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Introduction

In the past decade, many different classes of small RNAs have 
been described, and in many cases they have emerged as impor-
tant regulators of gene expression (reviewed in ref. 1). Small 
RNAs are typically 19–35 nt in length and three main classes 
have been studied in depth: microRNAs (miRNAs), endogenous 
small interfering RNAs (endo-siRNAs) and Piwi-interacting 
small RNAs (piRNAs). siRNAs and miRNAs are created by 
similar mechanisms, and in both these cases the final step is the 
action of the endonuclease Dicer.2,3 piRNAs have a separate bio-
genesis mechanism that only involves Argonaute proteins.4 Once 
produced, these different types of small RNA are loaded into 
an Argonaute protein through which they exert their biological 
effect, typically repression of gene expression.5-7

Recently a number of new types of small RNAs have been 
described, derived from longer cellular RNAs. These non-canon-
ical sources include small nucleolar RNA,8 rRNA and tRNA 
(tRNA) from yeast TRAMP mutants9 and tRNA in embryonic 
stem and transformed mammalian cells.10-18 Work is now being 
undertaken to understand how these new RNAs fit into the small 
RNA world. In many cases they are produced by the action of 
Dicer in a similar manner to siRNAs and miRNAs, suggesting 
they may have similar gene regulatory functions, and indeed 
some are incorporated into Argonaute proteins. However, other 
nucleases have also been implicated in the generation of these 
small RNA species.19,20

Three general classes of small tRNA fragments (tRFs) have 
been described: those produced by RNase Z cleavage at the 3' 
end of the pre-tRNA transcript (3' U tRFs), those produced 
by cleavage of mature tRNA at the 3' end (3' CCA tRFs) and 
those produced by cleavage at the 5' end (5' tRFs) (reviewed in 
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refs. 21 and 22). 5' and 3' tRFs have been reported to be pro-
duced by the action of Dicer12,17,20 and other nucleases, such as 
angiogenin,19 and it is possible that a combination of different 
nucleases are involved in generating different molecules of these 
species. 3' U and 3' CCA tRFs have both been shown to associate 
with Argonautes, although with different Argonaute preferences 
to human miRNAs.17 3' CCA tRFs can silence a suitable comple-
mentary target,23 whereas 3' U tRFs preferentially associate with 
Ago3/4 and are believed to only silence a target if a complemen-
tary (“sense”) small RNA is transfected in order to direct them 
into Ago2.17

In addition to short tRFs, tRNAs have been reported to be 
cleaved into half-tRNA molecules in stress conditions in a wide 
variety of eukaryotic cells.19,24,25 These half-tRNAs are produced 
by the action of angiogenin near the anticodon loop, and the 5' 
halves have been reported to specifically cause eIF2α-independent 
translation repression and stress granule assembly.26,27 Some of 
these 5' tRNA halves have been described to bind eIF4G (a com-
ponent of the cap-binding initiation factor complex eIF4F), and 
hence titrate it away from mRNA and reduce the rate of transla-
tion initation.27 This effect is dependent on a oligo(G) tract of at 
least four residues at the 5' end of the half-tRNA (and by exten-
sion, its parent tRNA). These studies indicate that tRNA-derived 
RNA molecules are, in some circumstances, used in the global 
control of gene expression.

No function has yet been found for 5' tRFs, and we have 
previously shown that they are only weakly associated with 
Argonaute proteins.12 Here we present data that shows that they 
do not function as classical siRNAs or miRNAs; however, they 
can inhibit the translation of reporter genes in vitro and in vivo, 
an effect that does not require any complementary target sites in 
the reporter sequence, but does require a universally conserved 
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to conditions of varied cell proliferation rate is 
similar to previous results from 3' U tRFs, and 
raises the possibility that different types of tRFs 
are regulated by similar biological stresses.14,17

To investigate the function of 5' tRFs, we 
started by testing whether they have a similar 
role to siRNAs or miRNAs in the regulation 
of gene expression. We have previously shown 
that 5' tRFs associate with Argonaute proteins, 
albeit only very weakly.12 In order to test if 5' 
tRFs could inhibit gene expression in a man-
ner similar to miRNAs, we made two reporter 
constructs. These constructs contain Renilla 
and firefly luciferase genes under the control of 
independent promoters, and have target sites for 
tRF(Gln) cloned into the 3' UTR of the Renilla 
luciferase gene. One reporter had three perfectly 
complementary sites to tRF(Gln), and the other 
had six sites complementary to the putative seed 
region of the same tRF but containing a bulge 
outside of this region (Fig. 2A; Fig. S1). If 5' 
tRFs act in a similar manner to miRNAs, the 
construct containing perfectly complemen-
tary sites would be targeted by RNAi, and the 
construct containing mismatched sites would 
undergo translational repression and degrada-
tion. We also created negative controls for both 
these constructs which contained mutations 
that would prevent both RNAi and transla-
tional repression.

First, the construct containing perfectly 
complementary sites (the siRNA reporter) was 
transfected into cells, and a double-stranded 
siRNA mimic of tRF(Gln) was cotransfected. 
We transfected this sequence as a double-
stranded siRNA in order to force loading of the 
sequence into Argonautes.28 In this experiment, 
the measured activity of Renilla luciferase was 
found to be sensitive to the siRNA (Fig. 2B), 

indicating that the target sites were accessible and could target 
the mRNA for repression. We then transfected the reporter con-
struct into cells without siRNA cotransfection, to measure the 
ability of endogenous tRF(Gln) to cause RNAi. When we did 
this, we observed no difference in relative expression between 
the reporter construct and the control (Fig. 2C), indicating that 
endogenous tRF(Gln) does not efficiently induce RNAi.

Next we tested if endogenous tRF(Gln) could regulate the 
expression of the reporter construct that contains six mismatched 
sites (the translation repression reporter). We took advantage 
of the fact that 2'-O-methylated oligonucleotides antisense to a 
small RNA inhibit the function of that small RNA.29 We first 
validated the construct by co-transfecting it into HeLa cells with 
a dsRNA containing the tRF(Gln) sequence. In this experiment, 
the expression of Renilla luciferase was lower when we also trans-
fected a scrambled antisense RNA than when we transfected one 
complementary to the tRF(Gln) sequence (Fig. 3B). This showed 

“GG” dinucleotide in the tRF. This opens the possibility that 5' 
tRFs, like other tRNA-derived fragments, are involved in regu-
lating gene expression.

Results

3' U tRFs have previously been reported to be downregulated 
in cell culture if serum levels are decreased, and upregulated 
if the RNA polymerase III-specific transcription factor Brf1 is 
overexpressed.14,17 To find out if 5' tRF levels are also respon-
sive to conditions of cell stress, we completely starved cells of 
either L-glutamine or serum and assayed the levels of the 5' tRF, 
tRF(Gln). [tRF(Gln) is 19 bases in length, and in previous work12 
we showed that tRF(Gln) is quite highly-expressed in HeLa cells. 
We therefore use it as an example of an endogenous 5' tRF.] The 
results in Figure 1A and B show that tRF(Gln) levels decreased 
in both starvation conditions. The responsiveness of this 5' tRF 

Figure 1. tRF(Gln) expression is decreased in conditions of slowed cell proliferation. (A) 
heLa cells were grown in DMeM lacking L-glutamine for the indicated times, and tRF(Gln) 
levels assayed by northern blot. (B) heLa cells were grown in DMeM lacking serum for the 
indicated times, and tRF(Gln) levels assayed by northern blot. Quantifications of tRF(Gln) 
levels, normalized to the non-coding RNA U6, are shown adjacent to the blots. error bars 
show standard deviations, and p values were calculated using student’s t-test (two-tailed).
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Because the RNA sequence contained in the 5' tRF, tRF(Gln), 
is able to repress translation, we investigated the specificity of 
the effect by seeing if other 5' tRFs are able to similarly inhibit 
translation. To do this, we synthesized RNA molecules that cor-
responded to 5' tRFs from different tRNA isotypes. We also 
checked that the translation repression was specific to 5' tRF 
sequences, by synthesizing both an RNA that corresponds to 
the 19 bases in tRNAGln that starts after the bona fide tRF(Gln) 
sequence (Glnmid), and an RNA that corresponds to a reported 
3' U tRF (tRF-1001).14,17 The predicted structures of all RNA 
molecules used in these experiments are shown in Fig. S3. When 
these RNA molecules were tested in our translation assay, three 
out of the four bona fide 5' tRFs inhibited translation (the excep-
tion being Glu19). Additionally, neither tRF-1001 nor Glnmid 
caused translation inhibition (Fig. 5A), indicating that the trans-
lation repression effect was restricted to 5' tRF sequences.

The fact that most of the 5' tRFs we tested were able to repress 
translation suggests that the effect is conferred by conserved 

that the plasmid that we designed is an appro-
priate reporter to test for miRNA-like action 
of tRF(Gln). We then performed this experi-
ment in the absence of the exogenous dsRNA 
to test the ability of endogenous tRF(Gln) 
to inhibit translation. When this was done, 
there was no difference in normalized Renilla 
expression between the experiments with the 
scrambled and the anti-tRF(Gln) antisense 
RNAs [Fig. 3C; a ratio of 1 indicates no 
tRF(Gln)-dependent translational repression]. 
This shows that endogenous tRF(Gln) does 
not regulate gene expression in a miRNA-like 
manner.

While carrying out these experiments, we 
noticed that when a 19-base synthetic RNA 
with the same sequence as tRF(Gln) (which 
we named Gln19 to distinguish the synthetic 
RNA from the endogenous molecule) was 
transfected into cells, the absolute activity of 
both firefly and Renilla luciferase in the lysate 
decreased. Importantly, the synthetic RNA 
had a repressive effect on these reporter genes 
regardless of whether the 3' UTR contained 
engineered complementary target sites or not 
(Fig. 4A). We also tested whether this RNA 
had a direct effect on protein translation in 
vitro using translation-competent HeLa cell 
extract,30 and found that translation was 
indeed inhibited in this system by the RNA 
molecule but not by its scrambled sequence 
(Fig. 4B).

As we had not inserted target sites into 
these reporter genes that proved to be sensi-
tive to Gln19, we decided to check that the 
repression was not due to RNA base-pairing 
between Gln19 and any cryptic target sites 
that may be present in the coding region of 
our reporters. To do this, we identified the sequence in Renilla 
that was most complementary to Gln19 using the RNAhybrid 
software.31 The sequence complementarity between this “tar-
get site” and Gln19 is poor, but to ensure that repression was 
not taking place through this sequence, we introduced silent 
mutations in the reporter construct and assayed the ability of 
Gln19 to repress translation of mRNAs containing these muta-
tions (Fig. S2A). Repression still occurred with the same effi-
cacy under these conditions (Fig. S2B). This result indicates 
that the repressive effect of the Gln19 RNA molecule that we 
observed is a non-miRNA-like mode of action, and not due to 
recognition of near-complementary target sites in the mRNA. 
We also verified that the decrease in luciferase activity was not 
due to an effect of the synthetic RNA on the enzyme itself. 
To do this, we measured the effect of adding Gln19 to in vitro 
translated Renilla luciferase after translation was complete. In 
these conditions, the luciferase enzymatic activity was unper-
turbed (Fig. S2C).

Figure 2. tRF(Gln) does not cause siRNA-like cleavage of a reporter construct. (A) experimen-
tal design. heLa cells were transfected with a reporter plasmid containing three perfectly 
complementary target sites to tRF(Gln). When an dsRNA mimic of tRF(Gln) is co-transfected, 
the reporter is cleaved leading to a reduction in Renilla luciferase expression. This does not 
happen with a control reporter containing a mismatch in the seed sequence and at the cleav-
age site (represented as a filled circle). (B) The cleavage reporter construct was co-transfected 
with either a scrambled dsRNA (scr), or an dsRNA mimic of tRF(Gln) (Gln). (C) cleavage 
reporter constructs containing sites perfectly complementary to either the miRNA let-7 or 
tRF(Gln) were co-transfected into cells without cotransfection of dsRNA, in order to assay the 
activity of endogenous molecules. separately, control reporters for let-7 and tRF(Gln) were 
transfected; these control reporters contain two mismatches in their respective target sites 
to render them insensitive to repression (gray bars). Results shown are the mean of three 
independent experiments, and error bars represent standard deviations.
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is necessary in other 5' tRFs, we mutated 
the corresponding dinucleotide in Lys19 
and Val19; this similarly abolished the 
ability of these molecules to repress trans-
lation (Fig. 5A and E). Although the 3' 
terminal “GG” dinucleotide is necessary 
for 5' tRFs to be able to repress transla-
tion in all the instances we tested, it is 
not sufficient, as Glu19 does not repress 
translation despite containing a 3' “GG.”

We next made a synthetic RNA that was 
predominantly not derived from tRNA 
sequence (although the loop sequence in 
the predicted structure was derived from 
Gln19) which contained a 3' ‘GG’ dinucle-
otide (Art19). This was also able to repress 
translation and, in a similar manner to 
before, this effect was ablated in when the 
“GG” dinucleotide was mutated (Fig. 6B). 
A 3' “GG” dinucleotide is therefore able 
in some cases to make an otherwise inac-
tive RNA molecule repress translation. 
RNA secondary structure does not appear 
important, as a mutation of Art19 with 
substantially disrupted predicted second-
ary structure [Art19(unstruct)] was still 
able to inhibit translation (Fig. 6A and 
B). The RNA was also still able to inhibit 
translation when we replaced the Gln19-
derived loop sequence to ensure that we 
had not kept any other recognition motifs 
[Art19(loopswap)] (Fig. 6C and D).

In order to eliminate potential mecha-
nisms by which 5' tRFs cause translation 
repression, we looked to see if either the 
reporter gene mRNA, or the correspond-
ing tRNA, is affected by the presence of 
5' tRFs. mRNA deadenylation and deg-
radation plays a major contribution to 
the action of miRNAs (reviewed in ref. 
33). To see a similar process occurs with 

5' tRFs, we assayed the level of Renilla mRNA by RT-qPCR at 
the end of an in vitro translation reaction that contained either 
Gln19 (to repress translation) or Gln19(mGG) (as a control). 
We used reverse transcription primers that produce cDNA either 
from total mRNA, or from polyadenylated mRNA. As can be 
seen in Figure 7A, there was no difference in either the total 
or polyadenylated mRNA levels between the samples after the 
translation reaction.

As 5' tRFs are tRNA-derived, we then looked to see if trans-
fection of 5' tRFs has an effect on the corresponding mature 
tRNA level. Using a qPCR-based assay, we measured the levels of 
tRNAGln after transfecting cells with either Gln19 or Gln19(Scr). 
Figure 7B shows that the tRNA levels were the same in both 
samples. We also measured tRNAGln aminoacylation using an 
acid gel-based system,34 to see if 5' tRFs cause a tRNA charging 

sequence or structural features. tRNAs contain a number of 
conserved residues that are required for their correct 3-dimen-
sional folding and recognition by the translation machinery.32 
We synthesized RNA molecules that contained mutations of 
some conserved tRNA residues. All 5' tRFs contain a “GG” 
dinucleotide sequence either at positions 17–18 or 18–19, 
depending on the parent tRNA; the molecule Gln(mGG) had 
these residues mutated. We also made Gln(mMid), which con-
tained a mutation of UGG

8-10
, another conserved sequence. 

When we tested these synthetic RNAs in our translation assay, 
Gln(mGG) proved to be inactive in translation inhibition 
whereas Gln(mMid) could still repress translation, albeit less 
efficiently (Fig. 5C). From this we concluded that the 3' termi-
nal “GG” dinucleotide appears necessary for translation inhi-
bition by Gln19. To see if the 3' terminal “GG” dinucleotide 

Figure 3. tRF(Gln) does not repress translation of a reporter construct with bulged target sites in 
the 3' UTR. (A) experimental design. heLa cells were transfected with a reporter plasmid contain-
ing six bulged tRF(Gln) target sites, which is predicted to be sensitive to miRNA-like translational 
repression. In control experiments, a methylated antisense RNA was co-transfected to prevent 
small RNAs from binding the target sites. The bulge is represented as a filled circle. (B) The transla-
tion reporter was co-transfected into heLa cells with either a scrambled dsRNA (scr) or a mimic 
of tRF(Gln) (Gln), and also the indicated antisense RNA. (C) To assay the activity of endogenous 
molecules, the indicated amounts of a reporter plasmid containing six bulged miRNA-like sites for 
tRF(Gln) was transfected into heLa cells (black bars). Renilla expression was assayed separately in 
the presence of a co-transfected scrambled antisense RNA, and with an antisense RNA containing 
the reverse complement of tRF(Gln). The relative Renilla expression was calculated as the normal-
ized expression obtained with the scrambled antisense RNA, divided by that obtained with the 
Gln antisense RNA (see Materials and Methods), such that a value of 1 indicates no tRF(Gln)-
dependent repression (dashed line). The same experiment was performed with a control reporter 
containing a seed mismatch (gray bars). Results shown are the mean of three independent experi-
ments, and error bars represent standard deviations.
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tRFs have been shown to associate with the small RNA effector 
machinery.17

In our previous work, we showed that a 5' tRF, tRF(Gln), 
is only weakly associated with Argonaute proteins,12 suggesting 
that it may function outside of the canonical small RNA path-
ways. Here, we show that it does not have significant siRNA/
miRNA-like functions in a suitable reporter assay system. 
However, synthetic RNAs containing 5' tRF sequences are able 
to repress the expression of two different reporter genes, in a 
process that does not require the existence of target sites in the 
mRNA.

These data show notable parallels to a recent study that finds 
that tRNA fragments have a direct inhibitory effect on protein 
translation in the archeon Haloferax volcanii.36 In this study, 
Gebetsberger et al. show that 26 nt 5' tRFs are able to inhibit 
translation. Specifically, they find that tRF(Val) is able to inhibit 
peptide bond formation, and that another, less abundant tRF 

defect, but saw no difference in tRNAGln charge state when Gln19 
was added to the lysate (Fig. 7C).

As the levels of these major translation substrates are 
unchanged by addition of 5' tRFs, we looked to see if 5' tRFs 
affect mRNA recognition by eIF4F and/or poly(A) binding pro-
tein (PABP). In the early stages of translation, the eIF4F complex 
binds the mRNA cap structure and PABP binds the poly(A) tail. 
Interactions between eIF4F and PABP cause mRNA circulariza-
tion, which is required for efficient translation initiation.35 In 
our in vitro system, uncapped or non-adenylated mRNA can be 
translated, although at low efficiency. We investigated whether 
Gln19 caused a translation defect from mRNA that is either 
capped but non-adenylated, or which contains an “ACap” (that 
cannot interact with eIF4F) and is non-adenylated. As shown in 
Figure 7D, we found that translation of these mRNAs was inhib-
ited to the same degree as for capped, polyadenylated mRNA, 
indicating that translation inhibition does not occur by interfer-
ing with the mRNA-circularization steps of initiation.

We next investigated whether tRFs are associated with partic-
ular translation intermediates by separating sub-ribosomal com-
plexes from polysomes on a sucrose gradient. In cells treated with 
cycloheximide to freeze polysomes, most 5' tRFs were recovered 
from the low density fractions, but a significant proportion of cel-
lular tRF(Gln) comigrated with polysomes (Fig. 8, upper north-
ern blot). When translationally active polysomes were disrupted 
by addition of the chain terminator puromycin to cells prior to 
lysis, the distribution of tRF(Gln) shifted toward lighter fractions 
concomitantly to the A

260
 trace (Fig. 8, lower northern blot; also 

compare quantification of fractions 17–20). In the highest-occu-
pancy polysomes, represented by fractions 17–20, the amount 
of tRF(Gln) recovered was 18.5% in the cyclohexamide-treated 
cells but 10.5% in the puromycin-treated cells where these poly-
somes had been specifically disrupted. This indicates that 5' tRFs 
are associated with bona-fide polysomes and that these polysomes 
are not permanently stalled translation complexes. We also inves-
tigated whether the biochemical distribution of a target mRNA 
changed after cotransfection with tRF sequences. To do this, we 
co-transfected cells with psiCheck-2 [in order to express Renilla 
luciferase, a known target of tRF(Gln)] and Gln19. We observed 
similar amounts of Renilla mRNA present in polysomes in sam-
ples transfected with Gln19, Gln19(mGG) or no RNA, indicat-
ing that formation of elongating ribosomes does not appear to be 
affected by 5' tRF sequences (Fig. S5).

Discussion

In addition to their well-characterized function as amino acid 
carriers, it has recently become apparent that tRNAs are used 
as precursors for a number of different classes of small RNAs.22 
They can be cleaved by various endonucleases into 3' U, 3' CCA 
or 5' tRFs, and they can be cleaved by angiogenin into half-tRNA 
fragments under stress conditions. tRNA fragments have been 
found to have a variety of different functions: some 5' tRNA 
halves specifically inhibit translation by a mechanism involv-
ing sequestration of eIF4G;27 some 3' tRFs have been shown to 
have functions in cell proliferation;14,23 and 3' U and 3' CCA 

Figure 4. Gln19 can repress translation of Renilla and firefly luciferases 
that do not contain complementary target sites. (A) heLa cells were 
transfected with a reporter plasmid, and 19-base single-stranded RNA 
molecules containing either the tRF(Gln) sequence or a scrambled 
sequence. The firefly gene contained no target sites, and the Renilla 
gene contained either three perfect Gln target sites or mutated control 
versions of the same, as indicated. The expression of Renilla and firefly 
luciferases were measured separately. (B) In vitro translation reac-
tions were performed with the indicated concentrations of Gln19 or 
Gln19(scr) present in the reaction. The messenger did not contain any 
Gln19 target sites. Results shown are the mean of three independent 
experiments, and error bars represent standard deviations.
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[tRF(Ile)] is not. The fact that 5' tRFs are 
able to inhibit translation across domains 
of life suggest that this may be an ancient 
way by which organisms control protein 
translation. Out of the four RNAs that we 
tested, three of them (derived from differ-
ent tRNAs) were able to inhibit transla-
tion, and in these tRFs the activity required 
a conserved “GG” dinucleotide. Indeed, a 
non-tRNA-derived sequence could inhibit 
translation in the same manner as 5' tRF 
sequences if a 3' “GG” dinucleotide was 
present. However, we note that one tested 
RNA molecule (Glu19) did not cause any 
translational repression, indicating that 
perhaps other sequence features can affect 
the ability of these RNA molecules to 
modulate translation. It is noteworthy that 
Gebetsberger et al. also find that only a 
subset of 26-nt 5' tRFs are able to inhibit 
translation.36

5' tRNA halves also inhibit translation, 
but by a different mechanism.27 5' tRNA 
halves are derived from the same part of 
tRNA molecules as 5' tRFs, indeed they 
contain the 5' tRF sequence. However, 
translation repression by 5' tRNA halves 
requires a run of at least four guanosine 
residues at the 5' end of the molecule, 
which is present in tRNAAla and tRNA-
Cys only. In contrast, 5' tRFs require only 
two guanosine residues at the 3' end of the 
molecule, and these residues are absolutely 
conserved between tRNAs.27 Interestingly, 
although 5' tRNA halves contain the 5' 
tRF sequence, the mutation of the invariant 
“GG” dinucleotide at positions 17-18/18-
19 does not affect their ability to repress 
translation,27 which contrasts to the 5' tRFs 
we have investigated. Additionally, 5' tRFs 
and 5' tRNA halves are probably produced 
by different pathways, as tRNA halves are 
produced in response to different stimuli 
to 5' tRFs. tRNA halves are known to be 
produced when cells experience oxidative 
stress,19 but under conditions of oxidative 
stress we observe no change in 5' tRF lev-
els (data not shown). Instead, 5' tRF levels 
appear to be elevated in cells exhibiting a 
high proliferation rate.

We have shown that the inhibition of 
protein translation by 5' tRFs is indepen-
dent of mRNA circularization. In addition, 
the mRNA abundance and polyadenyl-
ation status is not affected by 5' tRFs, and 
nor is the abundance or charge state of a 

Figure 5. Translation repression requires a “GG” dinucleotide that is conserved in tRFs. (A) In 
vitro translation reactions were performed in the presence of the indicated 19-mer oligonucle-
otides. (B) Diagrams of the Gln19-derived oligonucleotides that were used to find sequence 
requirements for translation repression. The mutated bases are highlighted. (C) In vitro transla-
tion reactions were performed with the Gln19-derived oligonucleotides. Gln19(mGG) showed a 
severe defect in its ability to repress translation. (D and E) In vitro translation reactions were per-
formed with (D) Lys19 and (E) Val19, and their corresponding mutants. In both cases, translation 
repression required a 3' “GG” dinucleotide. In all reactions, the concentrations of oligonucleotide 
used were 0, 2.5, 5 and 10 μM. Results shown are the mean of three independent experiments, 
and error bars represent standard deviations.
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defects in translation fidelity caused by mischarging of tRNAs, as 
has recently been reported by Netzer, et al.37

In the light of these data, what is the function of 5' tRFs in 
vivo? While we note that our experiments to date have been 
focused on the effect of 5' tRFs on translation of a limited 
number of reporter genes, and we do not claim that 5' tRFs 
would affect all genes equally, it nevertheless seems apparent 
that they repress the translation of at least a subset of mRNAs. 
Cell growth and division requires a high translation rate, and 
the growth of tumors requires mutations that increase bulk cel-
lular translation rate.38 Some 3' U and 5' tRFs have been shown 
to be elevated in actively proliferating cells.14,17 Maybe 5' tRFs 
represent a mechanism by which cells can put the brakes on 

cognate tRNA. The exact mechanism of inhibition remains to 
be elucidated in further work. Our observation that a fraction 
of cellular 5' tRFs associate with actively elongating polysomes, 
taken together with the fact that mRNA association with poly-
ribosomes does not change when 5' tRFs are transfected into 
cells, may indicate that they interfere with the process of elonga-
tion. However, we note that the majority of 5' tRFs are present 
in complexes smaller than the 40S small ribosomal subunit and, 
hence, they may alternatively exert their effects at other points 
in the translation cycle. As well as the canonical translation con-
trol points, they could also interfere with processes such as the 
specificity of tRNA charging; since our measurements of transla-
tion are based on functional enzyme assays, we would also detect 

Figure 6. Translation assays using a non-tRNA-derived sequence. (A) A 19-base oligonucleotide (Art19), containing a 3' “GG,” was designed with only 
the loop sequence (gray box) derived from tRNA. Related oligos with the 3' “GG” mutated, and an oligo containing the 3' “GG” but designed to have 
less secondary structure, were also designed. (B) The oligonucleotides shown in (A) were used in an in vitro translation reaction. (C) An oligonucle-
otide was designed that is derived from Art19, but with the loop sequence changed to a non-tRNA-derived sequence. (D) The oligonucleotides shown 
in (C) were used in an in vitro translation reaction. In all reactions, the concentrations of oligonucleotide used were 0, 2.5, 5 and 10 μM. Results shown 
are the mean of three independent experiments, and error bars represent standard deviations.
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UGGU; Gln19(mGG), GGUUCCAUGGUGUAA 
UCCU; Glnmid, GAGCACUUUGGACUC 
UGAA; Val19, GUUUCCGUAGUGUAGUGGU; 
Val19(mGG), GUUUCCGUAGUGUAGUCCU; 
Lys19, GCCCGGAUAGCUCAGUUGG; 
Lys19(mGG), GCCCGGAUAGCUCAGUUCC; 
Glu19, UCCCUGGUGGUCUAGUGGU; 
Artificial19, CAUCCAUAAGUCGCAUGGU; 
Artificial19(mGG), CAUCCAUAAGUCGCAUCCU; 
Artificial19(unstruct), AAUAAAUAAGUCGCAUGGU; 
Artificial19(loopswap), CAUCCAUGUACCUAAUGGU; 
tRF-1001, GAAGCGGGUGCUCUUAUUU; siGln, 
GGUUCCAUGGUGUAAUGGUdTdT (sense), 
ACCAUUACACCAUGGAACAdTdT (passenger).  
DNA oligonucleotides were as follows: let-7a_target, 
G T T G C G G C C G C T G AG G TAG TAG G T T G TATA 
G T T T C G A C T G A G G T A G T A G G T T G T A 
TAG T T T C G AC T G AG G TAG TAG G T T G TATAG T 
TCTCGAGTTG; let-7a_mut_target, GTTGCGGCCG 
C T G T C C TAG TAG C T T G TATAG T T T C G AC T G T 
CCTAGTAGCTTGTATAGTTTCGACTGTCCTAGTAGC 
TTGTATAGTTCTCGAGTTG; gln_target, GTTGCGG 
CCGCGGTTCCATGGTGTAATGGTTCGACGGTTCC 
A T G G T G T A A T G G T T C G A C G G T T C 
CATGGTGTAATGGTCTCGAGTTG; gln_mut_target,  
GTTGCGGCCGCGGAAGCATGGTCTAATGGTTCGAC 
GGA AGC ATGGTC TA ATGGT TCGACGG A AGC AT 
GGTCTAATGGTCTCGAGTTG; let-7a_ds, CAACTCGA 
GAACTATACAA; gln_ds, CAACTCGAGACCATTACAC; 
gln_mut_ds, CAACTCGAGACCATTAGAC; glnmm_XPE, 
ATCGAACTCGAGCAGGGTTTAAACACCATTAGTGGA 
TGGAACCCAGGACCATTAGTGGATGGAACCCAGG 
ACCATTAGTGGATGGAACCGATATCCTCGAA; glnmm_
mut_XPE, ATCGAACTCGAGCAGGGTTTAAACACCA 
TTAGTGGATGCTTCCCAGGACCATTAGTGGATGC 
TTCCCAGGACCATTAGTGGATGCTTCCGATATCCTC 
GAA; m5_mut_fwd, CCTCCAGCTACCTCTGGCGCC 

hyperactive translation? A 3' CCA tRF that acts as a miRNA 
suppresses proliferation by targeting the RPA1 gene.23 The 
interesting observation that a 3' U tRF, tRF-1001, is necessary 
for cell growth14 leads to the hypothesis that cells finely bal-
ance their translational output and/or proliferation by modula-
tion of the production or stability of different types of tRNA 
fragments. The investigation of these and similar questions in 
suitable cellular contexts will lead to a greater understanding of 
these new types of RNA.

Materials and Methods

Oligonucleotide sequences. RNA oligonucleotides 
were as follows: Gln19, GGUUCCAUGGUGUAA 
UGGU; Gln19(Scr), GUGGUAGAGGUUGCUA 
UCU; Gln19(mMid), GGUUCCAACCUGUAA 

Figure 7. Translation repression by 5' tRFs does not occur by mRNA or 
tRNA degradation, and does not involve the mRNA cap structure or 
poly(A) tail. (A) tRFs do not trigger mRNA deadenylation or degrada-
tion. An in vitro translation reaction was performed in the presence 
of 10 μM Gln19 or Gln19(mGG) and total and polyadenylated Renilla 
luciferase mRNA quantified by qpcR, using random hexamers or dT20 
reverse transcription primers respectively. (B) tRFs do not change tRNA 
abundance. heLa cells were transfected with either Gln19 or Gln19(scr), 
and after 24 h, tRNA(Gln) quantified using qpcR are shown normalized 
to 5s abundance. (C) tRFs do not trigger a tRNA charging defect. An 
in vitro translation reaction was performed in the presence of either 
buffer, 10 μM Gln19 or 10 μM Gln19(mGG). The amounts of charged 
tRNA(Gln) and uncharged tRNA(Gln) in each sample were resolved 
using an acidic gel. (D) mRNAs were synthesized in vitro that contain 
either a cap analog plus a poly(A) tail, a cap analog and no poly(A) 
tail, or a non-functional cap analog and no poly(A) tail. These mRNAs 
were used in an in vitro translation reaction in the presence of Gln19. 
The concentrations of oligonucleotide used were 0, 2.5, 5 and 10 μM. 
Results shown are the mean of three independent experiments, and er-
ror bars represent standard deviations. cap: m7G(5')ppp(5')G. Acap: A(5')ppp(5')

G. p(A): poly(A) tail.
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To generate psiCheck-6xGln(mismatch 
and mismatch_control), an oligonucleotide 
containing 3 target sites (glnmm_XPE 
and glnmm_mut_XPE) were made double 
stranded by incubation with their reverse 
complement at 95°C followed by cooling 
to room temperature. These inserts were 
digested with XhoI and EcoRV and ligated 
into psiCheck-2 that had been digested 
with XhoI and PmeI and 3' dephosphory-
lated. This protocol was repeated to add 
another three target sites. During clon-
ing, the PmeI site was modified such that 
psiCheck-6xGln(mismatch) had sequence 
G A T C G C T C G A C A G G G T A A A C 
and psiCheck-6xGln(mismatch_con-
trol) had sequence GATCGCTCGAGC 
AGGGTTAAAC.

To create psiCheck-2(m5), psiCheck-2 
was mutagenized in a standard mutagenic 
PCR reaction in a final volume of 50 μL 
containing 125 ng primers m5_mut_fwd 
and m5_mut_rev, 200 nM dNTPs, 25 ng 
psiCheck-2 and 2.5 U PfuTurbo (Stratagene) 
(cycle settings: initial denaturing stage 95°C  
30 s, then 95°C 30 s, 55°C 1 min, 68°C 
6.5 min, for 18 cycles). The product 
was desalted using QIAquick columns 
(Qiagen), and eluted in a volume of 26 
μL. The template DNA was digested 
by incubation with 1U FastDigest  
DpnI (Fermentas) at 37°C 
for 20 min. Two μL of  
the reaction mixture was used for transfor-
mation of E. coli (XL1 Blue).

psiCheck-2(m51) was created in a similar 
way from psiCheck-2(m5) by mutagenesis 

with primer m51_mut and its reverse complement.
All constructs generated were verified by appropri-

ate sequencing (DNA sequencing service, University of  
Dundee).

Cell culture and transfection. HeLa cells were cultured 
in DMEM containing 10% (v/v) fetal calf serum, 25 U/mL  
penicillin and 25 μg/mL streptomycin (Invitrogen). 
Transfections were performed using Lipofectamine  
2000 (Invitrogen) according to the manufacturer’s  
instructions.

In vivo luciferase reporter assays. HeLa cells in a 24-well 
plate format were transfected with 0.13 μg reporter plasmid. 
Where siRNA or 2'-O-methyl oligonucleotides were co-trans-
fected, 40 pmol was used, and where unmodified RNA was 
cotransfected, 100 pmol was used. Sixteen hours after transfec-
tion, cells were lysed using passive lysis buffer (Promega) and 
luciferase activity measured using the Dual-Luciferase Reporter 
Assay System (Promega) in accordance with the manufacturer’s 
instructions.

ACGTCGTGCCTC; m5_mut_rev, TTCTCCTT 
GAATGGTTCGAGGTAGGCAGCGAACTCC; m51_mut,  
TTCGCTGCCTACCTCGAGCCATTCA AGGAGA A. 
The following qPCR primers were used: 
Renilla, ACAAGTACCTCACCGCTTGG 
(fwd),  GACACTCTCAGCATGGACGA (rev); 
5S, GGCCATACCACCCTGAACGC (fwd), 
CAGCACCCGGTATTCCCAGG (rev). RNA secondary 
structure prediction. RNA structures were predicted by the 
Mfold software.39

Plasmid construction. To generate psiCheck-3xGln(perfect 
and perfect_control) and psiCheck-3xlet-7(perfect and perfect_
control), an oligonucleotide (let-7a_target, let-7a_mut_target, 
gln_target, gln_mut_target) containing the target sites was made 
double stranded using an appropriate primer (let-7a_ds, gln_ds, 
gln_mut_ds) and Klenow’s reagent. These inserts were digested 
with NotI and XhoI and ligated into psiCheck-2 (Promega) 
that had been digested with the same restriction enzymes and 3' 
dephosphorylated.

Figure 8. A proportion of cellular tRFs associate with polysomes. cell lysate from heLa cells 
was separated on a 10–50% (w/v) sucrose gradient to resolve polysomes. cells were either 
treated with 50 μg/mL cycloheximide (7 min) or the chain terminator puromycin (200 μg/mL, 
15 min) before lysis. The absorbance profile at 260 nm is shown. tRF(Gln) was detected using 
northern blotting, and quantifications of the level in each fraction are shown below the blots.
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