
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the molecules ranging from the 5′-end to the anticodon 1st nucleotide [nucleotide position 

(np) 1–34 according to the nucleotide numbering system of tRNAs [24]] (Fig. 1A) were 

commonly the most abundant molecules in the above cP-RNA-seq studies, so we targeted 

these molecules in this study. Regarding the 5′-tRNAGlyGCC half, its 3′-end position showed 

variations in cP-RNA-seq data from various cells and tissues. In this study, we targeted the 

5′-tRNAGlyGCC half of np 1–35 (Fig. 1A), which accumulated the most prominently as 

stress-induced molecules [6] and which was the most abundant in mouse tissues [14].

3.2. In vitro production of cP-containing 5′-tRNA halves

In vitro transcription by bacteriophage T7 RNA polymerase has been a standard, widely 

used method to synthesize RNAs of desired sequences [25], but the synthesized RNAs 

possess a hydroxyl group (OH) at their 3′-end. To enable rapid, abundant, and cost-effective 

synthesis of cP-containing 5′-tRNA halves, we employed the in vitro RNA synthesis, 

followed by 3′-terminal cleavage of the RNAs using a trans-acting HDV ribozyme based 

on the Ciesiołka’s method [22, 26]. As in the RNA cleavages catalyzed by all other 

self-cleaving ribozymes, HDV ribozyme cleavage forms a cP at the 3′-end of 5′-cleavage 

products [27]. To be cleaved by the HDV ribozyme, RNAs need to contain 7-nt RRS 

sequences; these sequences are recognized and hybridized by the ribozyme [22, 26]. In vitro 
transcription by T7 RNA polymerase successfully synthesized the three 5′-tRNA halves 

containing 3′-terminal RRS sequences, as well as the HDV ribozyme (Fig. 1B). After 

gel-purification, the RRS-containing 5′-tRNA halves were subjected to HDV ribozyme-

catalyzed cleavage. Incubation of the RNAs with the HDV ribozyme produced RRS-lacking 

5′-tRNA halves (Fig. 1C), which were expected to contain a cP. Compared to a 10-min 

incubation, an incubation of 60 min provided better yields of the cleavage products (Fig. 

1C), prompting us to set 60 min as the default incubation time for future 5′-tRNA half 

synthesis by this method. After gel-purification, we confirmed the quality of the produced 

cP-containing 5′-tRNA halves as a single band in denaturing PAGE (Fig. 1D). To confirm 

the presence of a cP in the synthesized 5′-tRNA halves, we treated the RNAs with CIP 

(removes 3′-P) or T4 PNK (removes both 3′-P and cP). When we subsequently examined 

the efficiency of the ligations between each RNA and a 3′-AD by TaqMan RT-qPCR, as 

described in our previous studies [4–6, 12, 14], the produced 5′-tRNA halves exhibited 

the highest amplification signals upon T4 PNK treatment, while non-treated RNAs and CIP-

treated RNAs did not yield significant amplification signals (Fig. 1E). These results indicate 

that the majority of the produced 5′-tRNA halves contain a cP at their 3′-ends and provide 

evidence of the successful production of cP-containing 5′-tRNA halves. Approximately 

16–74 μg (~1.4–6.7 nmol) of cP-containing 5′-tRNA halves were produced from 1 ml of 

T7 RNA polymerase reaction. This method is easy to be scaled-up and is applicable to 

abundantly produce any short cP-RNAs. The produced cP-RNAs will be useful for various 

experiments in biochemical and functional characterization of cP-RNAs (e.g., transfection, 

pull-down assay, and electrophoretic mobility shift assay).

3.3. Multiplex TaqMan RT-qPCR for quantification of cellular 5′-tRNA halves

The majority of cP-RNAs are produced from abundant substrate RNAs [14]. As a result, cP-

RNAs and their substrate RNAs usually coexist in the cells and in total RNA. For example, 

5′-tRNA halves coexist with corresponding mature tRNAs and their precursors, which are 
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usually much more abundant than 5′-tRNA halves. Standard RT-qPCR amplification of the 

interior sequences of 5′-tRNA halves cannot distinguish signals of 5′-tRNA halves and their 

substrate RNAs. Instead, we previously developed a specific TaqMan RT-qPCR method that 

is able to exclusively quantify 5′-tRNA halves [4] and utilized this method for quantification 

of 5′-tRNA halves in human cultured cells, Bombyx cells, and mouse tissues [5, 6, 12, 14]. 

While the previous method was singleplex and targeted only one 5′-tRNA half per reaction, 

here we established an upgraded version of TaqMan RT-qPCR by employing a multiplex 

approach that involves three steps (Fig. 2A). First, we treated total RNA extracted from cells 

or tissues with T4 PNK to remove a cP from 5′-tRNA halves. Then we ligated 3′-AD to the 

3′-dephosphorylated 5′-tRNA halves, followed by quantification of the ligation products by 

TaqMan RT-qPCR. Because TaqMan probe is designed to target the boundary of the targeted 

5′-tRNA halves and 3′-AD, this method quantified only the 3′-AD-ligated 5′-tRNA half but 

not the corresponding mature tRNA and its precursor. To perform the TaqMan RT-qPCR, 

we conducted a one-step reaction of reverse transcription and qPCR quantification in the 

presence of multiple target primers and TaqMan probes (Fig. 2A). Two target 5′-tRNA 

halves were simultaneously quantified by TaqMan probes either with HEX or TAMRA, 

and control spike-in RNA was also detected by FAM-containing probe at the same time. 

This multiplex method has two advantages over the singleplex method previously used. 

First, more than one target 5′-tRNA half can be simultaneously quantified, which saves 

time, effort, cost, and RNA sample for 5′-tRNA half quantification. Saving the amounts 

of starting RNA sample is especially important when using precious and limited samples 

such as those from disease patients. Second, this method allows us to quantify 5′-tRNA 

halves and control RNA at the same time. Because the amounts of control RNA are used for 

normalization, the simultaneous quantification would enhance accuracy of the 5′-tRNA half 

quantification.

To establish our multiplex scheme and to confirm its specificity, we first used synthetic cP-

containing 5′-tRNA halves produced by our in vitro method (Fig. 1D), as well as synthetic 

control spike-in RNA. Not all multiplex combinations of targeted RNAs resulted in specific 

quantification of each target RNA without cross-reaction. We eventually established two 

groups of multiplex quantifications: Group 1 for the quantification of the 5′-tRNAHisGUG 

half (HEX), 5′-tRNAGlyGCC half (TAMRA), and spike-in RNA (FAM); and Group 2 for 

the quantification of the 5′-tRNALysCUU half (HEX) and spike-in RNA (FAM) (Fig. 2B). 

To confirm their specificities, 10 sets of synthetic RNA mixtures consisting of various 

combinations of the three 5′-tRNA halves and spike-in RNA (Fig. 2B) were subjected to 

the multiplex TaqMan RT-qPCR for Groups 1 and 2. As shown in Fig. 2C, in both Groups 

1 and 2, each targeted RNA was specifically detected without being influenced by the 

presence of other RNAs in the mixture. The mixtures lacking the targeted RNAs did not 

yield amplification signals at all. These results confirmed that our multiplex method is able 

to specifically quantify the targeted 5′-tRNA halves.

We next examined applicability of our multiplex TaqMan RT-qPCR method to cellular total 

RNA. When cellular RNAs are used as materials, instead of control spike-in RNA, the 5S 

rRNA is detected as a control for normalization. As a representative example of cellular 

samples which show differential expression of 5′-tRNA halves, we utilized total RNA from 

SA-treated HeLa cells where the induction of oxidative stress accumulated stress-induced, 
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cP-containing 5′-tRNA halves [6]. Total RNAs from non-treated (control) or SA-treated 

HeLa cells were subjected to T4 PNK treatment, followed by 3′-AD ligation and multiplex 

TaqMan RT-qPCR for Groups 1 and 2 (Fig. 3A). Relative abundances of the 5′-tRNA 

halves between non-treated and SA-treated samples were normalized by the abundance of 

simultaneously quantified 5S rRNA. We observed upregulation of all of the quantified 5′-
tRNA halves (Fig. 3B), which is consistent with our previous study [6]. Upon SA treatment, 

the expression of the 5′-tRNAHisGUG half, 5′-tRNAGlyGCC half, and 5′-tRNALysCUU half 

increased 22.6-, 25.3-, and 65.2-fold (average of two biological replicates), respectively.

3.4. Multiplex TaqMan RT-qPCR for quantification of plasma 5′-tRNA halves

Dynamic secretion of RNA molecules and transportation of the secreted extracellular RNAs 

(exRNAs) into recipient cells can modulate their phenotypes, showing that exRNAs act 

as key transducers of intercellular communications [28, 29]. These exRNAs circulate in 

biofluids, and given their accessibility, abundance, and stability, coupled with their cellular 

roles, they are regarded as a powerful source of biomarkers for diseases [30]. Our recent 

study revealed upregulation of extracellular 5′-tRNA halves (ex-5′-tRNA halves) in plasma 

samples from Mtb-infected patients [5], prompting us to establish multiplex quantification 

method of ex-5′-tRNA halves for plasma samples. Because human tissue samples are 

precious and generally limited in their quantity, we established a more efficient and 

convenient version of the method for multiplex 5′-tRNA half quantification (Fig. 4A) 

by making the following modifications. First, we simultaneously performed the T4 PNK 

treatment and 3′-AD ligation as one step in one tube, which can reduce starting amounts of 

RNA samples. Second, we shortened the incubation time for the T4 PNK treatment/3′-AD 

ligation to 2 h (1 h at 37°C, followed by 1 h at 4°C), which increases detection efficiency 

of ex-5′-tRNA halves due to less degradation during the reactions. Both modifications are 

important, especially when starting RNA amounts are limited. At the same time, this method 

requires only two sample transfers between tubes or plates, enabling us to conveniently 

quantify ex-5′-tRNA halves using large numbers of samples (Fig. 4A).

To test the applicability of our method, we quantified the three ex-5′-tRNA halves in 

plasma samples from healthy individuals or Mtb-infected patients. Because the expression 

of tRNA halves can be affected by sex hormones [4] and aging [14], we limited the 

examined individuals to males aged 30 to 35 years as in our previous study [5]. A synthetic 

spike-in RNA was added during plasma RNA extraction, and its abundance was later used 

for normalization. We successfully quantified the relative abundance of the three examined 

ex-5′-tRNA halves by using the convenient version of multiplex TaqMan RT-qPCR (Fig. 

4B). The expression levels of the ex-5′-tRNAHisGUG half and ex-5′-tRNAGlyGCC half were 

drastically enhanced approximately 1000-fold in Mtb-infected patients compared to healthy 

individuals, while the levels of the ex-5′-tRNALysCUU half showed similar abundance 

between the healthy individuals and the patients. These results proved the applicability of 

the convenient version of our method to the samples with limited RNA quantity, such as 

plasma samples.
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3.5. Conclusion

In conclusion, we showed an in vitro method using HDV ribozyme cleavage for production 

of cP-containing 5′-tRNA halves, and we further established an efficient and convenient 

multiplex TaqMan RT-qPCR method for 5′-tRNA half quantification. Molecular function 

of 5′-tRNA halves/cP-RNAs can vary depending on their sequences and species, such 

that the 5′-tRNAHisGUG half activates TLR7 whereas the 5′-tRNAGluCUC half does not 

[5]. As cP-RNA research is being expanded, it will become more important to capture 

individual cP-RNA species and perform expressional and functional characterizations for 

each cP-RNA. Our cP-RNA production and quantification methods are widely applicable 

to any cP-RNAs, including recently-identified mRNA- and rRNA-derived cP-RNAs [6, 14]. 

Further, our multiplex method can be useful to screen various biological materials and 

disease samples to characterize differential cP-RNA expressions. As cP-RNA research is 

being expanded, our methods will provide much-needed techniques to produce and quantify 

the 5′-tRNA halves and other cP-RNAs.
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Figure 1. In vitro production of cP-containing 5′-tRNA halves
(A) The targeted 5′-tRNA half’s regions are shown in black in the cloverleaf secondary 

structure of respective cytoplasmic tRNAs.

(B) In vitro synthesized HDV ribozyme and RRS-containing 5′-tRNA halves [5′-
tRNALysCUU half (5′-LysCUU), 5′-tRNAHisGUG half (5′-HisGUG), and 5′-tRNAGlyGCC 

half (5′-GlyGCC)] were gel-purified and developed in denaturing PAGE.

(C) For trans-acting HDV ribozyme cleavage, the in vitro synthesized RNAs were incubated 

with HDV ribozyme for 10 min or 60 min. The bands of resultant cP-containing 5′-tRNA 

halves were observed after the cleavage reactions.

(D) The produced cP-containing 5′-tRNA halves were gel-purified and developed in 

denaturing PAGE.

(E) The 3′-terminal phosphate states of the produced 5′-tRNA halves were analyzed 

enzymatically. The RNAs were treated with CIP or T4 PNK (NT: nontreated samples 

used as negative controls) and subjected to 3′-AD ligation. The ligation efficiency was 

estimated by quantifying the AD-ligated RNAs using TaqMan RT-qPCR. The amounts from 

T4 PNK-treated RNA were set as 1, and relative amounts are indicated. Averages of three 

technical replicates with SD values are shown.
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Figure 2. Establishment of multiplex TaqMan RT-qPCR method for 5′-tRNA halves
(A) Schematic representation of multiplex quantification of 5′-tRNA halves.

(B) We used 10 sets of synthetic RNA mixtures to confirm the specificity of the 

multiplex TaqMan RT-qPCR method. The 5′-tRNAHisGUG half (HEX), 5′-tRNAGlyGCC half 

(TAMRA), and spike-in RNA (FAM) are simultaneously quantified in Group 1, and the 

5′-tRNALysCUU half (HEX) and spike-in RNA (FAM) are quantified in Group 2.

(C) The multiplex method was applied to the 10 sets of synthetic RNAs. The results showed 

specific detection of targeted RNAs by each TaqMan probe without cross-reaction. Asterisk 

indicates that the amplification signal was not detected.
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Figure 3. Multiplex quantification of 5′-tRNA halves using cellular total RNA
(A) Schematic representation of multiplex quantification of 5′-tRNA halves using cellular 

total RNA.

(B) The total RNA from HeLa cells treated with SA or water (control: Ctrl) for 2 h were 

subjected to multiplex TaqMan RT-qPCR for the indicated 5′-tRNA halves. The quantified 

5′-tRNA half levels were normalized to the levels of 5S rRNA. The amounts from control 

cells were set as 1, and relative amounts are indicated. Averages of three experiments with 

SD values are shown.
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Figure 4. Multiplex quantification of 5′-tRNA halves using plasma RNA
(A) Schematic representation of the convenient version of multiplex 5′-tRNA half 

quantification using plasma RNA.

(B) RNAs isolated from plasma samples of healthy individuals or Mtb-infected patients 

were subjected to the convenient version of multiplex TaqMan RT-qPCR for the indicated 

5′-tRNA halves. The quantified 5′-tRNA half levels were normalized to the levels of 

spike-in RNA. The amounts from one of the healthy individuals were set as 1, and relative 

amounts are indicated. Averages of three experiments with SD values are shown.
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