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Nonvesicular extracellular RNAs (nv-exRNAs) constitute the majority of the extracellular
RNAome, but little is known about their stability, function, and potential use as disease
biomarkers. Herein, we measured the stability of several naked RNAs when incubated in
human serum, urine, and cerebrospinal fluid (CSF). We identified extracellularly produced
tRNA-derived small RNAs (tDRs) with half-lives of several hours in CSE Contrary to wide-
spread assumptions, these intrinsically stable small RNAs are full-length tRNAs containing
broken phosphodiester bonds (i.e., nicked tRNAs). Standard molecular biology protocols,
including phenol-based RNA extraction and heat, induce the artifactual denaturation of
nicked tRNAs and the consequent in vitro production of tDRs. Broken bonds are roadblocks
for reverse transcriptases, preventing amplification and/or sequencing of nicked tRNAs in
their native state. To solve this, we performed enzymatic repair of nicked tRNAs purified
under native conditions, harnessing the intrinsic activity of phage and bacterial tRNA
repair systems. Enzymatic repair regenerated an RNase R-resistant tRNA-sized band in
northern blot and enabled RT-PCR amplification of full-length tRNAs. We also separated
nicked tRNAs from tDRs by chromatographic methods under native conditions, identifying
nicked tRNAs inside stressed cells and in vesicle-depleted human biofluids. Dissociation
of nicked tRNAs produces single-stranded tDRs that can be spontaneously taken up by
human epithelial cells, positioning stable nv-exRNAs as potentially relevant players in
intercellular communication pathways.

extracellular RNA | liquid biopsies | tRNA halves | RNA stability | tRF

Extracellular RNAs (exRNAs) circulating in human bodily fluids can enable disease diag-
nosis before the onset of clinical symptoms (1). Beyond applications as disease biomarkers
in liquid biopsies (2), exRNAs are also involved in intercellular communication pathways
between cells in different tissues (3) and in host—pathogen interactions (4-6).

One key aspect governing both exRNA functionality and utility as biomarkers is their
stability against ubiquitous extracellular RNases (7). This can be achieved by RNA encap-
sulation inside extracellular vesicles (EVs) such as exosomes and microvesicles (8, 9).
However, despite the functional relevance (10) and biotechnological applications (11) of
EV-encapsulated RNA, the majority of exRNAs in cell culture (12-15) and in human
plasma (15-18) are not transported as part of EV cargo.

Transfer RNA-derived RNAs (tDRs) are among the most abundant nonvesicular small
RNAs (nv-exRNAs) in cell culture (12, 13). Inside cells, tRNA cleavage and the consequent
generation of specific tDRs is a conserved response to stress in all kingdoms of life (19-21).
In humans, RNase A superfamily members, such as RNase 5 (Angiogenin), are responsible
for stress-induced tRNA cleavage at the anticodon, generating stress-induced tRNA halves
(tiRNAs) (22, 23). tiRNAs can regulate gene expression at various levels, including global
inhibition of translation initiation (24, 25). Other, shorter tDRs can bind to mRNAs and
regulate their translation (26) or silence genes by a miRNA-like mechanism (27).

Extracellular tDRs were first reported in EVs from murine immune cells (28) but were
later shown to be present mainly outside vesicles in mouse serum (29, 30). In human
breast cancer cell lines, tDRs can be detected in vesicular fractions but are overwhelmingly
more abundant in EV-depleted ultracentrifugation supernatants (12). While a heteroge-
neous population of tDRs is detectable inside cells, extracellular nonvesicular tDRs are
mainly 5" tRNA halves of 30 or 31 nucleotides, derived from tRNA®Y and (RNA",
These specific fragments are also ubiquitous in human biofluids (31). A possible explana-
tion for the extracellular enrichment of these fragments is their enhanced stability against
degradation, because 5" tRNA®Y . halves of 30 to 31 nt can form RNase-resistant
homodimers in vitro (32).

To study exRNA processing in more detail, we added RNase inhibitors (RI) to cell-con-
ditioned media and uncovered a population composed of nonvesicular ribosomes and full-

length tRNAs (33). Knock-out of RNase 1 in K562 cells also shaped exRNA profiles from
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Significance

tRNA-derived small RNAs (tDRs)
regulate gene expression at
multiple levels. Some tDRs are
abundant in human biofluids,
where they are mostly present
outside extracellular vesicles. This
poses the intriguing question
about how extracellular tDRs resist
degradation by extracellular
RNases. In this work, we solved
this mystery by finding out that
some of the most frequently
detected extracellular tDRs are
nicked forms of full-length tRNAs
and are therefore dsRNA
molecules. Nicked tRNAs cannot
be studied by standard molecular
biology and/or sequencing
techniques because they are
discontinuous. However, we
developed several methods for the
analysis of nicked tRNAs under
native conditions and showed
their presence in cells and
biofluids. We also uncovered a
potential intercellular
communication pathway mediated
by stable nonvesicular RNAs.
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tRNA halves into full-length tRNAs (34). Thus, most nonvesicular
tRNA halves are generated directly in the extracellular space by
endonucleolytic cleavage of extracellular full-length RNAs
(33-35).

We have found that extracellular ribosomes can induce dendritic
cell activation invitro in an exRNA-dependent manner (33).
However, the involvement of nonvesicular exRNAs (nv-exRNAs) in
intercellular communication pathways faces an important conceptual
challenge. As a consequence of the strong ribonuclease activity that
characterizes the extracellular space (36), nv-exRNAs are expected
to be rapidly degraded unless protected by RNA-binding proteins.
How, then, do these RNAs resist degradation, diffuse to recipient
cells, and trigger downstream effects, or even remain measurable and
thus serve as potential disease biomarkers?

In this study, we incubated protein-free RNA or purified ribo-
nucleoprotein complexes in human biofluids and measured their
decay kinetics by northern blot. As expected, the protective effect
of RNA-binding proteins was confirmed. Interestingly, though,
we also found that certain specific naked tRNAs are intrinsically
stable. Furthermore, the stability of 5" tRNA halves generated from
the endonucleolytic cleavage of unstable tRNAs was extremely
high, with half-lives of hours in certain human biofluids. Also
surprisingly, these ultra-stable RNAs are not single stranded.
Developing and employing different strategies of enzymatic repair
and electrophoretic or chromatographic separations under native
conditions, we show that these RNAs natively exist as full-length
tRNAs containing broken phosphodiester bonds. Commonly used
RNA purification methods, sequencing, and denaturing northern
blotting do not detect these forms, forcing them to melt into sin-
gle-stranded tRNA halves. Nevertheless, at low rates, nicked tRNAs
also seem to disassemble spontaneously into tRNA halves in the

extracellular space. These extracellular nonvesicular tDRs are
unstable, but they can be efficiently internalized by recipient cells.

Results

Identification of Naked RNAs that Are Stable in the Presence
of Serum. To search for intrinsically stable RNAs in extracellular
samples, we first screened the most abundant cellular transcripts
to see if, in the absence of their protein counterparts, they
can resist degradation in serum-containing media (Fig. 14).
Unsurprisingly, naked rRNAs were degraded in less than one
minute as judged by lack of northern blot signals in the absence
of added RI. In contrast, and consistent with our previous
observations (33), full-length tRNA"* i, was present at input
levels after 1.5 h, suggesting that this tRNA is not efficiently
targeted by serum RNases. This was not observed for other
tRNAs like tRNAGlyGCC’ which, like rRNAs, were undetectable
after one minute (Fig. 14).

Ribosomal Proteins Stabilize rRNAs and Protect rRNA-Derived
Fragments. To assess the effect of RNA-binding proteins on the
stability of nv-exRNAs, we purified whole ribosomes from cells
(SI Appendix, Fig. S1) and studied rRNA decay kinetics in 10%
FBS (Fig. 1B). In ribosomes, full-length rRNAs and rRNA-derived
fragments were detectable for at least 10 and 60 min at 37 °C,
respectively, even in the absence of RI. Thus, ribosomes are more
stable than naked rRNAs and ribosomal proteins greatly stabilize
extracellular rRNA-derived fragments.

Based on these results, we searched for nonvesicular rRNA-derived
fragments in a cell-conditioned medium (CCM) obtained in the
presence of 10% FBS. We separated EVs from RNP complexes by
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Fig. 1. Identification of stable nonvesicular RNAs. (A and B) Northern blot of different rRNAs and tRNAs after incubating purified RNA (A) or ribosomes (B) from

human cells in 10% FBS. (C and D) Northern blot of 5 tRNA®Y. . (D, Left) or 5’ 285 rRNA-derived fragments (D, Right) in extracellular nonvesicular fractions purified
by density gradients (C). U2-OS cells were treated or not with NaAsO, (ARS) before collecting the CCM. (E) Read coverage in small RNA-seq data of extracellular
ribosomes [from Tosar et al. (33)], revealing enrichment of 40-nt 5’-derived small RNAs among all other 28S rRNA-derived fragments.
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flotation on iodixanol density gradients (Fig. 1C). Extensive charac-
terization of this methodology has shown that the densest fractions
(F8-F12) are devoid of EVs (33, 37). We reproduced our previous
findings (33) showing the presence of 5 tRNAY . halves of 30
to 31 nt and the absence of full-length tRNAs in these nonvesicular
fractions (Fig. 1D). Interestingly, northern blot detection of these
fragments was enhanced when cells were treated with the cytotoxic
agent sodium arsenite (Fig. 1D, +ARS). Additionally, using a probe
complementary to the first 20 nucleotides of the 28S rRNA resulted
in a single band of 40 nt in the conditioned medium of arsen-
ite-treated cells. Purified extracellular ribosomes analyzed by small
RNA-seq (33) also showed enrichment of these 40-nt 5’ fragments
(Fig. 1E). Detection of these fragments in the presence of serum
suggests that at least some stable RNA-containing RNPs are pro-
duced after the release and subsequent fragmentation of extracellular
ribosomes, in agreement with recent findings (38).

Naked Full-Length tRNAYS, Is Intrinsically Stable in Biofluids.
To precisely measure tRNA half-lives, we repeated the previous
assay with better temporal resolution (Fig. 24), confirming
complete degradatlon of rRNAs and the 7SL RNA within
seconds, while tRNA""* vy was still detectable after 1 h at 37 °C.
The full-length tRNA®Y .. was also rapidly degraded, generating

fragments that lasted as much as the full-length t(RNA"™(;(1,. In
fact, tRNA™,, and tRNA®Y . constitute two extreme cases
in a wide range of extracellular stabilities shown by different
tRNAs (S Appendix, Fig. S2A). In vitro incubation of RNA with
recombinant human RNase 1 (r-RNasel), representing the most
common RNase in human blood, resulted in virtually identical
results (Flg 2A). This observation argues against the possibility of
tRNA" Ly being stabilized by the interaction with FBS-derived
protelns or metabolites. Therefore, we conclude that naked
tRNA",,y is intrinsically resistant to the action of RNase A
family members.

We then repeated these assays in human biofluids including
urine, diluted and undiluted serum, and cerebrospinal fluid (CSF)
(Fig. 2B and SI Appendix, Flgs S2B and S3A). Strikingly, the
stability of full-length tRNA"" i, was always higher than the
stability of any other tested RNA, irrespective of the sample type.
RNA decay kinetics were highly consistent among independent
replicates (SI Appendix, Fig. S2B).

Glycine tRNA Halves Produced in Biofluids Are Extremely Stable.
Full-length tRNA®Y .. was almost completely degraded in less
than one minute in 10% FBS (Fig. 24) and in human biofluids
(Fig. 2B). However, its cleavage resulted in the formation of 5’
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Fig. 2. Naked tRNA halves are extremely stable in human biofluids. (A) Northern blot of several RNAs after incubating purified total RNA from human cells in
10% FBS or with recombinant human RNase 1 for different periods. (B) Samples were also incubated in human urine, 10% serum, and CSF. (C) Data were fitted
to a kinetic decay model, as explained in S/ Appendix, Supplementary Methods. Half-lives in each biofluid, calculated after inclusion of experimental replicates, are
presented in S/ Appendix, Fig. S3 B and C. r-RNase1: recombinant human RNase 1.
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halves that showed remarkable long half-lives, even in undiluted
human sera (Fig. 2 A and B and S/ ﬂppendzx, Fig. S34). For
instance, the half-life (t,,,) of 5" tRNA“Y .. halves of 30 nt in
CSF was >2 h (Fig. 2C; 2 + 1 h when replicates were combined,
SI Appendix, Fig. S3 B and C), meaning that these RNAs are highly
stable once they are generated and will therefore persist in biofluids.

A closer inspection of the data shows strong differences in the
stability of fragments derived from the same parental tRNAs but
with shghtly different lengths. Consistent with our previous report
(33), (RNAY . is first cleaved at the anticodon loop, generating
34 to 35-nt 5 halves that rapidly disappear. These fragments are
subsequently replaced by highly stable shorter fragments of approx-
imately 30 to 31 nt (t;, =6+ 1, 8 £ 2, and 126 + 65 min in urine,
diluted serum and CSF, respectively, Fig. 2B), with a cleavage site
at the start of the anticodon loop. An additional cleavage site in
the TYC loop (position 54) could be identified and exposed by
using lower r-RNasel concentrations (S Appendix, Fig. S44).

The sequential production of first longer (34 to 35 nt) and then
shorter (30-31) 5’ halves from t(RNAY .. was also observed with
recombinant human RNase 5 or Angiogenin (r-Ang; S Appendix,
Fig. S5). Thus, cleavage sites and tRNA processing dynamics seem
to be conserved among different RNase A family members.

Opverall, tRNAs are more resistant to degradation than other
longer noncodmg RNAEs, but dlfferences in stability among tRNAs
(e.g., tRNAY 1 vs. (RNAY ) are also substantial (>30-fold
in CSF) Consistent with our previous reports (32, 33), naked 5’
tRNAY . halves of 30 to 31 nt are accumulated at higher RNase
concentrations or after longer incubations in biofluids and are
extremely stable.

Nicked tRNAs Are a Source of 5 and 3' tRNA Halves. Next,
we compared the relative stabilities of 5" and 3’ t(RNA™ -
derived fragments (ST Appendix, Fig. S6). Surprisingly, 30 to
35-nt 3’ fragments were observed, and their rate of decay was
comparable to their 5’ counterparts. In certain biofluids, such as
EBS (81 Appendix, Fig. S6A) and urine (SI Appendix, Fig. S6B),
3" tRNA-derived fragments <20 nt were observed after short
incubations (1 min; black asterisks). However, these fragments
were rapidly degraded, in sharp contrast with the 5’ and 3’ halves.

We considered the possibility that 5 and 3" tRNAY .. halves
could remain physically associated with each other after RNase
cleavage, representing a full-length tRNA bearing a cleaved phos-
phodiester bond at the anticodon loop (i.e., in the form of “nicked
tRNAs”). This would explain the similar decay kinetics of each
half among different biofluids. The introduction of any irreversible
denaturation steps in analytical determinations, such as those used
in standard molecular biology approaches, would induce dissoci-
ation of nicked tRNAs into single-stranded tRNA halves.
Therefore, testing this hypothesis required the generation of new
assays capable of interrogating oligomeric RNA complexes under
native conditions.

Nicked tRNAs are the natural substrates of T4 polynucleotide
kinase (PNK) and T4 RNA ligase 1 (Rnl1) (39). When Escherichia
coli is infected by the T4 Phage, a bacterial anticodon nuclease is
activated and cleaves the host’s tRNA"" in an attempt to prevent the
translation of viral proteins (40). This results in a nicked tRNA bear-
inga 3’ cyclic phosphate (3’ cP) and a 5'-OH adjacent to the cleavage
site. However, the phage evolved two enzymes capable of performing
end-healing (PNK) and tRNA repair (Rnll). We harnessed the
intrinsic activity of these enzymes and used them to investigate the
native structure of human tRNA halves in extracellular samples.

To optimize the system, we purified total RNA from cells and
incubated the RNA with r-RNasel for 0, 15 or 60 min (Fig. 34).
As expected, by 60 min, full-length tRNA®Y .. was completely

https://doi.org/10.1073/pnas.2216330120

degraded and converted to a collection of tDRs (Fig. 34). RNase
1 degradation products were purified by phenol-free silica-based
solid phase extraction (SPE) columns and treated with either PNK
alone, PNK followed by Rnll, or PNK followed by Rnl2 (a dsR-
NA-specific ligase). Surprisingly, treatment with PNK and Rnll
regenerated a single band of approximately the size of the cognate
full-length tRNA (Fig. 3 A and B). Ligation with Rnl2 was less
efficient.

To demonstrate that the tRNA-sized religated products are
indeed repaired tRNAs, we designed a third probe (termed ACL,
for anticodon loop) bridging both sides of the anticodon of tRNA-
¢ (Fig. 3C). This probe was designed so that the T,, of its
pairing with either the 5’ or the 3" half was below the hybrldlzatlon
temperature of the assay (42 °C). Thus, the ACL probe would fail
to detect 5" or 3" tDRs but should be able to hybridize with full-
length or repaired tRNASY Gee- Due to sequence similarities
amon;i tRNAs, ACL also recognizes the anticodon loop of
tRNA™ ¢, but fortunately, these tRNAs migrate slightly differ-
ently in denaturing urea gels, making this assay multiplex.
Strikingly, treatment of RNase 1-treated RNA with PNK and
Rnll regenerated tRNA-sized products observable with the 5,
the 3’ or the ACL probes (Fig. 3D). Furthermore, heating (A) and
then cooling the RNase-treated RNA before the addition of the
enzymatic cocktail (A + PNK + Rnll) prevented the generation
of a tRNA-sized band, demonstrating that ligation occurs in cis
under the assay conditions. Rnll alone or following incubation
with a mutant version of T4 PNK lacking its 3" phosphatase activ-
ity [(-)PNK] also failed to reconstitute a full-length tRNA.

Next, we studied whether tRNA halves generated in human
biofluids (Fig. 2B) are in fact nicked tRNAs. Indeed, a short incu-
bation in CSF (1 min) produced 5" tRNA*P ;. halves that could
be enzymatically repaired back into a full-len th tRNA
(ST Appendix, Fig. S7A). Enzymatic repair of tRNA™ ¢ pro-
duced after longer (1 h) incubations in CSF was also highly effi-
cient (8] Appendix, Fig. S7B). However, the main religated product
was approximately 11 nt shorter than the parental full-length
tRNA, consistent with an irreversible loss of the entire anticodon
loop (7 nt) plus the single-stranded NCCA 3’ overhang.

In summary, nicked tRNAs are produced in vitro and in bio-
fluids using different tRNAs as substrates. These nicked tRNAs
can be repaired enzymatically to regenerate an almost full-length
tRNA, presumably lacking the 3 NCCA overhang in in vitro
settings (34, 41). Additional bases can be trimmed after prolonged
exposure to extracellular RNases, but these shorter forms are still
reparable using our assay.

Nicked tRNAs Are Irreversibly Melted by Popular RNA Extraction
Methods. Whereas heating RNase-treated RNA before tandem
incubation with PNK and Rnll prevented the formation of a
tRNA-sized band, this also affected the detection of monomeric
5"and 3’ tRNA halves (Fig. 3D; A + PNK + Rnll lane). However,
when we repeated SPE purification under conditions optimized for
small RNA recovery (SI Appendix, Fig. S7C), monomeric tRNA
halves were now detectable in the control (i.e., heat) reaction
(Fig. 4A; red arrows).

Given that heat irreversibly affects nicked tRNAs, we studied
the effects of phenol-based RNA extraction methods, because this
chemical agent, like heat, can disrupt base-pairing interactions.
A recent study of different RNA purification methods for liquid
biopsies found that the miRNeasy kit (Qiagen) recovered a broad
spectrum of exRNAs associated with different carrier subclasses
(31). However, when we purified RNasel-treated RNA with this
kit following the manufacturer’s instructions, tRNA halves were no
longer amenable to enzymatic repair (SI Appendix, Fig. S7D).

pnas.org
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Fig. 3. Glycine tRNA halves identified by northern blot are nicked tRNAs. (A) RNase 1-treated RNA (60 min) was incubated with the indicated enzymatic
combinations. Repair of tRNA®Y.. was analyzed by northern blot using a 5'-targeting probe. (B) schematic representation of the nicked tRNA repair strategy
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enzymatic repair of tRNA®Y ;. evidenced with either the 5', ACL or 3’ probes. NT: fragmented RNA purified by SPE but without treatment with the enzymatic

repair cocktail. (-)PNK: mutant PNK lacking phosphatase activity. A: heat.

Similar results were obtained when comparing phenol-free SPE-
based purification vs. TRIzol (Fig. 4B). Interestingly, adding a sec-
ond SPE-based purification round recovered reparable tRNA halves
with a yield close to 100%. Thus, guanidine salts included in the
SPE binding buffer do not affect nicked tRNAs, while heat and
phenol induce their irreversible separation. As previously observed,
the length of the repaired tRNA was slightly shorter (4 to 5 nt)
than that of the parental full-length (RNA (57 Appendix, Fig. STE).

To confirm the effects of phenol and heat by an orthogonal
method, we studied RNase-1-treated RNAs by native northern blot
(run on TB + Mg2+ gels) (Fig. 4C). Under natlve condmons, the
electrophoretic migration of RNase-treated tRNAY .- was almost

PNAS 2023 Vol.120 No.4 e2216330120

identical to that of untreated full-length tRNAs. Only <10% of the
total signal in the treated lane corresponded to bona-fide tDRs. This
confirms that the rapid disappearance of the full-length tRNA band
observed in Fig. 24 is in fact an artifact caused by denaturing con-
ditions, with >90% of tRNAs remaining as nicked tRNAs after 1 h
of enzymatic digestion. Interestingly, the migration of nicked tRNAs
in native gels was slightly faster than that of full-length (RNAs,
consistent with the irreversible loss of the NCCA 3’ overhang
inferred from previous assays (S/ Appendix, Fig. S7E). Additionally,
heat or standard RNA purification methods such as TRIzol or
miRNeasy, unlike phenol-free RNA cleanup columns (SPE),
induced the irreversible dissociation of nicked tRNAs (Fig. 4C).
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The 3'-5’ RNA Ligase RtcB Can also Ligate Nicked tRNAs. RtcB is
a ligase involved in tRNA splicing and RNA repair in all domains
of life (42—44). Unlike the 5'=3’ T4 Rnll, RtcB seals broken
RNAs with 2,3’ cyclic phosphate (2,3-cP) and 5'-OH ends (45).
Thus, ReeB should be sufficient to repair RNasel-treated RNAs
without prior end-healing by T4 PNK. Indeed, RtcB regenerated
a tRNA-sized band when incubated with RNasel-treated RNAs,
and generation of this ligation product was inhibited by heat
(Fig. 4D). Once again, the repaired tRNA-sized band was 4 to 5 nt
shorter than the parental full-length tRNA (8 Appendix, Fig. S7F).

Nicked tRNAs Are Reverse-Transcribed Inefficiently unless
Repaired. Broken phosphodiester bonds could act as roadblocks
inhibiting reverse transcription (RT) of nicked tRNAs in their
native state, preventing the analysis of nicked tRNAs by RT-PCR
or sequencing. To evaluate this possibility, we used a thermostable
retroviral reverse transcriptase primed by a gene-specific RT primer

https://doi.org/10.1073/pnas.2216330120

aligning to the 3’ end of (RNA®Y . (Fig. 4E). Forward and reverse
PCR primers were placed closed to the 5" and 3’ ends of tRNA®Y .,
respectively. Surprisingly, RNase-1-treated RNA was not amplified
unless enzymatic repair (T4 PNK + T4 Rnl1) was performed before
RT. Consistent with northern blot results (Figs. 3D and 4 A-D),

heating the samples before enzymatic repair also inhibited RT-PCR
amplification (Fig. 4). Conversely, 5" tRNAY . halves of 30 nt
increased 200 to 700-fold in RNasel-treated samples vs. input,
illustrating the limitations of small RNA expression analysis in
samples containing nicked forms of their parental RNAs.

Nicked tRNAs Are Resistant to RNase 1 Cleavage In Vitro.
Having observed that nicked tRNAs can be purified efficiently
by SPE, we generated and purified nicked tRNAs and treated
them with r-RNase 1 (Fig. 4F). Nicked tRNAs were not degraded
by this treatment (up to 30 min at 37 °C). However, heating
and then cooling the nicked tRNAs before exposure to r-RNasel
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induced complete degradation of the tRNA halves, now in their
single-stranded form. This effect was not induced by heat itself.
In conclusion, nicked tRNAs are stable reservoirs of 5" tRNA
halves, which are degradation prone once dissociated from their
3’ counterparts.

Nicked tRNAs as a Source of Intracellular Stress-Induced
tRNA Halves. Our enzymatic repair assays were not useful to
interrogate the existence of nicked tRNAs inside cells due to
the large excess of full-length tRNAs in intracellular samples.
We thus resorted to a different strategy based on intracellular
RNA fractionation under nondenaturing conditions by size-
exclusion chromatography (SEC) (Fig. 5 A-D).

To stimulate the formation of stress-induced tRINA halves
inside cells (tiRNAs), U2-OS cells were treated with sodium arsen-
ite (23). Upregulation of tRNA halves in stressed cells was con-
firmed by northern blot (Fig. 5B). We then lysed tiRNA-containing
stressed cells by phenol-free methods, purified intracellular RNA
by SPE to avoid potential nicked RNA denaturation, and size-frac-
tionated the purified RNA by SEC in RNase-free PBS as running
buffer. Two peaks with ABS 260 nm > ABS 280 nm were observed,
corresponding to the elution of rRNAs and tRNAs (Fig. 5C, Lefd).
The elution of full-length tRNAs at elution volume (Ve) = 9.80
mL was confirmed by northern blot (Fig. 5C, Center; fractions 2
to 4). Surprisingly, intracellular 5" tRNA halves (of 35 and 30 nt)
coeluted with full-length tRNAs, suggesting that tiRNAs are not
single-stranded molecules inside cells. We considered the possi-
bility that the sensitivity of our DIG-based northern blot assay
was not sufficient to detect monomeric tiRNAs, which would be
expected at Ve 2 11 mL (fraction > #6) based on the injection of
synthetic single-stranded RNAs of 30 nt (32). To study this, a
highly sensitive stem-loop RT-qPCR (SL-RT-qPCR) assay was
used (Fig. 5C, Right). This assay is specific for mature miRNAs or
tRNA halves and does not amplify their precursors (pre-miRNAs
or full-length tRNAs, respectively) (32, 46). miR-21-5p eluted at
V, = 11.4 mL (fraction #7), 5’ tRNA®Y . halves of 30 nt
(Fig. 5C) or 35 nt (81 Appendix, Fig. S84) were again undetectable,
except in fraction #3, containing most full-length tRNAs. Heating
the RNA before injection (Fig. 5D) shifted the amplification of
5" tRNAY ... halves toward fraction #6 (Ve = 11 mL), consistent
with the expected denaturation of nicked tRNAs and the release
of single-stranded tRNA halves, which now coeluted with
miR-21-5p.

Opverall, while we do not discard that bona fide single-stranded
intracellular tiRNAs could be degraded upon cell lysis, our results
strongly suggest that at least some (if not most) intracellular tiR-
NAs are predominantly present in the form of nicked tRNAs.

Detection of Nonvesicular Nicked tRNAs in Cell-Conditioned
Media. To explore the presence of nicked tRNAs in extracellular
samples, we collected cell-conditioned media (CCM, t = 24 h) from
U2-OS cells grown under-serum-free conditions and separated EVs
from nonvesicular proteins and RNAs by SEC, using commercial
qEV columns (Fig. 5E). To preserve both nicked tRNAs and
single-stranded tDRs, we added RI to the media. As expected in
Rl-treated serum-free CCM (33), we observed full-length tRNAs
in nonvesicular fractions by northern blot (Fig. 5E; NT lane),
albeit most of the signal corresponded to ~30-nt fragments. In
this case, sequential treatment with PNK and Rnll generated at
least three bands with sizes close to, but slightly shorter than, the
size of the parental full-length tRNA. Once again, heating and
cooling the samples before ligation abrogated generation of these
products, arguing against nonspecific ligation in trans. The lowest
and most intense band had a size of 61 nt, consistent with the
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main ligation product observed when incubating RNAs in CSF
for long periods of time (SI Appendix, Fig. S7B). As previously
discussed, this suggests the presence of trimmed forms of nicked
tRNAs, lacking both the 3" NCCA tail and the entire anticodon
loop. Once formed, these ligation products could be heated and
remained resistant to the processive 3’ to 5’ exonuclease RNase
R (87 Appendix, Fig. S8B), suggesting the ligated products are
highly structured. In contrast, the remaining 30 to 35-nt band
after enzymatic repair was completely degraded by RNase R.

Interestingly, a band of approximately 24 nt was generated
by the combined action of PNK and Rnll in both heated and
nonheated samples (Fig. 5F; red stars). Because this band was
resistant to RNase R (S7 Appendix, Fig. S8B), we speculate that
it corresponds to a circularized RNA generated by head-to-tail
ligation of 5 tRNA halves. Formation of this product in non-
heated samples implies that at least some extracellular tRNA
halves are present in fragment form in RI-treated CCM. This
suggests that nicked tRNAs are spontaneously separating and
releasing single-stranded tRNA halves into the extracellular
space. Their detection is facilitated by the low RNase activity
in the conditions of this assay.

Nonvesicular Nicked tRNAs Circulate in Human Biofluids. Having
validated a method capable of separating nicked tRNAs from
single-stranded tRNA halves (Fig. 5 C and D), we implemented
this methodology to address the question of whether nicked
tRNAs circulate in human biofluids. To do so, small volumes
of serum or CSF were diluted in PBS, and EVs were pelleted
by ultracentrifugation. RNA was then isolated from Proteinase
K-treated supernatants and fractionated by SEC. Surprisingly,
30-nt 5" tRNAY . halves could be amplified by SL-RT-qPCR
(Fig. 5 Fand G), mostly in the size range corresponding to full-
length tRNAs, which are expected to be absent in these samples
(Fig. 2B).

Spontaneous Uptake of Nonvesicular tRNA Halves by Human
Epithelial Cells. Unless stabilized by dimerization or RNP complex
formation, we would expect single-stranded tRNA halves to be
degraded in a matter of seconds in extracellular samples with
high RNase activity (Fig. 4F). However, if stable nicked tRNAs
diffuse from the sites in which they are generated and they can
reach farther cellular populations, their spontaneous dissociation
could release single-stranded tRNA halves close to the surface
of potentially recipient cells. Could cells then internalize these
single-stranded tDRs?

We incubated synthetic and biotinylated 5' tRNA®Y .
halves of 30 and 35 nt, or scrambled (SCR) versions of these
oligonucleotides, with MCE-7 cells grown in serum-free media
(Fig. 64). No lipids or transfection reagents were used. After
30 min, cells were thoroughly washed, fixed, stained with APC-
coupled streptavidin and observed under a confocal micro-
scope. Surprisingly, the red signal of the fluorophore’s emission
was observed within cellular boundaries in all conditions where
labeled RNAs were included (Fig. 6 Band C). As an orthogonal
approach, we incubated cells with nonbiotinylated SCR oli-
gonucleotides (which do not exist in recipient cells), washed
cells thoroughly, and observed a drop of almost 15 PCR cycles
when comparing with nontreated cells, based on a SCR-specific
SL-RT-qPCR assay (Fig. 6D). Taken together, these results
show that human epithelial cells can spontaneously incorporate
single-stranded small RNAs present in the media. Although
this uptake route seems to be sequence- independent, most
naked exRNAs will degrade before having the opportunity to
interact with recipient cells. However, tRNA halves are
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to elute (if present).

extremely stable in extracellular samples (Fig. 2), presumably
due to their transport in the form of nicked tRNAs. For this
reason, and because their extracellular concentration is
increased in the presence of cell stress (Fig. 1D), we foresee the
involvement of extracellular tRNA halves in intercellular com-
munication pathways mediated by naked, nonvesicular RNAs

(Fig. 6E).

Discussion

This work challenges the widespread belief that all RNAs are
intrinsically unstable and cannot circulate in extracellular samples
unless in the context of RNPs, lipoproteins and/or EVs. Although
this holds true for rRNA-derived fragments (Fig. 1), full-length
or nicked tRNAs showed surprisingly long half-lives in human
biofluids, even when incubated in their naked forms. While these

80of 11 https://doi.org/10.1073/pnas.2216330120

RNAs might also be present in RNP complexes in the extracellular
space, our results demonstrate that protein complexation is not a
prerequisite for their remarkable extracellular stability.

An aspect of this study that certainly deserves more attention
is the differences in extracellular stabilities observed among
tRNAs. We are tempted to speculate that posttranscriptionally
modified bases at the anticodon are at least partially responsible
for these different behaviors. However, the difference in stability
between tRNAs is less pronounced when considering that nicked
tRNAs, and not tDRs, are the stable degradation intermediates
dictating the abundance of nonvesicular glycine tRNA halves.

Is the full-length tRNA“Y . unstable in human biofluids? It
is efficiently cleaved at several positions by extracellular RNases.
So the immediate answer would be “yes”. However, the result of
these cleavage events is a molecule that probably still resembles
a tRNA, although it bears some broken phosphodiester bonds.
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Thus, although t(RNA";,;; and tRNA“Y . show completely
different behaviors when analyzed by northern blot after being
exposed to RNases, this difference is exaggerated because stand-
ard northern blotting forces nicked tRNAs to denature. This is
also the case when purifying RNA using phenol and when RNA
is heated at any stage in a protocol (e.g., as done during small
RNA-seq library preparation). The important conclusion is that
we do not always apprehend the true, native form of RNA
because most available analytical techniques contain denatura-
tion steps at some point. Additionally, nicked tRNAs cannot be
reverse-transcribed and amplified unless repaired or denatured
into fragments.

The case of tRNA", is also interesting. Although it is highly
resistant to degradation, once cleaved by r-RNase 1 or by FBS-
derived RNase A, it typically does not survive as a nicked tRNA
(Fig. 2A4). This implicates extracellular RNases in the degradation
of tDRs (47). In contrast, (RNA®Y . is sensitive to initial cleav-
age events, but nicked tRNAs produced therefrom are intrinsically
stable. Differential stabilities among distinct tRNA sequences
could be considered a new example of noncanonical “moonlight-
ing” functions of tRNAs, what has been related to the diversity of
the tRNA isodecoder pool (48).

In bacteria, phage infection (40) or DNA-damage (49) induces
regulated tRNA cleavage at the anticodon loop. This process can
be reversed by host-encoded tRNA ligases such as RtcB (44) or
by phage antitoxins like T4 PNK and T4 Rnl1. Thus, the existence
of nicked tRNAs that can be enzymatically repaired back into
full-length tRNAs is well established in prokaryotes.

In plants, the phloem sap (PS) has been shown to contain
70 to 80-nt RNAs, which resemble tRNAs, that are capable of
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inhibiting translation. Importantly, this activity was lost when
purifying PS RNA by TRIzol (50). Thus, plants also seem to
generate nicked tRNAs in their vasculature. Nonvesicular tRNA
halves were also recently identified in the extracellular apoplastic
fluid (51). The theoretical capacity of nicked tRNAs to act as
regulators of the translation machinery was recognized early (52).
However, nicked tRNAs were not considered as stable degradation
intermediates in the subsequent literature (53).

Stress-induced tRNA cleavage at the anticodon loop is thought
to be an irreversible process. Nevertheless, it should be considered
that most of the enzymatic activities used in this work to repair
anticodon-cleaved nicked tRNAs are present in human cells
(54, 55). Reversibility of stress-induced nicked tRNA formation
in cellulo arises as an exciting possibility (56).

In the clinical setting, double-stranded RNAs usually require
encapsulation in lipid nanoparticles or GaNAc conjugation for
efficient uptake, but single-stranded oligonucleotides are spon-
taneously endocytosed (57). Thus, our proposed model where
nonvesicular nicked tRNAs are carriers of tRNA halves that can
transfer information to recipient cells is at least feasible (Fig. 6E).

On the applied side, we took advantage of phage and bacterial
enzymes involved in damaged tRNA repair to develop an analyt-
ical technique that can be used to detect and measure stable non-
vesicular RNAs circulating in biofluids. Although we focused
mostly on tRNAs, close inspection of gels shows additional bands
that could be restored by combined treatment with PNK and Rnll
and that were lost in heated samples (Fig. 4B, yellow stars). This
strongly suggests that the nonvesicular RNAome is much more
complex than previously thought, in accordance with recent find-
ings (33). Many stable nonvesicular RNAs are single-stranded
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molecules tightly bound and protected by exRNA-binding pro-
teins (15, 16, 38). However, intrinsically stable RNAs could also
circulate freely in biofluids (58). These molecules are predicted to
be both highly structured and nicked. There are sequencing meth-
ods that can efficiently handle highly structured RNAs (59, 60).
However, nicked RNAs are more challenging because they contain
roadblocks for reverse transcriptases (i.e., the broken phosphodi-
ester bonds) and because nicked RNAs are dissociated by phenol
or heat. Our enzymatic repair protocol therefore increases the
number and types of RNA molecules that can be analyzed and
used as disease biomarkers.

Materials and Methods

Detailed versions of these protocols and additional methods are included in
SI Appendix, Supplementary Materials and Methods.

Biofluids and Cell Culture. Biofluids samples were obtained at UC San Diego
(CSF) or at the Pasteur Institute of Montevideo (serum, urine), and deidentified
prior to use. Samples were spun down at 2,000 x g before storage at < —20 °C.
Fetal bovine serum (FBS) was from Gibco. Cell-conditioned media (CCM) were
obtained from either U2-0S cells grown under serum-free (MEGM, Lonza) or
serum-containing conditions (10% FBS), with or without addition of murine RI
(NEB). Intracellular tRNA-derived fragments were generated by exposing cells to
500 pM sodium arsenite (Sigma) for 2 h.

RNA Purification by SPE. RNA was purified by silica-based SPE using Monarch
RNA Cleanup Kits (forin vitro assays) or the Total RNA Miniprep Kit for intracellular
samples (NEB).

RNA Decay Assays. For determination of RNA half-lives in biofluids, 1 pg heated
and refolded U2-0S total RNA was incubated at 37 °C for variable periods with
50 L undiluted or PBS-diluted biofluid samples. Digested RNAs were purified
by SPE and analyzed by northern blot.

In Vitro RNA Digestion. For in vitro generation of nicked tRNAs and/or tDRs,
1 ug heated and refolded U2-0S total RNA was incubated with recombinant
human RNase 1 (Bon Opus Bio; 0.0625 pg/mL) for 15, 30, or 60 min at 37 °C,
and purified by SPE.

RNA Ligation Assays. In vitro-digested or CCM-derived nonvesicular RNA was
incubated for 1 h at 37 °Ciina 10 pL reaction containing 20 U RI, T mM ATP, 1X
T4 PNK reaction buffer, 10 UT4 RNA ligase 1 (Rnl1, NEB), and/or 10 U of T4 PNK
(wild type or 3 phosphatase minus, NEB). For RtcB ligation, reaction mixtures
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contained 5 pl in vitro-digested digested RNA, 20 U RI, 1X RtcB ligase buffer,
1 mM GTP, 1 mM Mn?*, and 1 uM RtcB ligase from E. coli (NEB).

Preparation of Nonvesicular RNAs from Cell-Conditioned Media.
Nonvesicular RNAs from U2-OS cell-conditioned media were separated from
EVs by either iodixanol 12 to 36% density gradients (33, 37) or by size-exclusion
chromatography using 70-nm qEVoriginal columns (IZON).

Chromatographic Fractionation of Nonvesicular RNAs from Biofluids.
EVs were depleted from human serum or CSF samples by ultracentrifugation
(256,000 x g and 4 °Cfor 1 h).The supernatants were concentrated by ultrafil-
tration (10 kDa MWCO), treated with phenol-free RNA Binding Buffer (included
in RNA Cleanup Kits from NEB) and Proteinase K, and the RNA was purified by
SPE. Purified RNAs were then injected in a Superdex 75 10/300 column (GE),
using an Akta Pure FPLC system. Fractions of 0.2 mLwere collected and analyzed
by stem-loop RT-qPCR.

Northern Blot, RT-qPCR for Full-Length tRNAs and SL-RT-qPCR for tDRs.
DIG-based northern blot and stem-loop RT-qgPCR were done as described
in ref. 33 and 32, respectively. RT-PCR for full-length tRNAs was done using
Superscript IV at 50 °C. Probes, primers, and assay conditions are provided in
SI Appendix, Supplementary Materials and Methods.

Data, Materials, and Software Availability. All Study dataareincluded in the
article and/or S Appendix.
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