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ABSTRACT
Under adverse conditions, tRNAs are processed into fragments called tRNA-derived stress-induced RNAs 
(tiRNAs) by stress-responsive ribonucleases (RNases) such as angiogenin (ANG). Recent studies have 
reported several biological functions of synthetic tiRNAs lacking post-transcriptional modifications found 
on endogenous tiRNAs. Here we describe a simple and reproducible method to efficiently isolate ANG- 
cleaved tiRNAs from endogenous tRNAs. Using this in vitro method, more than 50% of mature tRNAs are 
cleaved into tiRNAs which can be enriched using complementary oligonucleotides. Using this method, 
the yield of isolated endogenous 5ʹ- 
tiRNAGly-GCC was increased about fivefold compared to when tiRNAs were obtained by cellular treatment 
of ANG. Although the non-specific ribonuclease activity of ANG is much lower than that of RNase A, we 
show that ANG cleaves physiologically folded tRNAs as efficiently as bovine RNase A. These results 
suggest that ANG is highly specialized to cleave physiologically folded tRNAs. Our method will greatly 
facilitate the analysis of endogenous tiRNAs to elucidate the physiological functions of ANG.
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Introduction

Transfer RNAs (tRNAs) are traditionally considered as adap
ter molecules that assist the ribosome to produce proteins. 
Beyond this canonical function, tRNAs also participate in 
non-canonical functions ranging from cell signalling, survival 
and apoptosis, and stress responses (reviewed in [1,2]). In 
addition to the functions of mature full-length tRNAs, 
a growing number of studies have shown that diverse biolo
gical functions are triggered by small non-coding RNAs 
(ncRNAs) derived from both precursor and mature forms of 
tRNAs. These ncRNAs are often named tRNA-derived RNAs 
(tdRs) or tRNA-derived fragments (tRFs) (reviewed in refs 
[3–6]). As various classes of tdRs/tRFs have been identified 
thanks to the development of high-throughput sequencing 
technologies [7], this field is currently gaining significant 
attention and growing rapidly.

One of the major and best-studied class of tRFs generated 
by specific cleavage around anticodon loops in response to 
stress are known as tRNA-derived stress-induced RNAs 
(tiRNAs) [8], or tRNA halves [9]. Specific ribonucleases 
(RNases) are responsible for tiRNA production [10–12]. One 
such RNase is angiogenin (ANG), a secreted RNase that is 
a member of the RNase A superfamily (reviewed in [13,14]). 
In optimal growth conditions, ANG is found in both the 
nucleus, where it promotes the synthesis of ribosomal RNAs, 
and the cytoplasm, where it complexes with the endogenous 

RNase inhibitor, RNH1. However, under various stress con
ditions such as oxidative stress or nutrient starvation, ANG 
becomes activated by dissociation from RNH1 or by translo
cation from the nucleus to the cytoplasm [15]. Activated ANG 
targets mature tRNAs in their anticodon loops, thus produ
cing two subclasses of tiRNAs: 5ʹ- and 3ʹ-tiRNAs [8] (or 5ʹ- 
and 3ʹ-halves of tRNAs [9], respectively).

tiRNAs have been implicated in several biological func
tions. It has been reported that both 5ʹ- and 3ʹ-tiRNAs pro
mote cell survival under stress through their interaction with 
cytochrome C [16]. In addition, specific 5ʹ-tiRNAs, derived 
from tRNAAla and tRNACys, inhibit translation in vitro and in 
cellulo [17]. In cells, 5ʹ-tiRNAAla/Cys-mediated inhibition of 
mRNA translation promotes the formation of stress granules 
(SGs) [17,18], prosurvival RNA granules that help cells to 
cope with stress [19–21]. It should be noted that most of 
these experiments were performed using synthetic tiRNA 
molecules, although gel-purified endogenous 5ʹ-tiRNAs also 
promoted translation arrest and SG formation [8,17,18].

The most striking difference between endogenous RNAs 
and synthetic counterparts is that endogenous RNAs are post- 
transcriptionally modified during maturation. Post- 
transcriptional RNA modifications, found in both mRNAs 
and ncRNAs, play various roles in cell physiology (reviewed 
in [22]). Extensive RNA modifications are a characteristic 
feature of tRNAs [23,24]. Many tRNA modifications are evo
lutionarily conserved reflecting their critical roles in tRNA 
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folding and in codon-anticodon interactions (reviewed in 
[25]). Because synthetic RNAs do not have such modifica
tions, studies using synthetic RNAs may not reflect the phy
siological roles of their endogenous counterparts. Recent data 
have suggested that specific RNA modifications modulate the 
efficiency of ANG-mediated tRNA cleavage (reviewed in 
[26]). Loss of 5-methylcytosine (m5C) modifications through 
deletion of Dnmt2 or NSun2 enhances ANG-mediated tRNA 
cleavage [27–29]. Dnmt2/NSun2 double knockout mice com
pletely lack m5C modifications in tRNAs and show reduced 
overall protein synthesis, suggesting that m5C modifications 
are crucial for the regulation of protein synthesis [27]. 
Moreover, it was shown that modulation of Nsun2 activity 
contributes to stem cell fate by fine-tuning ANG-mediated 
tiRNA production [30]. Furthermore, it has been recently 
reported that the presence of a pseudouridine modification 
at a specific position of a tRF regulates differentiation of stem 
cells through inhibition of protein synthesis [31]. These 
reports reemphasize the importance of studying tRFs in 
their physiological context.

Recently, we have developed a simple and reproducible 
method for isolating endogenous tiRNAs using biotinylated 
antisense oligos [32]. Using this method, we demonstrated 
that endogenous tiRNAs can behave similarly to their syn
thetic counterparts. First, we showed that endogenous 5ʹ- 
tiRNAAla-AGC assembles G-quadruplexes (G4) [32], that are 
required for translation inhibition, SG formation and cyto
protection [33,34]. In addition, endogenous 5ʹ- 
tiRNAGly-GCC was shown to be significantly more potent 
than its synthetic counterpart at inhibiting translation of 
mRNA reporters [32]. Although these data using endogenous 
tiRNAs have started to elucidate the more physiological roles 
of tiRNAs in the cell, there remain some problems for effi
cient isolation of endogenous tiRNAs. The most serious pro
blem is very low yield of target tiRNA due to low efficiency of 
ANG-mediated tiRNA production towards some specific 
tRNA species. The percentage of stress-induced tRNA clea
vage (typically by oxidative stress [35]) in cells is only 1–2% 
[8], and this efficiency of tiRNA generation is quite compar
able with approach when cells are treated with recombinant 
ANG. Because recombinant ANG added to cell culture media 
is rapidly internalized and cleaves mature cytoplasmic tRNAs 
[8,36], the easiest way to generate tiRNAs is to treat cells with 
recombinant ANG. However, cells should be seeded relatively 
sparsely when treating with ANG because confluent cells can 
inhibit the uptake of ANG through down regulation of its 
receptor, PLXNB2 [37,38], which limits the yield of endogen
ous tiRNA. Moreover, ANG overexpression does not effi
ciently induce tiRNA production, as a possible consequence 
of its active secretion from the cell [39]. Therefore, a new 
method for tiRNA production was needed to prepare specific 
endogenous tiRNAs for functional analysis.

Here we report an efficient and cost-effective method of in 
lysate ANG digestion of cytoplasmic tRNAs for the produc
tion of endogenous tiRNAs. In our method, more than 50% of 
mature tRNAs are cleaved into tiRNAs. By comparing our 
method with conventional in vitro ANG digestion, we also 
show that the high specificity of ANG for tRNA substrates 
depends on their physiological structural conformation in the 

cell. Intriguingly, the exquisite specificity of ANG for tRNAs 
suggests that its major physiologic role is to cleave tRNAs in 
the cell. We also show that the enzymatic activity of ANG on 
physiologically folded tRNAs is comparable to that of bovine 
RNase A, despite the fact that its non-specific RNase activity 
is significantly lower than that of RNase A [40–42].

Results

It was previously reported that the enzymatic activity of ANG 
towards purified tRNAs is up to 105-fold lower than that of 
RNase A in vitro [41], which is apparently inconsistent with 
the evidence that ANG plays important roles in the stress 
response by actively cleaving tRNAs into tiRNAs in the cell 
(reviewed in [14]). Traditionally, the enzymatic activity of 
ANG has been assessed in vitro [40–42], using purified 
RNAs. We hypothesized that the efficiency of ANG-induced 
tRNA cleavage is more efficient within cells due to certain 
factors such as different conformation of tRNAs in cells when 
compared to purified counterparts. To test this hypothesis, we 
examined the tRNA-cleaving efficiency of ANG in the cell 
lysate according to the flowchart shown in Figure 1. Because 
magnesium ion (Mg2+) plays an important role in RNA fold
ing in the cell (reviewed in [43]), we used a lysis buffer 
(named ‘ANG Digestion Buffer’) lacking EDTA which che
lates Mg2+.

First, we conducted dose-response and time-course experi
ments to investigate the characteristics of this method (Figure 
2(a–d)). As demonstrated in Figure 2(a), ANG cleaved tRNAs 
into tiRNAs in a dose-dependent manner. Even the highest 
concentration of ANG (100 nM) only tRNA was cleaved 
(Figure 2(a)), suggesting that ANG is specific for tRNAs 
under these conditions. Northern blotting for tRNAGly-GCC 

also showed the dose-dependent increase of 5ʹ- 
tiRNAGly-GCC (Figure 2(b)). It should be noted that the 
amount of mature tRNAGly-GCC was significantly decreased 
by higher concentrations (>10 nM) of ANG (Figure 2(b)). As 
in vivo ANG treatment, typically performed at 0.5 µg/ml 
(35.7 nM), does not induce a significant decrease of mature 
tRNAs [8], this method was estimated to be a more efficient 
way to generate tiRNAs than in vivo ANG treatment. Mean 
reduction of mature tRNAGly-GCC after treatment of 100 nM 
ANG was 77.6 ± 5.2% (n = 3, data not shown). In a time- 
course experiment, mature tRNAs and tRNAGly-GCC were 
rapidly cleaved into tiRNAs in the presence of ANG (Figure 
2(c and d), respectively). Two kinds of 5ʹ- 
tiRNAGly-GCC were observed by Northern blotting as pre
viously reported [10,12,44] and, interestingly, the shorter 
form of 5ʹ- 
tiRNAGly-GCC (the lower band) seemed to be generated after 
the production of the longer form (the upper band) (Figure 2 
(d)), suggesting that the shorter form may be generated by 
additional cleavage of the longer form. In contrast, when the 
lysate was treated with bovine RNase A (bRNase A) (Figure 2 
(e,f)), RNAs were non-specifically degraded at higher concen
trations (>10 nM), resulting in a smear of bands in SYBR 
Gold staining (Figure 2(e)). Not only tRNAGly-GCC but also 
28S rRNA were cleaved in a dose-dependent manner (Figure 
2(f)), suggesting that the smear of bands observed by SYBR 
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Gold staining was mainly due to the fragmentation of riboso
mal RNAs. Interestingly, the RNA-cleaving activity of bRNase 
A seemed to increase abruptly at 10 nM (Figure 2(e,f)), which 
is likely because of the inactivation of bRNase A by the 
endogenous RNase inhibitor, RNH1 [45]. In RNH1-null 
U2OS cells (ΔRNH1 cells), both bRNase and ANG cleaved 
target RNAs at lower concentrations (as low as 1 nM) com
pared to wild-type (RNH1-intact) U2OS cells (Supplementary 
Fig. 1), which suggests that bRNase A was strongly inhibited 
by RNH1 at below 10 nM. As RNH1 forms a one-to-one 
complex with RNase A family members including ANG 
(reviewed in [46]), RNH1 concentration in the lysate in 
Figure 2(e,f) was estimated to be approximately 3 nM. It 
should be noted that tiRNA-generating activity of ANG was 
comparable with that of bRNase A even in ΔRNH1 cells, 
whereas 28S rRNA was actively degraded only by bRNase 
A (Supplementary Fig. 1B). Interestingly, it seemed that 
ANG-mediated tiRNA production was not efficiently inhib
ited by RNH1 compared to bRNase A (Figure 2) because 
ANG cleaved tRNAs into tiRNAs dose-dependently from the 
lowest concentration (1 nM). However, pre-treatment of ANG 
with RNase inhibitor significantly inhibited tRNA cleavage 
similarly to bRNase A (Supplementary Fig. 2). One possibility 
is that RNH1 may inactivate ANG more slowly than bRNase 
A, allowing ANG to cleave tRNAs until it is inactivated. 
Further study is necessary to clarify the difference between 
ANG and bRNase A in RNH1-mediated inactivation.

Next, we compared the efficiency and specificity of RNA 
cleavage among three kinds of tiRNA-producing methods, 
namely in vivo ANG treatment, in vitro ANG digestion and 
in lysate ANG digestion (Figure 3). As shown in Figure 3(a), 
mature tRNAs were more efficiently cleaved into tiRNAs by 
in lysate ANG digestion compared to in vivo ANG treatment. 
Specific 5ʹ-tiRNAs (5ʹ-tiRNAGly-GCC and 5ʹ-tiRNAAla-AGC) 

were also more efficiently generated by in lysate ANG diges
tion than in vivo ANG treatment (Figure 3(b)). In contrast, 
RNA smears were produced by in vitro ANG digestion as 
revealed by SYBR Gold staining (Figure 3(a)), suggesting non- 
specific RNA degradation. Although 5ʹ-tiRNAGly-GCC was 
slightly increased, mature tRNAAla-AGC did not seem to be 
cleaved by in vitro ANG digestion. We also examined the 
cleavage of other RNA molecules such as 7SK RNA and 28S 
rRNA by these methods (Figure 3(b)). In lysate ANG diges
tion did not induce the cleavage of 7SK RNA or 28S rRNA 
similarly to in vivo ANG treatment (Figure 3(b)); however, 
when purified total RNA was incubated with ANG (in vitro 
ANG digestion), both 7SK RNA and 28S rRNA were cleaved 
into various length fragments (Figure 3(b)), suggesting that 
ANG may significantly decrease both activity and specificity 
of tRNA cleavage under this non-physiological condition. In 
addition, we also confirmed that in lysate ANG digestion 
produced both 5ʹ- and 3ʹ-tiRNAs from tRNAGly-GCC and 
tRNAiMet-CAT more efficiently than in vivo ANG treatment, 
without loss of specificity (Supplementary Fig. 3). These data 

If cells are resuspended in 250 µl of ANG Digestion Buffer, 
add 3.55 µl of 0.1 µg/µl ANG for final concentration
of 100 nM.

Cells should be washed thoroughly to remove
RNases in the media.

If cells are resuspended in 250 µl of Digestion Buffer, 
add 750 µl of Trizol LS.

The supernatant should be removed as much as possible
to minimize the contamination of RNases in the media.

Figure 1. Flowchart of in lysate ANG digestion.
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show that the in lysate ANG digestion method can generate 
tiRNAs more efficiently than in vivo ANG treatment without 
loss of specificity for tRNA targets.

We hypothesized that the extremely high specificity and 
efficiency of ANG-mediated tRNA cleavage observed using in 
lysate ANG digestion was mainly due to the physiological 
conformation of tRNAs. It is known that Mg2+ ion is essential 
to maintain RNAs in a physiologically folded state [43], and 
EDTA chelates Mg2+ and decreases the stability of RNAs [47]. 
To clarify the importance of RNA conformation, we examined 
the effect of EDTA-induced conformational disruption of 
RNAs on in lysate ANG digestion method (Figure 4(a,b)). 
As RNase A family members, including ANG, are metal- 
independent RNases [48], their enzymatic activity is not 
inhibited by chelation of metal ions. Surprisingly, EDTA pre- 
treatment (20 mM) of lysates almost completely abolished 
ANG-mediated tRNA cleavage (Figure 4(a)). The production 
of 5ʹ-tiRNAGly-GCC was also almost completely inhibited by 
EDTA (Figure 4(b)). Interestingly, in contrast to tRNAs, 
ANG-mediated 28S rRNA cleavage was increased by EDTA 
pre-treatment (Figure 4(b)). We also examined the effect of 
EDTA pre-treatment on bRNase A-mediated RNA cleavage. 

In clear contrast to ANG, bRNase A-mediated RNA cleavage 
was increased by EDTA pre-treatment, as 28S and 18S rRNAs 
were quantitatively cleaved into shorter fragments (Figure 4 
(c)). Northern blotting showed that full-length 28S rRNA was 
completely lost by bRNase with EDTA pre-treatment (Figure 
4(d)). However, interestingly, bRNase A-mediated cleavage of 
tRNAGly-GCC was not decreased by EDTA (Figure 4(d)), 
which was a striking contrast to the ANG-mediated 
tRNAGly-GCC cleavage (Figure 4(b)). To exclude the possibility 
that the ANG-mediated tRNA cleavage was inhibited by the 
chelation of other divalent metal ions, especially Ca2+, we also 
examined the effect of EGTA, which specifically chelates Ca2+ 

ion, on ANG-mediated tRNA cleavage (Figure 4(e,f)). EGTA 
pre-treatment (10 mM) did not affect ANG-mediated tiRNA 
production as revealed by SYBR Gold staining (Figure 4(e)). 
Northern blotting also showed no effect of EGTA on the 
production of specific 5ʹ-tiRNAs (5ʹ-tiRNAGly-GCC and 5ʹ- 
tiRNAAla-AGC) (Figure 4(f)), supporting the conclusion that 
the inhibitory effect of EDTA was due to conformational 
disruption of RNAs by chelating Mg2+, but not Ca2+ . In 
summary, these data suggest that ANG is highly specialized 
to cleave physiologically folded tRNAs inside the cell.

Figure 2. Dose-dependency and time course of in lysate digestion method. (a-b) Dose-dependency of in lysate ANG digestion. (a) SYBR Gold staining and (b) 
Northern blotting for 5ʹ-tiRNAGly-GCC. (c-d) Time/response of in lysate ANG digestion. (c) SYBR Gold staining and (d) Northern blotting for 5ʹ-tiRNAGly-GCC. (d–e) Dose- 
dependency of in lysate digestion with bovine RNase A (bRNase A). (d) SYBR Gold staining and (e) Northern blotting for 5ʹ-tiRNAGly-GCC and 28S rRNA are shown.
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Finally, as another purpose of this study was to improve 
the yield of endogenous tiRNAs obtained by pulldown meth
ods, we compared the yields of endogenous 5ʹ- 
tiRNAGly-GCC pulldown between in vivo ANG treatment and 
in lysate ANG digestion (Figure 5). Using RNAs obtained by 
each method from one 15-cm dish per sample, we performed 
5ʹ-tiRNAGly-GCC pulldown as reported previously [32]. As 
shown in Figure 5(a and b), the image of SYBR Gold staining 
(Figure 5(a)) was almost identical to the Northern blotting 
image (Figure 5(b)), suggesting that 5ʹ- 
tiRNAGly-GCC was specifically pulled down using this method. 
Densitometry analysis showed that following in lysate ANG 
digestion, the yield of 5ʹ-tiRNAGly-GCC was increased about 
fivefold (5.13 ± 0.52, p < 0.0001) compared with in vivo ANG 
digestion (Figure 5(b)). Unfortunately, the yields of endogen
ous 5ʹ-tiRNAGly-GCC were too low to measure the concentra
tions even when in lysate ANG digestion was performed using 
confluent cells in one 15-cm dish. When 5ʹ- 

tiRNAAla-AGC pulldown was performed combined with in 
lysate ANG digestion using RNAs obtained from twenty 15- 
cm dishes with confluent U2OS cells (Supplementary Fig. 4), 
the final yield was about 1.72 µg (169 pmol), which is suffi
cient for some functional analyses [32].

Discussion

The field of tRNA-derived fragments (tRFs) has gained 
significant attention in recent years [5–7]. Among the var
ious subclasses of tRFs, tiRNAs [8] (also called tRNA halves 
[9]), are one of the best-studied. Although several biological 
functions of tiRNAs have been reported (reviewed in [14]), 
most studies have used synthetic mimics of tRFs. 
Researchers have no other choice than ignoring the fact 
that synthetic RNA molecules have significantly different 
chemical compositions than natural ones because of the 

Figure 3. Comparison of efficiency and specificity among in vivo ANG treatment, in vitro ANG digestion and in lysate ANG digestion. (a) SYBR Gold staining. (b) 
Northern blotting for 5ʹ-tiRNAGly-GCC, 5ʹ-tiRNAAla-AGC, 7SK RNA and 28S rRNA.
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Figure 4. Effect of RNA conformation on ANG-mediated cleavage of tRNA and 28S rRNA. (a-b) EDTA pre-treatment (20 mM) of the lysate abolishes ANG-mediated 
tRNA cleavage and slightly promotes 28S rRNA cleavage. (a) SYBR Gold staining and (b) Northern blotting for 5ʹ- 
tiRNAGly-GCC and 28S rRNA. (c-d) bRNase A-mediated digestion (10 nM) is not affected by EDTA pre-treatment. (c) SYBR Gold staining and (d) Northern blotting 
for 5ʹ-tiRNAGly-GCC and 28S rRNA. (e-f) Calcium chelation with EGTA (10 mM) does not inhibit ANG-mediated tRNA cleavage. (e) SYBR Gold staining and (f) Northern 
blotting for 5ʹ-tiRNAGly-GCC and 5ʹ-tiRNAAla-AGC.
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difficulty in isolating endogenous tiRNAs. We and others 
recently developed a simple and reproducible method to 
pull down and purify endogenous tiRNAs [32,49]; however, 
the yield of endogenous tiRNAs is low mainly because of 
the low efficiency of ANG-mediated tRNA cleavage. 
Therefore, we are in need of developing methods to gen
erate tiRNAs more efficiently compared with the conven
tional methods such as in vivo ANG treatment of the cell, 
and in vitro ANG digestion.

Here, we developed a novel, highly efficient method to 
generate ANG-mediated tiRNAs, called in lysate ANG diges
tion (Figure 1). In contrast to cellular treatment with ANG 
[8], this method improved ANG-mediated tRNA cleavage 
from 1% to 2% to over 70% (Figure 2(a–d)). At the same 
time, ANG-mediated cleavage remained highly specific to 
tRNAs similarly to in vivo ANG treatment (Figure 3), which 
was in striking contrast to in vitro ANG digestion that showed 
the fragmentation of 7SK RNA and 28S rRNA (Figure 3(b)). 
Using this method combined with the pulldown method 
reported previously [32], the yield of endogenous 5ʹ- 
tiRNAGly-GCC was increased about fivefold compared with 
when ANG was generated by cellular treatment with ANG 
(Figure 5). As tRNAs can be cleaved by in lysate ANG diges
tion over 30-fold compared to in vivo ANG treatment (over 
70% vs 1–2%, respectively), it is possible that the yield may 
further increase by optimizing the condition of the pulldown 
method.

In addition to high specificity and efficiency, our method 
also has some other advantages. First, it is highly reproduci
ble. When performing in vivo ANG treatment, tiRNA produc
tion is affected by cell density, because high cell density can 
inhibit ANG uptake into the cells through down-regulation of 
PLXNB2 [37,38], which decreases reproducibility of the 
amount of tiRNA production. On the other hand, in in lysate 
ANG digestion, we can seed cells confluently and can easily 
treat the lysate with a fixed concentration of ANG. Second, it 

is cost effective, which is a big advantage because recombinant 
ANG is difficult to isolate and/or it is commercially expensive, 
although available. For in vivo ANG treatment, relatively large 
amount of ANG is required because it should be dissolved in 
cell culture media [8]. The amount of recombinant ANG 
required for in vivo ANG treatment (0.5 µg/ml) and our 
new method (100 nM) per 15-cm dish is 4 µg and 0.355 µg, 
respectively. Third, our method will enable us to examine the 
physiological enzymatic activity of ANG in the cell more 
deeply than before. For example, we can analyse dose- 
dependency experiments like in Figure 2(a,b) and examine 
the effect of some compounds such as EDTA and EGTA like 
in Figure 4, which will further elucidate physiological roles of 
ANG in the cell. Furthermore, this method can be applied to 
studies about other RNases that work inside the cell such as 
RNase L [50] because our method should reflect more phy
siological cleavage of RNAs in the cell compared with the 
in vitro digestion method.

As RNase A family enzymes including RNase A and ANG 
cleave the 3ʹ-side of pyrimidine residues in single-strand 
RNAs [48], conformational disruption of RNAs is theoreti
cally predicted to facilitate cleavage. When the conformation 
of RNAs was disrupted by EDTA (Figure 4), or when purified 
total RNA was incubated with ANG (Figure 3), RNAs such as 
7SK RNA and 28S rRNAs were more actively cleaved into 
various length fragments by both ANG and bRNase A. On 
the other hand, ANG-mediated tRNA cleavage was paradoxi
cally abolished by EDTA (Figure 4(a,b)), which suggests that 
ANG-mediated RNA cleavage is regulated by two factors: i) 
specificity for physiologically folded tRNAs (tRNA-specific 
cleavage) and ii) sequence-dependent non-specific cleavage 
(non-specific cleavage). It has been reported that the enzy
matic activity of ANG towards tRNAs is up to 105-fold lower 
than that of RNase A [41]. However, because the report was 
based on in vitro analysis, it is unlikely that the result reflects 
the tRNA-specific cleavage of ANG in the cell. Our data 

Figure 5. Comparison of yield of 5ʹ-tiRNAGly-GCC pulldown between in vivo ANG treatment and in lysate ANG digestion. (a) SYBR Gold staining of purified 
RNA obtained by 5ʹ-tiRNAGly-GCC pulldown method. (b) Northern blotting of purified RNA against tRNAGly-GCC. Densitometry analysis of 
5ʹ-tiRNAGly-GCC signals is also shown. Data are presented as the mean ± SD (n = 4).
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showed that the in lysate tRNA-cleaving activity of ANG is 
comparable to that of bRNase A (Figure 2(a,b,e,f) and 
Supplementary Fig. 1), suggesting that tRNA-cleaving activ
ity of ANG in cells is much higher than estimated from 
in vitro studies. Therefore, under physiological conditions 
in the cell, it is likely that ANG dominantly cleaves tRNAs 
even at low concentrations because of 1) high tRNA-cleaving 
activity, 2) very low activity of non-specific cleavage, and 3) 
inhibition of non-specific cleavage by folding of RNAs. On 
the other hand, under in vitro conditions (Figure 3) or in 
EDTA-containing lysates (Figure 4), non-specific cleavage is 
likely to become dominant because the conformational dis
ruption of RNAs causes both 1) inhibition of tRNA-specific 
cleavage and 2) facilitation of non-specific cleavage by 
increasing unfolded RNAs. Interestingly, EDTA pre- 
treatment of lysate did not decrease bRNase A-mediated 
tRNA cleavage (Figure 4(c,d)), suggesting that the specificity 
for physiologically folded tRNAs is a unique feature of ANG 
compared to bRNase A. Taken together, our results demon
strate that ANG is highly specialized to cleave tRNAs inside 
the cell.

Which cells are suitable for in lysate ANG digestion, 
ΔRNH1 cells or RNH1-intact cells? From the viewpoint of 
cost-effectiveness, ΔRNH1 cells should be better because they 
induce ANG-mediated tiRNA production at lower concentra
tions (Figure 2 and Supplementary Fig. 1). However, in 
ΔRNH1 cells, a substantial amount of tiRNAs are constitu
tively generated even in the absence of stress because the 
endogenous RNase A family enzymes are not inactivated 
(Supplementary Fig. 1 and [12]). Therefore, it is inevitable 
that tiRNAs generated by other RNase A family enzymes are 
mixed with ANG-induced tiRNAs, which prevents obtaining 
pure ANG-induced tiRNAs. For this reason, we think that 
RNH1-intact cells are more suitable for in lysate ANG 
digestion.

In summary, we describe a novel method to efficiently and 
specifically generate ANG-cleaved tiRNAs. In addition to the 
improvement of the yield of endogenous tiRNAs, these stu
dies have revealed a unique feature of ANG in the cell, namely 
an exquisite specificity for physiologically folded tRNAs. Our 
in lysate ANG digestion method will not only facilitate studies 
using endogenous tiRNAs but also clarifies the physiological 
functions of ANG in the cell.

Material and methods

Cell culture and treatment

U2OS cells were purchased from the American Type Culture 
Collection (ATCC). RNH1-null U2OS cells (ΔRNH1 cells) 
were generated as previously reported [12]. Cells were cul
tured at 37°C in a CO2 incubator in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% foetal 
bovine serum (FBS) (Sigma-Aldrich) and 1% of penicillin/ 
streptomycin (Sigma-Aldrich).

For in vivo angiogenin (ANG) treatment, U2OS cells were 
seeded at 6 × 106 on a 15 cm dish the day before ANG 
treatment. The cells were incubated with DMEM 

supplemented with 0.5 μg/ml recombinant human ANG 
(R&D systems) for 1 h. After washing with Hank’s balanced 
salt solution (HBSS), total RNA was extracted with Trizol 
reagent (ThermoFisher Scientific).

In vitro ANG digestion was performed according to the 
procedure described in [51] with slight modification. Briefly, 
total RNA in 30 mM HEPES (pH 7.0), 30 mM NaCl was 
heated at 90°C for 2 min and cooled down to room tempera
ture. MgCl2 and BSA were added to final concentrations of 
2 mM and 0.01%, respectively, and further incubated at 37°C 
for 5 min. Recombinant human ANG was added to a final 
concentration of 0.2 µM and incubated at 37°C for 4 h.

In lysate ANG digestion

For in lysate ANG digestion, U2OS cells were seeded at 
1 × 107 cells on a 15 cm dish the day before ANG digestion. 
The cells were washed with HBSS twice, scraped with using 
a cell lifter, then collected into a 1.5 mL microcentrifuge 
tube. After centrifugation at 500 g for 5 min, the supernatant 
was carefully removed and the cells were resuspended in 
250 µl of ANG digestion buffer (1x phosphate-buffered saline 
(pH 7.4) containing 5 mM MgCl2 and 0.5% NP-40), mixed 
well with pipetting and brief vortex mixing. The cells were 
centrifuged at 15,000 g for 30 sec and the supernatant was 
collected into a new microcentrifuge tube. Recombinant 
human ANG was added to the lysate to a final concentration 
of 100 nM, unless otherwise indicated. After mixing briefly, 
the lysate was incubated at room temperature for 30 min, 
then mixed with 750 µl of Trizol LS reagent (ThermoFisher 
Scientific). The flowchart of this method is shown in 
Figure 1.

Pulldown of endogenous tiRNAs

Pulldown of endogenous tiRNAs was performed as previously 
described [32]. Biotinylated oligonucleotide DNA probes were 
synthesized by IDT. The sequences of the probes were shown 
as follows:

probe for 5ʹ-tiRNAGly-GCC pulldown: 5ʹ- 
GCAGGCGAGAATTCTACCACTGAACCACCCATGCT- 
biotin-3ʹ

probe for 5ʹ-tiRNAAla-AGC pulldown: 5ʹ- 
AAGCACGCGCTCTACCACTGAGCTA-biotin-3ʹ

Northern blotting

Northern blotting was performed using digoxigenin (DIG)- 
tailed oligonucleotide probes as previously described [32]. 
Oligonucleotide probes were synthesized by IDT. DIG- 
labelled probes were prepared using the DIG 
Oligonucleotide tailing kit (2nd generation; Roche) according 
to the manufacturer’s instructions. The sequences of the 
probes were as follows:

probe for 5ʹ-tiRNAGly-GCC (position 1–21): 5ʹ- 
CTACCACTGAACCACCCATGC-3ʹ

probe for 5ʹ-tiRNAGly-GCC (position 37–64): 5ʹ- 
GCCGGGAATCGAACCCGGGCCTCCCGCG-3ʹ
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probe for 5ʹ-tiRNAiMet-CAT (position 1–21): 5ʹ- 
CTTCCGCTGCGCCACTCTGCT-3ʹ

probe for 3ʹ-tiRNAiMet-CAT (position 43–72): 5ʹ- 
TAGCAGAGGATGGTTTCGATCCATCGACCT-3ʹ

probe for 5ʹ-tiRNAAla-AGC (position 1–31): 5ʹ- 
AAGCACGCGCTCTACCACTGAGCTACACCCCC-3ʹ

probe for 28S rRNA: 5ʹ- 
GGGTGAACAATCCAACGCTTGGTG-3ʹ

probe for 7SK RNA: 5ʹ- 
CCTAGCCAGCCAGATCAGCCGAATC-3ʹ

Densitometry and statistical analyses

The amount of isolated 5ʹ-tiRNA-Gly was quantified by den
sitometry using Image J software from the National Institute 
of Health (NIH). Data are shown as mean ± standard devia
tion. Student’s t-test was performed to compare the two 
groups. p < 0.05 was considered statistically significant.
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