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Tandem GGGGCC repeat expansion in C9orf72 is a genetic
cause of frontotemporal lobar degeneration (FTLD) and
amyotrophic lateral sclerosis (ALS). Transcribed repeats are
translated into dipeptide repeat proteins via repeat-associated
non-AUG (RAN) translation. However, the regulatory mecha-
nism of RAN translation remains unclear. Here, we reveal a
GTPase-activating protein, eukaryotic initiation factor 5 (eIF5),
which allosterically facilitates the conversion of elF2-bound
GTP into GDP upon start codon recognition, as a novel
modifier of C9orf72 RAN translation. Compared to global
translation, eIF5, but not its inactive mutants, preferentially
stimulates poly-GA RAN translation. RAN translation is
increased during integrated stress response, but the stimulatory
effect of eIF5 on poly-GA RAN translation was additive to the
increase of RAN translation during integrated stress response,
with no further increase in phosphorylated elF2a. Moreover,
an alteration of the CUG near cognate codon to CCG or AUG
in the poly-GA reading frame abolished the stimulatory effects,
indicating that eIF5 primarily acts through the CUG-
dependent initiation. Lastly, in a Drosophila model of
C90rf72 FTLD/ALS that expresses GGGGCC repeats in the eye,
knockdown of endogenous elF5 by two independent RNAi
strains significantly reduced poly-GA expressions, confirming
in vivo effect of elF5 on poly-GA RAN translation. Together,
elF5 stimulates the CUG initiation of poly-GA RAN translation
in cellular and Drosophila disease models of C9orf72 FTLD/
ALS.

Frontotemporal lobar degeneration (FTLD) is a neurode-
generative disease characterized by behavioral disturbances,
aphasia, and dementia, with localized atrophy of the frontal
and temporal lobes. Amyotrophic lateral sclerosis (ALS) is a
neurodegenerative disease characterized by motor neuron
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degeneration and muscle weakness. These diseases present
with different clinical symptoms but share common patho-
logical mechanisms. An unusually expanded GGGGCC (G4C,)
repeat in intron 1 of C9orf72 gene was discovered in 2011 to be
the most frequent cause of FTLD/ALS (1-3). Nonpathogenic
repeat lengths have been proposed to be 2 to 30 (G4C,) re-
peats, whereas C9orf72 FTLD/ALS (C9-FTLD/ALS) patients
typically have hundreds to thousands of repeats. The G4C,
repeat is transcribed from sense and antisense strands. Sub-
sequently, the repeat transcripts are translated into poly-GA
(glycine-alanine), poly-GP (glycine-proline), and poly-GR
(glycine-arginine) from sense transcript and poly-proline-
alanine, poly-GP, and poly-proline-arginine from antisense
transcript through repeat associated non-AUG (RAN) trans-
lation (4-9). These proteins are named dipeptide repeat pro-
teins (DPR) based on their dipeptide motifs (5). DPR forms
cytoplasmic and intranuclear inclusions in the brain of C9-
FTLD/ALS patients. Multiple in vitro and in vivo models
including yeast (10), fly (11, 12), cultured cells (13-15), and
mice (16, 17) have revealed extensive DPR toxicity, although
whether the accumulation of specific DPR correlates with
neurodegeneration in C9-FTLD/ALS patients has been
controversial (18-23). The other disease mechanisms
including sequestration of RNA binding proteins into repeat
RNA foci and/or loss of lysosome/autophagy function through
reduction of CO9orf72 protein may aggravate neuro-
degeneration in C9-FTLD/ALS models (24—29); current evi-
dence supports the notion that RAN translation inhibition and
thus suppression of DPR expressions would have therapeutic
potential. To achieve this goal, it is essential to elucidate the
precise mechanism underlying RAN translation.

As for the mechanism of RAN translation, several research
groups have described cellular stress and neural excitation
enhance RAN translation through elF2a phosphorylation
(30-32). Moreover, metformin, an antidiabetic, inhibits pro-
tein kinase R that targets e[F2a and thus RAN translation (33).
Mechanistically, the internal ribosome entry site-related pro-
tein RPS25, RNA helicases DDX3X and DHX36, and the RNA-
binding protein FUS have been reported to regulate the RAN
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elF5 stimulates poly-GA RAN translation

translation of C9orf72 repeat (34-37). Several eukaryotic
translation initiation factors (elFs) are implicated in C9orf72
RAN translation. Reduction in elF4B and elF4H, accessory
proteins of the eIlF4A helicase, reduces poly-GR-GFP from
G4C, transcripts in Drosophila (38). Similarly, the reduction in
elF2D, but not eIF2A, was reported to reduce the expression of
poly-GA and poly-GP in a C. elegans model and in human-
derived cell lines (39), but this was not reproduced by eIF2D
knockdown in HEK293 cells (40).

The present study investigated whether eukaryotic initiation
factor eIF5 (41) regulates RAN translation. Biochemical studies
since 1980s have established the role of elF5 on start site se-
lection in general translation as a GTPase-activating protein
(GAP) (42-46). In translation initiation, 43S preinitiation
complex (PIC) scans through the 5’'UTR region of RNA typi-
cally until it recognizes AUG initiation codon with preferred
Kozak consensus sequence (47, 48), although PIC can also
recognize AUG in a nonpreferred context or a near cognate
codon in a preferred context with lower recognition efficiency.
Subsequently, eIF5 binds to the eIF2 subunit of the 43S PIC,
and this binding allosterically stimulates the hydrolysis of eIF2-
bound guanosine triphosphate (GTP) to guanosine diphos-
phate (GDP) (49). Upon GTP hydrolysis, eIF2 loses its affinity
for the initiator, Met-tRNA, leaving the PIC. The remaining
part of the PIC and the newly recruited 60S ribosome subunit
together form a mature 80S ribosome, and this 80S ribosome
starts the synthesis of nascent polypeptides. Interestingly,
increasing the level of elF5 has been reported to reduce the
stringency of start codon recognition and suppress leaky
scanning, in which ribosomes skip initiation at the AUG with a
suboptimal Kozak consensus sequence (50, 51).

Although an AUG in an optimal Kozak sequence is the most
favorable initiation site for eukaryotic translation, RAN
translation is delineated by non-AUG initiation. Especially,
recent reports described that poly-GA RAN translation initi-
ates at CUG codon in the 5’ leader sequence of G4C, repeat
(29, 30, 52-54).

In this study, we reveal that elF5 preferentially stimulates
CUG-dependent poly-GA RAN translation over global trans-
lation in disease models of C9-FTLD/ALS. Mechanistically,
this effect was mediated by the GAP activity of eIF5. Moreover,
substitution of CUG near cognate to AUG abolished the
stimulatory effect of eIlF5 on poly-GA RAN translation.
Consistent with these findings, we also observed the stimula-
tory effect of elF5 on poly-GA RAN translation in an in vivo
Drosophila model of C9-FTLD/ALS. Thus, we propose that
elF5 stimulates initiation at CUG near the cognate codon
during C9orf72 poly-GA RAN translation.

Results
elF5 positively regulates poly-GA expression through RAN
translation

To monitor RAN translation in a cellular model of C9-
FTLD/ALS, we utilized (G4C,)so repeat expression plasmids
(5, 28, 55). The plasmids express transcripts containing 113 bp
endogenous 5'flanking leader sequence adjacent to C9orf72
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G4C, repeats followed by pathogenic 80 repeats of tandem
G4C, sequence. The 5'flanking region contains a near cognate
CUG codon where poly-GA translation initiates (29, 53).
Additionally, the C-terminal FLAG tag was artificially fused to
the poly-GA reading frame that could be initiated by CUG
codon (Fig. 1A). Using this system, we tested the effect of elF5
knockdown on poly-GA RAN translation in repeat-expressing
HeLa cells. Knockdown of elF5 using two different siRNAs
similarly decreased cellular elF5 expression (Fig. 1, B and C)
and poly-GA expression levels (Fig. 1, B and D). These results
suggest that a reduction in eIF5 suppresses poly-GA RAN
translation in our cellular model of C9-FTLD/ALS. Next, we
examined whether elF5 expression stimulated poly-GA RAN
translation. To do so, an N-terminally V5-tagged elF5
expression plasmid, lacking the upstream open reading frame
of elF5 to avoid its own autoregulation (50), was constructed
and coexpressed with the (G4C,)gy repeat plasmid in HeLa
cells (Fig. 1A). The expression levels of exogenous elF5 were
verified using anti-eIF5 and anti-V5 antibodies (Fig. 1E). This
approach revealed that eIF5 increased poly-GA expression in
the (G4Cy)so repeat (Fig. 1, E and F). RT-qPCR analysis
confirmed that elF5 overexpression did not increase (G4Cs)go
repeat RNA levels in our cellular model (Fig. 1G). Moreover,
even under elF5-knockdown conditions, overexpression of
siRNA-resistant eIF5 successfully rescued poly-GA expression
(Fig. 1, H and I). This ruled out the possibility of off-target
effects of elF5 siRNAs. These results suggest that elF5 stim-
ulates poly-GA RAN translation in our cellular model of
C9orf72 repeat expansion.

elF5 preferentially augments poly-GA translation over global
translation

We then examined the extent to which eIF5 is selective for
poly-GA RAN translation over global translation. To monitor
the effect of eIF5 on global translation and estimate its selec-
tivity on poly-GA RAN translation, we performed a puromycin
incorporation assay on both eIF5 knockdown and elF5 over-
expression conditions (Fig. 2). To do knockdown, the cells
were reverse transfected with elF5 or nontargeting control
siRNAs. Next day (day 1), cells were transfected with either
(G4Cy)go repeat plasmids or the corresponding mock plasmids.
Twelve hours later, these cells were pulse labeled with puro-
mycin, a structural analog of aminoacyl-tRNA. Puromycin is
incorporated into the carboxy terminal of nascent polypeptides
and labels neosynthesized proteins (56). As a negative control
without pulse-labeling, puromycin-untreated cells were also
prepared. Moreover, as a control for translation inhibition, a
subset of cells was pretreated with cycloheximide (CHX), a
translation elongation inhibitor, for 20 min (Fig. 24). While
whole cell lysates (input) of puromycin-labeled cells exhibited
puromycin signals of various molecular weights (Fig. 2B lane
2-5), no puromycin signal was obtained from puromycin-
untreated cells (Fig. 2B lane 1), and brief CHX treatment
significantly decreased puromycin-labeled signals (Fig. 2B lane
5), thus supporting the successful monitoring of active cellular
translation and the validity of our puromycin incorporation
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Figure 1. elF5 stimulates poly-GA RAN translation. A, schematic representation of the plasmids used in the experiments is presented in this Figure.
(G4Cy)g0 repeat or control Orp plasmid express 5'flanking region with or without (G4C5)go. The repeat-containing transcript undergoes RAN translation, which
produces poly-GA DPR C-terminally fused with a FLAG tag (GA-FLAG). N-terminally V5-tagged or untagged human elF5 expression plasmid and an siRNA-
resistant version (synonymous alteration of the siRNA for elF5,; targeting site) of the V5-tagged human elF5 expression plasmid. A target site for siRNA
elF5,3 is also shown for reference. B-D, knockdown of elF5 using two different target sequences (siRNAs 4, 45) decreased poly-GA expression in (G4C,)go
repeat-expressing Hela cells. Western blotting was performed with anti-FLAG, anti-elF5, anti-B-actin antibodies. n = 5. Each experiment was performed in
duplicates. C and D, ANOVA with Tukey-Kramer post hoc test. elF5 and GA-FLAG protein levels in the graph were normalized by the signals of the control
siRNA condition (Ct). E and F, coexpression of the V5-elF5 or elF5 plasmid increased poly-GA RAN translation in (G,C,)go repeat-expressing Hela cells.
Western blotting was performed with anti-FLAG, anti-V5, anti-elF5, and anti-B-actin antibodies. n = 3. Experiments were performed in duplicates. ANOVA
with Dunnett’s post hoc test (versus mock). GA-FLAG protein levels in the graph were normalized by the signals of the (G4Cy)go + V5-elF5 transfection
condition. G, RT-gPCR analysis quantifying G,C, repeat RNA expression was normalized by 3-actin mRNA. elF5 expression suppresses cellular G4,C; repeat
RNA expression. n = 4. Experiments were performed in duplicates. ANOVA with Tukey-Kramer post hoc test. G,C, repeat RNA levels in the graph were
normalized by the signals of (G4C;)g0 + mock transfection condition. H and /, elF5 was knocked down using siRNA 4, and overexpressed using siRNA;,-
resistant-V5-elF5 in (G4Cy)go repeat (siResi)-expressing Hela cells. Western blotting was performed with anti-FLAG, anti-V5, anti-elF5, and anti-B-actin an-
tibodies. n = 3. Each experiment was performed in duplicates. ANOVA with Tukey-Kramer post hoc test. GA-FLAG protein levels in the graph were
normalized by the signals of (G,C5)g + mock transfection under control siRNA condition and converted to ordinary logarithms. A dot in graphs represents a
data point from single well of cell culture plate. (C-/) Graphs are presented as the mean + standard error mean. (C-/) *p < 0.05, **p < 0.01, ***p < 0.001.
DPR, dipeptide repeat proteins; elF, eukaryotic translation initiation factor; GA, glycine-alanine; RAN, repeat associated non-AUG.
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Figure 2. elF5 preferentially stimulates poly-GA RAN translation over global translation. A, schematic representation of the experimental time-course
of the modified puromycin incorporation assay with or without elF5 knockdown. elF5 or control siRNA were reverse transfected at cell seeding (day 0), The
next day, (G4Cy)go or mock plasmids were transfected (day 1). Twelve hours later, cells were treated with puromycin (puro) for 20 min to monitor global
translation. A subset of cells was pretreated with the translation inhibitor cycloheximide (CHX) as a negative control for puromycin incorporation. Whole cell
lysates were immunoprecipitated (IP) with anti-poly-GA antibodies. The whole cell lysates and immunoprecipitants were served for Western blotting. B,
representative signals from anti-puromycin antibodies. n = 5. C, representative signals from anti-elF5 and anti-B-actin antibodies, corresponding input lanes
of Figure 2B. n = 5. D, quantification of incorporated puromycin signals from puromycin blots (B, whole lanes 3, 4, and 5) normalized by corresponding 3-
actin signals (C). n = 5. ANOVA with Tukey-Kramer post hoc test. The incorporated puromycin levels in the graph were normalized by the signals of “control
knockdown + (G4C,)gp transfection” condition. E, quantifications of signals of nascent poly-GA incorporating puromycin (GA-puro) from puromycin blots (B,
lanes 8, 9, 10) were normalized by the corresponding B-actin signals (C). n = 5. ANOVA with Tukey-Kramer post hoc test. GA-puro protein levels in the graph
were normalized by the signals of the “control knockdown+(G4Cy)go transfection” condition. A dot in graphs represents a data point from single well of cell
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assay. Knockdown of elF5 (Fig. 2C) showed a tendency toward
reduced puromycin incorporation, thus global nascent trans-
lation; however, this reduction did not reach statistical sig-
nificance (Fig. 2B, lanes 3 and 4, Fig. 2D). Next, to examine the
effect of elF5 knockdown on the levels of puromycin-labeled
nascent poly-GA, poly-GA in cell lysates (input) was concen-
trated by immunoprecipitation with an anti-GA antibody. The
immunoprecipitates were then immunoblotted with an anti-
puromycin antibody to examine the signals of puromycin-
labeled nascent poly-GA (Fig. 2B lane 7-10). The nascent
poly-GA signals (GA-puro) were detected only in the presence
of (G4Cy)g repeats (Fig. 2B lane 8-10) in the lower molecular
weight range, compared to the detection of poly-GA using a
FLAG tag located at the C terminus (Fig. 1H). This is assumed
to be because the active translation of poly-GA was stopped
midway owing to the incorporation of puromycin. Pretreat-
ment with the elongation inhibitor CHX on control knock-
down condition inhibited nascent poly-GA, further supporting
the validity of our assay (Fig. 2B, lane 8 and 10, Fig. 2E).
Importantly, eIF5 knockdown  significantly reduced
puromycin-labeled nascent poly-GA signals (Fig. 2B, lanes 8
and 9, Fig. 2E). These results suggest that knockdown of elF5
selectively decreases poly-GA RAN translation compared with
global translation.

Conversely, we next examined the selectivity of the effect of
elF5 overexpression on poly-GA RAN translation. To do so,
cells were transfected with (G4C,)go repeat plasmids together
with either eIF5 or the corresponding mock plasmids. These
cells were then pulse labeled with puromycin (Fig. 2F). Over-
expression of elF5 (Fig. 2H) did not stimulate puromycin
incorporation, thus, did not appear to stimulate global protein
synthesis (Fig. 2G, lanes 3 and 4, Fig. 2I). Next, the expression
levels of nascent poly-GA were examined through immuno-
precipitation with an anti-GA antibody and immunoblotted
with an anti-puromycin antibody. This revealed that elF5
overexpression increased puromycin-labeled nascent poly-GA
signals (Fig. 2G, lanes 8 and 9, Fig. 2)).

Collectively, these results suggest that elF5 selectively in-
creases poly-GA RAN translation compared to global
translation.

elF5 stimulates poly-GA translation through its intrinsic GAP
activity and elF2 binding

Next, we investigated the mechanism by which eIF5 stim-
ulates poly-GA RAN translation. elF5 is a GAP that accelerates
the hydrolysis of GTP to GDP during translation initiation
processes (45, 57). Therefore, we investigated whether GAP

elF5 stimulates poly-GA RAN translation

activity is involved in elF5-mediated augmentation of poly-GA
RAN translation. GAP activity is critically dependent on the
positive charge of arginine (R)15 of elF5 in its N-terminal
domain (45, 46), and the R15M substitution abolishes GAP
activity, while elF2-binding is not affected (46) (Fig. 3A).
Coexpression of elF5 R15M mutant with the (G4C,)go repeat
showed a compromised augmentation of poly-GA RAN
translation compared to that of the WT version of elF5 (Fig. 3,
B-D). There was no significant difference in the expression
levels of WT elF5 and its R15M mutant (Fig. 3C). These re-
sults suggest that elF5 stimulation of poly-GA RAN translation
requires its intrinsic GAP activity.

To gain a more mechanistic insight into the role of eIF5 in
RAN translation stimulation, we analyzed whether the eIF5-
elF2 interaction was necessary for this activity. It is well
established that elF5-elF2 binding is mediated through the
elF5 C-terminal domain (CTD) (58) and that the W391F
mutation in the CTD of elF5 diminishes the affinity of elF5-
elF2 binding (58) (Fig. 3A). Therefore, we tested whether the
W391F substitution in elF5 attenuated the augmentation of
poly-GA RAN translation. There was no significant difference
in the expressions of elF5 and its W391F mutant (Fig. 3C).
Indeed, the W391F substitution impaired the stimulatory ef-
fect of poly-GA RAN translation from the (G4C,)gp repeats
(Fig. 3, B and D).

When combined, these results suggest that eIF5 stimulates
poly-GA RAN translation through its intrinsic GAP activity
and its binding to eIF2 through its CTD.

elF5’s effect on RAN translation does not require increased
elF2a phosphorylation

Although precise mechanism is unclear, it has been reported
that RAN translation is stimulated during cellular integrated
stress responses (ISR), which involves phosphorylation of
elF2a at Ser51 (p-elF2a) (30-32). We therefore investigated
whether the effect of eIF5 on poly-GA RAN translation is
altered by the stimulation or inhibition of the ISR (Fig. 4A).

Sodium arsenite causes cellular oxidative stress and induces
ISR, including induction of p-elF2a, while ISRIB inhibits ISR
by directly binding to eIF2B, increasing its guanine nucleotide
exchange factor activity to increase GTP-bound elF2, regard-
less of the phosphorylation state of elF2a (59, 60). Sodium
arsenite treatment of G,C, repeat-expressing cells concur-
rently increased p-elF2«a level (Fig. 4, B and C) and the
expression of poly-GA (Fig. 4, B and D). In contrast, treatment
of G4C, repeat-expressing cells with ISRIB did not reduce
poly-GA expression from G,C, repeats (Fig. 4, B and D),

culture plate. F, schematic representation of the experimental time-course of the modified puromycin incorporation assay for nascent poly-GA with or
without elF5 overexpression. One day after the cotransfection of the (G4C,)go and V5-elF5 plasmids (day 2), the cells were pulse-labeled with puro, and
subsequent procedures were carried out in the same way as above. G, representative signals from anti-puromycin antibodies. n = 6. H, representative
signals from anti-V5, anti-elF5 and anti-B-actin antibodies, corresponding input lanes of Figure 2G. n = 6. I, quantification of incorporated puromycin signals
from puromycin blots (G, whole lanes 3, 4, and 5) normalized by corresponding B-actin signals (H). n = 6. ANOVA with Tukey-Kramer post hoc test. The
incorporated puromycin levels in the graph were normalized by the signals of (G4Cy)go + V5-elF5 transfection condition. J, quantifications of signals of
nascent poly-GA incorporating puromycin (GA-puro) from puromycin blots (G, lanes 8, 9, 10) were normalized by the corresponding B-actin signals (H). n =
6. ANOVA with Tukey-Kramer post hoc test. GA-puro protein levels in the graph were normalized by the signals of the (G,Cy)g0 + €lF5 transfection condition.
A dot in graphs represents a data point from single well of cell culture plate. (D, E, |, and J) Graphs are presented as the mean + standard error mean.*p <
0.05, **p < 0.01, ***p < 0.001, n.s. indicates not significant. elF, eukaryotic translation initiation factor; GA, glycine-alanine; RAN, repeat associated non-AUG.
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Figure 3. GAP activity and elF2 binding are required for the elF5-mediated stimulation of poly-GA RAN translation. A, schematic diagram of the N-
terminal V5-tagged elF5 (elF5-WT) plasmid and its variants. B-D, V5-elF5 W391F or V5-elF5 R15M but not V5-elF5 WT; the expression failed to increase poly-
GA RAN translation from cotransfected (G,Cy)go repeat. Western blotting signals from anti-FLAG, anti-V5, anti-elF5, and anti-B-actin antibodies are shown.
n = 4. Experiments were performed in duplicates. C and D, graphs are normalized by the signals of (G4C,)g0 + mock transfection and are presented as the
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associated non-AUG.

indicating that the level of basal ISR level in our system is not
very strong.

Next, we examined the effect of V5-eIF5 overexpression on
p-elF2a and poly-GA RAN translation under ISR induction or
inhibition (Fig. 4B). p-elF2a/elF2a ratio showed no significant
difference between with or without V5-elF5 overexpression
irrespective of ISR conditions (Fig. 4, B, E, F, and G); however,
V5-elF5 overexpression stimulated poly-GA RAN translation
both in ISR induction or inhibition conditions (Fig. 4, B, H, I,
and J). Collectively, the observed increase in poly-GA RAN
translation by V5-elF5 overexpression does not require
increased eIF2a phosphorylation. Moreover, ISR induction by
sodium arsenite and elF5 overexpression have an additive ef-
fect on stimulating poly-GA RAN translation.

elF5 acts primarily at the putative poly-GA initiation site

In global translation, eIF5 has been reported to increase
non-AUG initiation, particularly CUG initiation (50, 61).
Coinciding with these reports, poly-GA RAN translation in
CYorf72-expanded G4C, repeat is postulated to be initiated at
CUG codon in the 5 leader sequence (-24 bases) of G,C,

6 . Biol. Chem. (2024) 300(3) 105703

repeat (30, 53, 54). Therefore, we investigated whether elF5
stimulates poly-GA RAN translation through the CUG codon.
To test the possibility, we introduced CUG to CCG substitu-
tion in the 5’ leader sequence of the (G4C,)go repeat plasmid
(CUG-(G4Cy)g0) (Fig. 5A) and transfected to the cells. This
revealed that the CCG substitution completely abolished the
poly-GA signals, irrespective of the presence or absence of
elF5 overexpression (Fig. 5B). This result suggests that poly-
GA RAN translation initiates at the CUG codon in our sys-
tem, and the effect of eIF5 is dependent on the CUG initiation
site and not on other potential alternative start sites.

To further characterize the CUG dependency of elF5, next,
we introduced CUG to AUG substitution in the 5 leader
sequence of the (G4Cy)go repeat plasmid (AUG-(G4Cs)so)
(Fig. 5A). As expected, the CUG to AUG substitution strongly
stimulated poly-GA expression by efficiently initiating trans-
lation (Fig. 5, C and D). Intriguingly, eIF5 overexpression
stimulated poly-GA RAN translation of the original CUG-
(G4Cy)go repeats but not that of the AUG-(G4Cy)go repeats
(Fig. 5, C and D). Thus, the CUG to AUG substitution abol-
ished the elF5-mediated stimulation of poly-GA RAN trans-
lation (Fig. 5, C and D). These results suggest that elF5
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Figure 4. elF5 and the integrated stress response additively stimulate poly-GA RAN translation, but elF5 does not induce phosphorylation of
elF2a. A, schematic representation of the experimental time-course of the integrated stress response experiments. B, Western blotting signals from anti-p-
elF2q, anti-elF2q, anti-FLAG, anti-V5, and anti-B-actin antibodies are shown. n = 4. C, quantification of p-elF2a/elF2a signals in ordinary logarithms
normalized by the signal without NaAsO, or ISRIB treatment. n = 4. ANOVA with Tukey-Kramer post hoc test. D, quantification of GA-FLAG/B-actin signals in
ordinary logarithms normalized by the signal without NaAsO, or ISRIB treatment. n = 4. ANOVA with Tukey-Kramer post hoc test. E-G, quantification of p-
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“third quartile + 1.5 X interquartile range” to “first quartile - 1.5 x interquartile range”). (C-J) *p < 0.05, **p < 0.01, ***p < 0.001, n.s. indicates not significant.
A dot in graphs represents a data point from single well of cell culture plate. elF, eukaryotic translation initiation factor; GA, glycine-alanine; RAN, repeat
associated non-AUG.
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preferentially stimulates poly-GA RAN translation through the
CUG near cognate codon in the 5" leader sequence (-24 bases)
of G4C, repeat.

Reduction of elF5 suppresses poly-GA RAN translation in a
Drosophila model of C9-FTLD/ALS

To evaluate in vivo effect of reducing eIF5 on poly-GA RAN
translation, we next examined previously established
Drosophila model of C9-FTLD/ALS that expresses 44 repeats
of (G4Cy) in fly eyes using the GMR-Gal4 driver (38).

Knockdown of endogenous elF5 by two independent RNAi
strains (UAS-elF5 IRI and UAS-elF5-IR2) significantly
reduced poly-GA expressions in the fly eyes compared to
control knockdown (UAS-lacZ IR) (Fig. 6, A and B). Thus,
consistent with the results of our cellular model, reduction of
elF5 suppresses poly-GA RAN translation in a Drosophila
model of C9-FTLD/ALS. Collectively, our results suggest that
elF5 stimulates initiation at the CUG near cognate codon
during C9orf72 poly-GA RAN translation.
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Discussion

Here, we revealed that eIlF5 can modulate C9orf72 G,C,
repeat RAN translation in our cellular and Drosophila models
of C9-FTLD/ALS. elF5 stimulates RAN translation in the
poly-GA reading frame in a CUG codon-dependent manner.
Mechanistically, GAP-inactivated (R15M) or elF2-elF5
interaction-deficient (W391F) elF5 failed to enhance poly-GA
RAN translation, suggesting that GAP activity and elF2—elF5
interactions are required for elF5 to stimulate poly-GA RAN
translation. Puromycin-incorporation assay revealed that
elF5 preferentially increased RAN translation over global
translation. Moreover, disruption of near cognate codon
(CUG to CCG, CUG to AUG) of poly-GA frame in the 5’
leader sequence of G4C, repeat abolished the elF5-mediated
increase of poly-GA RAN translation. These results indi-
cated that eIF5 preferentially stimulates the initiation of poly-
GA RAN translation at the CUG codon. Additionally, the
abolished effect of eIF5 on CUG to AUG initiation mutation
may also be due to the relatively optimal sequence context of
the mutated initiation site, as elF5 has been reported to
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stimulate AUG initiation in the poorer Kozak consensus
context (51).

Although eIF5 is a component of the 43S preinitiation
complex identified more than 40 years ago (62), the extent to
which it contributes to general translation is not fully clear
relative to its long history (63, 64). elF5 variants that impair
elF2 binding (W391F) or GAP activity (R15M) lose their
stimulatory activity in poly-GA RAN translation, suggesting
that elF5 activity is mediated by the eIF2 complex. ISR-
induced elF2a phosphorylation at Ser51 leads to upregula-
tion of RAN translation (30, 31). However, the precise mech-
anism of how cellular stress upregulates RAN translation
remains largely unclear. In our study, overexpression of elF5
did not increase the phospho-elF2a/elF2a ratio, while
increasing poly-GA RAN translation. Moreover, neither the
induction of ISR by sodium arsenite nor the reduction of ISR
by ISRIB prevented elF5-dependent stimulation of poly-GA
RAN translation. While RAN translation is indeed stimu-
lated under ISR condition (30-32), the effect of eIF5 on RAN
translation may not be restricted to ISR condition at least in
our system. These results together suggest that the stimulation
of CUG-dependent initiation of poly-GA RAN translation by
elF5 may function independently or downstream of phos-
phorylation of elF2a.

Although our data provide evidence that elF5 stimulates
RAN translation in a poly-GA reading frame in a CUG codon-
dependent manner, further research is necessary, especially
regarding the impact of elF5 on RAN translation of other
reading frames, such as poly-GP and poly-GR RAN trans-
lation. Although many studies agree on the initiation site of
poly-GA RAN translation, the initiation sites of poly-GP and
poly-GR in G4C, strand remain controversial (52, 53, 65, 66).
Some studies have claimed that frameshifts following CUG
initiation are a source of poly-GP and poly-GR (52, 53). If this
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is the case, the regulatory effect of eIF5 on CUG initiation may
alter poly-GP and poly-GR expressions through a frameshift
from the poly-GA reading frame during elongation. Alterna-
tively, poly-GR is reported to be initiated by the AGG codon
located (-1 to +2) in G4C, repeats (29), although whether the
AGG is indeed the initiation site of poly-GR remains contro-
versial (66). If such non-CUG initiation occurs, elF5 may also
affect translation initiation efficacy as observed here in CUG-
initiation, or there may be other factors that specifically
affect translation initiation from each near cognate codon.

In this study, the stimulatory effect of eIF5 on poly-GA RAN
translation over global translation was demonstrated in our
cellular models, which was also supported in a Drosophila
model of C9orf72 FTLD/ALS, in which we observed poly-GA
reduction on elF5 knockdown. A limitation of the current
study is that we could not monitor the effect of eIF5 knock-
down on global translation in the Drosophila model. In addi-
tion, whether the effect of eIF5 on RAN translation is also seen
in cells derived from carriers of C9orf72 repeat expansions
requires further study. Although the precise mechanism by
which DPR drives neurodegeneration in patients remains
unanswered, poly-GA accumulation has been linked to altered
proteostasis (67) and neurodegeneration in various disease
models (15, 17, 68, 69). Thus, the mechanism of stimulation of
poly-GA RAN translation described here provides valuable
insights into the precise mechanism of RAN translation
regulation and a basis for the future development of selective
RAN translation inhibitors as potential therapeutics for C9-
FTLD/ALS. While we focused on G4C, repeat expansion in
C9-FTLD/ALS, it would also be intriguing to study whether
elF5 plays a regulatory role in RAN translation of other
disease-related repeat expansions (70, 71).

Collectively, elF5 preferentially stimulated the CUG initia-
tion of poly-GA RAN translation from C9orf72 G4C, repeat.
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Our data provide a mechanistic basis for regulating initiation
codon selectivity in the RAN translation in C9-FTLD/ALS.

Experimental procedures
Cell culture

HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium containing 10% FCS and penicillin 100 U/ml/and
streptomycin 100 pg/ml.

Fly stocks

All fly stocks were cultured and crossed at 25 °C in standard
cornmeal-yeast-glucose medium. Transgenic flies bearing the
GMR-Gal4, UAS-lacZ IR, and UAS-LDS-(G,C,)4y transgenes
were described previously (38, 72, 73). Transgenic flies bearing
the UAS-elF5 IR1 and UAS-elF5-IR2 were obtained from the
Bloomington Drosophila Stock Center (#34841) or Vienna
Drosophila Resource Center (#105992) (74), respectively.

Plasmids

The (G4C,)gp repeat plasmids have been previously
described (5, 28). These plasmids are driven by EF1 or CMV
promoter expressing endogenous 113 nucleotides of 5’ leader
sequence of G,C, repeat followed by 80 repeats of G,C, and
corresponding peptide tags in each reading frame. The 5'
leader sequence contains CTG (-24 to -22 nucleotides from
the first G of G4C, repeat) near cognate codon that were
proposed to be the initiation codons of poly-GA. CTG to CCG
or ATG substitutions in the 5’ leader sequence were intro-
duced through oligonucleotide ligation. To avoid autor-
egulation of eIF5 (50), elF5 coding sequence, but not its
upstream open reading frame, was subcloned from plasmid
human ORF clone pF1KB5142 (Kazusa DNA Res. Inst). The
N-terminal V5 tag was fused to the elF5 coding sequence by
PCR and cloned into the HindIII/Xhol sites of the pcDNA5/
FRT/TO vector (Invitrogen). siRNA-resistant version {synon-
ymous alteration of the siRNA,, targeting site GATGTAT-
GACGCCGATCTG [underlined where substitutions were
introduced (GenScript)]} of the V5-tagged human elF5
expression plasmid. The R15M and W391F point mutations of
elF5 were introduced by site-directed mutagenesis PCR.

Antibodies & reagent

The following antibodies were used at the indicated di-
lutions: anti-p-actin [(Sigma #A5316) 1/1000 or (Cell Signaling
#47778) 1/2000] or (Sigma #A4700) 1/3000, anti-DYKDDDDK
(FLAG) Tag (Cell Signaling #2368S) 1/1000, anti-eIF5 (D5G9)
(Cell Signaling #13894) 1/2000, anti-V5 Tag (abcam #ab27671)
1/1000, anti-puromycin (MERCK #MABE343) 1/25,000, anti-
poly-GA (Proteintech #24492-1-AP) 1/1000 or (Millipore
#MABNS889) 1/1000, anti-elF2a (D7D3) (Cell signaling #5324,
1/1000, and anti-Phospho-elF2a(Ser51) (Cell signaling #3398)
1/500. The following reagents were used: puromycin (nakarai
tesque #14861-71), CHX (nakarai tesque #06741-91, CAS 66-
81-9), Halt Protease and Phosphatase Single-Use Inhibitor
Cocktail (100x) (Thermo #78442), ISRIB (Sigma #SML0843),
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Sodium Arsenite (Sigma #S7400), and Anti-Rabbit IgG (H +
L), HRP conjugate (Promega #W401B), Anti-mouse IgG (H +
L), and HRP conjugate (Promega #W402B).

siRNA-mediated knockdown and plasmid transfection

In knockdown experiments, HeLa cells cultured in 24-well
plates, and 5 pmol of siRNA/well of 24-well plates were
reverse-transfected with RNAIMAX reagent (Invitrogen) and
incubated overnight. In the overexpression experiments, repeat
plasmids and/or elF5 plasmids were transfected using the lip-
ofectamine LTX reagent (Invitrogen). Six hours after trans-
fection, the medium was replaced with fresh medium. The
following day, cells were washed with PBS and used for subse-
quent analyses. The siRNA sequences used for knockdown ex-
periments were as follows: ON-TARGETplus Non-targeting
siRNA #1 (Thermo): UGGUUUACAUGUCGACUAA; ON-
TARGETplus Human EIF5 (1983) siRNA#7 (Thermo): GAU-
GUACGAUGCAGACCUU; ON-TARGETplus Human EIF5
(1983) siRNA#8 (Thermo): CAACGUAUCCCACCAAAUA.

Western blotting

Cells were dissolved in a RIPA buffer supplemented with a
Protease Inhibitor Cocktail (Sigma) with EDTA and sonicated
using a Bioruptor II. The samples were boiled for 10 min in the
presence of 1 x SDS loading buffer. The samples were loaded
onto a 10% to 12% Tris-glycine gel. After SDS-PAGE, samples
were transferred onto PVDF membranes (Merck). After
blocking with I-block (Thermo) for 1 h, the membrane was
incubated overnight with a diluted primary antibody. The
following day, the membrane was washed three times with
TBST for 5 min and incubated with an HRP-labeled secondary
antibody for 60 min. The cells were then washed thrice with
TBST for 10 min. Chemiluminescent signals were detected
using an Amersham Imager 600 or 680 (GE Healthcare).
Signals were quantified using the Multi Gauge software
(version 3.0; Fujifilm).

Western blotting of flies

Five heads of 3-day-old female adult flies were homogenized
in 150 pl of sample buffer (125 mM Tris-HCI [pH 6.8], 20%
glycerol, 4% SDS, 0.01% bromophenol blue dye, 10% 2-B-
mercaptoethanol) with Biomasher II (Funakoshi). Homoge-
nized heads were boiled for 5 min and then centrifuged at
10,000g for 3 min at 25 °C. Ten microliter of each supernatant
was loaded on 5 to 20% gradient polyacrylamide gels (Atto)
and then transferred onto Immun-Blot PVDF membranes
(Bio-Rad). Membranes were blocked with PVDF blocking re-
agent for Can Get Signal (TOYOBO) at RT for 1 h and then
incubated overnight at 4 °C with diluted primary antibodies.
After washing three times with TBST, membranes were
incubated at RT for 1 h with HRP-labeled secondary anti-
bodies, then washed three times with TBST again. The
chemiluminescent signals were visualized using ImmunoStar
Zeta or ImmunoStar LD (Wako) and captured by Amersham
Imager 600 (GE healthcare). Signals were quantified with
Image] software (NIH).
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RT-gPCR

HeLa cells cultured in 12-well plates were cotransfected
with (G4Cy)go repeat and elF5 plasmids or corresponding
mock plasmids. Total RNA was extracted using a RNeasy
MINI Kit (QIAGEN) and a QIA shredder. Two micrograms
RNA was reverse transcribed using Oligo dT(Invitrogen) and
M-MLV (Promega). RT-qPCR was performed using the ViiA7
Real-Time PCR System (Applied Biosystems). Signals from
repeat RNA were normalized by signals from B-actin accord-
ing to the AACt method. The primers used for RT-qPCR
analysis were as follows:

Taq Man Primer targeting repeat TAG region (28).

Primer 1 TCTCAAACTGGGATGCGTAC, Primer 2
GTAGTCAAGCGTAGTCTGGG, Probe/56-FAM/TGCAGA-
TAT/Zen/CCAGCACAGTGGCG/3IABKFQ/Taq Man Primer
targeting B-actin, Primer 1 CCTTGCACATGCCGGAG, Primer
2 ACAGAGCCTCGCCTTTG, Probe/56-FAM/TCATCCATG/
Zen/GTGAGCTGGCGG/3IABKEQ/.

Modified puromycin-incorporation assay

Puromycin-incorporation assay was performed as previously
described (75) with modification. As for eIF5 overexpression
experiments, 12 h after the cotransfection of (G4C,)go repeat
with elF5 plasmids or corresponding mock plasmids, HeLa
cells were treated in the presence or absence of 20 uM of CHX
for 20 min followed by a 20-min pulse labeling of the ongoing
translation using 10 pg/ml puromycin. As for elF5 knockdown
experiments, cells were reverse transfected with siRNA tar-
geting elF5 or nontargeting control siRNA at seeding. These
cells were transfected with (G4C,)go repeat or corresponding
mock plasmid. Pulse-labeling with puromycin and subsequent
procedures were carried out in the same way as above
described. Cells were collected after the PBS wash. Cell lysates
in RIPA buffer, Protein A-coupled Mag Sepharose beads
(Cytiva), and anti-GA antibodies were mixed and incubated
overnight at 4 °C with rotation. Immunoprecipitated samples
and input cell lysates were used for Western blotting.
Puromycin-labeled proteins were immunoblotted using an
anti-puromycin antibody. Anti-puromycin antibody signals
were quantified and normalized to B-actin signals.

Induction or inhibition of integrated stress response in
cultured cells

HeLa cells were seeded on 24-well culture plate (Day 0).
Next day (Day 1), cells in indicated wells were treated with
2 uM ISRIB for 24 h. Then, culture medium was replaced with
fresh (media for ISRIB-treated cell contains freshly prepared
2 puM ISRIB), and (G4C,)go repeat plasmids with or without
elF5 plasmids were transfected using the lipofectamine LTX
reagent. After 4 h, the medium containing sodium arsenite was
added to a final concentration of 200 uM. After 6 h of culture,
cells were served for Western blotting.

Statistics

Statistical analysis was performed using JMP Pro 17 soft-
ware and GraphPad Prism version 10.0.3.
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Data availability

No large-scale datasets are associated with this study.
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