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Although not generally appreciated, the first
3D visualization of a nucleic acid was pro-
vided by the crystal structures of yeast
phenylalanine transfer RNA (tRNA) (1, 2).
[The DNA structure determined in the
1950s was a low-resolution fiber-diffraction–
based model (3).] It was interesting to see
that the L-shaped tRNA molecule is main-
tained by both Watson–Crick and non-
Watson–Crick types of base interactions.
These types include Hoogsteen base pairs
that use the N7-C6 face of a purine to
make hydrogen-bonding interactions. The
scheme of the Hoogsteen base pairing
also allows the formation of a planar inter-
action with four guanine residues, known
as G-tetrad or G-quartet (Fig. 1A). Despite
the fact that the G-tetrad interaction was
first proposed over 50 y ago (4), demon-
stration of its biological significance was
much later and not until it was found in
the structure of telomeres (5–7). The 3′-end
overhang of vertebrate telomeres are rich in
guanines and consist of many TTAGGG
repeats that can spontaneously fold into
four-stranded DNA structures with two
or more G-tetrads stacking on top of each
other. Functionally, formation of this unique
structure—named G-quadruplex—plays a
major regulatory role in telomere mainte-
nance (8). Since then, G-quadruplex struc-
tures became widely noted to be present
throughout the genome and the transcrip-
tome. DNA and RNA G-quadruplexes be-
come attractive drug targets for treating
various diseases as well as novel therapeu-
tics (9). In PNAS, Ivanov et al. suggest for
the first time that G-quadruplex structures
can form within a cleaved tRNA fragment,
presumably requiring conformational rear-
rangement from its original structure in the
whole tRNA (10). Moreover, these tRNA-
derived G-quadruplex structures are effec-
tor molecules of a stress-response pathway
that protects motor neuron, making them
potential therapeutics for treating neurode-
generative diseases, especially amyotrophic
lateral sclerosis (ALS).

ALS, often referred to as Lou Gehrig’s Dis-
ease in the United States, is a paralyzing and
ultimately fatal disease characterized by the
progressive loss of motor neurons. One of the
susceptibility genes for ALS is angiogenin,
whose loss-of-function is strongly associated
with the disease (11). Angiogenin was discov-
ered as a secreted angiogenic factor and later
demonstrated to be a tRNA-specific ribonu-
clease (12). Under conditions of stress, such
as oxidation, secreted angiogenin re-enters
the cell and cleaves tRNA at the anticodon
loop, located at the tip of one arm of the
L-shaped molecule (Fig. 1B). The cleav-
age produces two tRNA halves about 30–
40 nucleotides long designated as 5′- and
3′-tiRNAs (13). In previous work of the
Anderson laboratory, a subset of the 5′-
tiRNAs derived from alanine and cysteine
tRNAs was found to recruit translational
silencer protein YB-1 and sequester eukary-
otic translation initiation factor 4G/A com-
plex to inhibit translation initiation (14)
(Fig. 1B). Down-regulation of protein syn-
thesis under stress conditions would help
to conserve energy and divert the trans-
lation machinery to temporarily focus on
the synthesis of stress-response genes. The
specific 5′-tiRNAs also trigger the assem-
bly of a special type of aggregate called
stress granules, which function to seques-
ter the stalled translation preinitiation
complexes until the stress condition is re-
solved (Fig. 1B). Although escalated and
prolonged production of aggregates impairs
normal function and survival, especially for
neuronal cells, physiological and transient
stress granules can help neurons to deal
with stress (15). The latter aspect, perhaps,
contributes to why loss-of-function muta-
tions of angiogenin are causatively linked
with ALS. Indeed, Ivanov et al. show that
treatment of angiogenin, but not its loss-of-
function mutant, promotes motor neuron
survival under excitotoxic and oxidative
stresses (10).
Interestingly, Ivanov et al. also find that
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Fig. 1. (A) Planar interaction with four guanine nucleo-
tides to form a G-tetrad (green, carbon; blue, nitrogen;
red, oxygen; orange, phosphorus). (B) The angiogenin
neuroprotective pathway. Angiogenin generates tiRNA
fragments that form putative G-quadruplex structures
and act to protect motor neurons under stress.
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other 5′-tiRNAs that are nonfunctional in
this pathway, are assembled into putative
G-quadruplex structures (10). This finding
is exciting from both basic and therapeutic
perspectives because G-quadruplex structures
are known to be able to efficiently enter cells
(9). In addition, the well-established confor-
mational differences between DNA and RNA
double helices are usually not seen in
G-quadruplex structures. This consideration
may have provided the authors with the ra-
tionale to test the 5′-tiDNAAla, which would
be more resistant to nuclease degradation
than its RNA counterpart. Indeed, Ivanov
et al. find that 5′-tiDNAAla is spontaneously
uptaken by human motor neurons and effec-
tively rescues the motor neurons from stress-
induced death (10).
As 5′-tiRNAs join other small RNAs—

such as microRNAs and Piwi-interacting
RNAs—to perform a regulatory function in
eukaryotic cells, an interesting question has
been whether these 5′-tiRNAs likewise also
have RNA or DNA targets. An intriguing
possibility has been raised from Ivanov
et al.’s (10) work showing apparent interac-
tion of 5′-tiRNAAla and 5′-tRNACys with
the pathological GGGGCC RNA repeats
transcribed from the C9ORF72 gene. The
hexanucleotide repeat expansions are the
leading genetic cause of ALS and fronto-
temporal dementia (FTD) (16, 17). Normal
human C9ORF72 alleles have a few intronic
GGGGCC repeats, whereas the ALS/FTD-
associated C9ORF72 alleles contain tens to

thousands of the repeats that have a length-
dependent capacity to form G-quadruplex
structures (18, 19). Ivanov et al. (10) find
that RNA oligonucleotide (GGGGCC)23,
but not (GGGGCC)4, suppresses the ac-
tivity of 5′-tiRNAAla and 5′-tRNACys to
induce stress granules. Therefore, the authors
propose that the G-quadruplex structures
formed by the extended GGGGCC repeats
may interfere with the function of the en-
dogenous tiRNAs in motor neuron main-
tenance, a hypothesis that may unite two
distinct genetic causes of ALS. On the flip
side, it would be interesting to test if the

G-quadruplex–containing tiRNAs/tiDNAs
could also be used to suppress the toxicity
of the pathological GGGGCC repeats.
There are many remaining questions.

For example, how do 5′-tiRNAAla and 5′-
tRNACys form into the putative G-quadruplex
structures? What do the structures look
like? How does YB-1 interact with the
G-quadruplexes? Does 5′-tiRNAAla and 5′-
tRNACys have other physiological interac-
tion partners in motor neurons? Answers
to these questions would help to optimize
these tRNA-derivedG-quadruplexmolecules
for the treatment of motor neuron diseases.
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