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Nucleotide repeat expansion of GGGGCC (G,C,) in the non-coding region of C90rf72 is the most
common genetic cause underlying amyotrophic lateral sclerosis and frontotemporal dementia.
Transcripts harboring this repeat expansion undergo the translation of dipeptide repeats via a non-
canonical process known as repeat-associated non-AUG (RAN) translation. In order to ascertain

the essential components required for RAN translation, we successfully recapitulated G,C,-RAN
translation using an in vitro reconstituted translation system comprising human factors, namely

the human PURE system. Our findings conclusively demonstrate that the presence of fundamental
translation factors is sufficient to mediate the elongation from the G,C, repeat. Furthermore, the
initiation mechanism proceeded in a 5’ cap-dependent manner, independent of elF2A or elF2D. In
contrast to cell lysate-mediated RAN translation, where longer G,C, repeats enhanced translation,
we discovered that the expansion of the G,C, repeats inhibited translation elongation using the
human PURE system. These results suggest that the repeat RNA itself functions as a repressor of
RAN translation. Taken together, our utilization of a reconstituted RAN translation system employing
minimal factors represents a distinctive and potent approach for elucidating the intricacies underlying
RAN translation mechanism.

The abnormal expansion of specific nucleotide repeats (repeat expansion) within the genome has been established
as a causative factor in neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS) and spinocerebellar
ataxia (SCA)"?. Recent investigations have revealed a noncanonical translation mechanism for transcripts con-
taining repeat expansions, termed repeat-associated non-AUG (RAN) translation, which operates independently
of the conventional initiation codon AUG?". Notably, a representative instance of RAN translation occurs at the
GGGGCC (G,C,) repeat located in the first intron of C9orf72 (Fig. S1) (referred to as C9-RAN), constituting
the most prevalent genetic mutation observed in familial ALS'*!!. C9-RAN involves the translation of all con-
ceivable frames of the G,C, repeat, which is transcribed in both directions. Specifically, the sense strand (GGG
GCC) yields dipeptide repeats (DPRs) consisting of Gly-Ala (GA from GGG-GCC, 0 frame), Gly-Pro (GP from
GGG-CCG, +1 frame), and Gly-Arg (GR from GGC-CGG, + 2 frame). Indeed, these DPRs have been detected
not only in patient tissues**>13, but also in diverse model organisms, and their association with cytotoxicity is
well-documented*®'*-?°. Based on these recent findings, it is proposed that C9-RAN may assume a central role
in the pathogenesis of repeat expansion-associated ALS, offering a novel avenue to explore potential therapeutic
targets for the disease.

The translation process consists of four fundamental steps: initiation, elongation, termination, and ribosome
recycling?. In eukaryotes, the canonical initiation of translation takes place through a scanning mechanism
mediated by the cap structure at the 5'-end of the mRNA?'-%*. This scanning mechanism is strictly regulated by
over ten translation initiation factors in conjunction with the eIF4F complex, comprising eIF4A, eIF4G, and
eIF4E, which initiates translation from the canonical AUG initiation codon. Recent genome-wide studies have
unveiled diverse instances of non-AUG translation, including those initiated from CUG and GUG codons?-%.
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Non-AUG translation is believed to involve eIF2A and eIF2D, alternative factors for eIF2%7-3°. Furthermore, it is
recognized that certain eukaryotic mRNA and some genes within viral genomes commence translation without
scanning, utilizing a sophisticated RNA structure element termed an internal ribosomal entry site (IRES)**"!.

The initiation mechanism of C9-RAN exhibits commonalities with canonical mechanisms. For example,
previous studies utilizing monocistronic reporters have shown that C9-RAN initiates from near cognate codons,
such as CUG and AGG, located upstream of the G,C, repeat sequence, through a scanning mechanism involving
elF4A%-** However, contrasting findings employing bicistronic reporters have indicated that C9-RAN com-
mences independent of the cap structure®>*. Furthermore, diverse mechanisms generating multiple translational
frames have been reported, such as ribosomal frameshift during elongation on the repeat sequence and initiation
from distinct start codons for each frame*>***7-%2, The occurrence of frameshift in C9-RAN is predicted to be
associated with a secondary structure of the mRNA, namely the guanine quadruplex (G4-RNA), formed as a
consequence of the guanine-rich property of the G,C, repeat®. In addition, it has been observed that C9-RAN
is regulated by factors that are not essential for canonical translation. Notably, eIF2A, an alternative factor for
elF2, has been postulated to modulate C9-RAN, although its requirement in transfected cells remains a topic
of controversy®*>*, Indeed, recent studies have provided evidence that ribosomes can be stalled by positively
charged peptides translated by C9-RAN and by the repeat RNA itself**~*%. These stalling events are proposed to
play a critical role in inducing ribosome-associated quality control (RQC) pathway.

Hence, numerous discussions ensue regarding the molecular mechanism of C9-RAN, primarily attributed
to the lack of consistent findings concerning the fundamental process of translation and factors associated with
C9-RAN. The utilization of cell-based experimental systems, such as transfected cells and cell lysate translation
systems, is believed to contribute to these inconsistencies. Such cell-based systems encompass proteins unrelated
to translation and exhibit varying quantities of translation factors contingent upon cell types*’, thereby yielding a
heterogeneous array of results, occasionally conflicting in nature. Indeed, GP frames occurring in C9-RAN have
been shown to exhibit different translation efficiencies depending on the cell type®**. Consequently, to ascertain
the intricate molecular mechanism of C9-RAN comprehensively, the employment of an in vitro translation
system independent of cell lysate becomes imperative.

To circumvent such complexities associated with C9-RAN and elucidate its fundamental, the adoption of a
reductionist approach is invaluable. In this context, a cell-free translation system reconstituted in vitro, employ-
ing purified factors indispensable for translation, serves as the optimal experimental system for conducting a
comprehensive investigation of the mechanism governing C9-RAN. Subsequent to the establishment of a recon-
stituted translation system in Escherichia coli*, recent advancements have led to the development of eukaryotic
translation factor-based reconstituted translation systems®~>*. Within the human factor-based reconstituted
translation system (human PURE, Fig. 1), a reconstituted system using IRES (human PURE-IRES), thereby
omitting initiation factors, was first developed. This was succeeded by the development of a fully reconstituted
system, enabling translation initiation in a cap-dependent manner in the presence of initiation factors (human
PURE-cap)*.

In this study, we successfully recapitulated C9-RAN using the human PURE system. By employing distinct
modes of translation, namely IRES-dependent and cap-dependent, we were able to distinguish and investigate
the elementary processes underlying C9-RAN. Through the utilization of this minimalist system, we acquired
valuable insights into translation elongation and initiation within the context of C9-RAN. Furthermore, we
observed the suppression of C9-RAN with longer repeat RNA in human PURE. These findings shed light on
previously ambiguous aspects of the molecular mechanism underlying C9-RAN, highlighting the merits of
employing the bottom-up approach facilitated by human PURE as a versatile tool for dissecting RAN translation
associated with other diseases.

Results

G,C, translation elongation with minimal translation factors

To investigate the elementary steps involved in C9-RAN, we employed human PURE system, including purified
ribosomes, eukaryotic initiation/elongation/release factors (elFs, eEFs, and eRFs)*"> (Figs. 1, 2A). Initially, we
aimed to determine whether the G,C, repeat sequences could undergo elongation with the minimal translation
elongation factors. For this purpose, we used the hepatitis C virus (HCV) IRES to recruit the ribosome in the
absence of eIFs**. We introduced the HCV IRES, along with the ATG codon following the IRES, upstream of
the GA frame (GGG-GCC/0 frame) within the G,C, 80 repeat (80R) sequence without C90rf72 intron (Fig. 2B)
as previous studies have indicated that the translation product derived from the GA frame is the most abundant
in C9-RAN®*>¥ We conducted translation experiments using a fusion gene encoding HCV-IRES-ATG-G,C,-
80R, followed by a Myc-tag for detection, in HeLa lysate and the human PURE-IRES. Moreover, to demonstrate
the HCV-IRES-dependent initiation of translation, a translation reaction was conducted employing a C9orf72
intron sequence while omitting the HCV-IRES element. This reporter sequence lacks the capability to provide
a 5' cap and thus does not induce intron-derived cap-dependent initiation of RAN translation. We detected
translation products of the expected molecular weight (~25 kD for ATG-G,C, 80R-Myc) in both HeLa lysate
and the human PURE-IRES, only when IRES was present (Fig. 2C), although the translation product yield was
considerably smaller in the human PURE-IRES. Given that this experiment forced the translation initiation to
the IRES-linked ATG codon, this translation does not meet the definition of RAN translation. Nevertheless, this
experiment is important in that it extracted only the elongation step in translation and demonstrates that the
G,C, repeat can undergo elongation with minimal elongation factors.
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Figure 1. A schematic depiction of the human PURE system. Human PURE-IRES consists of two elementary
steps in translation: namely elongation and termination. Human PURE-cap includes eukaryotic initiation
factors (eIFs) responsible for scanning-mediated translation initiation, in addition to human PURE-IRES.

Ribosomal frameshifting during elongation in the GA (0) frame

Next, we established a nano-luciferase (Nluc) reporter assay system to quantitatively measure the translation
products with high sensitivity. Nluc and an HA-tag were introduced downstream of the IRES-ATG-(G,C,)s
or IRES-TTT-(G,C,)g genes (Fig. 3A). TTT codon was used as a control for ATG start codon. In addition to
the GA (0) frame, we generated constructs with two additional reading frames: the GP (+ 1) frame and the GR
(+2) frame, achieved by inserting one or two nucleotides, respectively, following the (G,C,)g, repeat. Western
blotting analysis following the translation of the Nluc constructs using the human PURE-IRES or HeLa lysate
demonstrated an ATG-dependent expression of the GA frame product compared to the products from other
frames (Fig. 3B, D). The ATG-dependency, along with the approximate expected molecular weight for the ATG-
(G4C,)s0-Nluc-HA gene (~39 kD), indicates that translation elongation commences from the ATG immediately
after the IRES. Note that translation of the TTT-containing gene using the HeLa lysate yielded a small amount
of the 39 kD protein in the GA frame (Fig. 3B).

We first confirmed that luciferase activity-based translation was entirely dependent on the IRES in both HeLa
lysate and the human PURE-IRES translation (Fig. S2A). Subsequently, we reproducibly observed luciferase
activities across all frames, including the minor GP (+1) and GR (+2) frames, during the translation of the genes
containing either ATG or TTT start codons, using both HeLa lysate and the human PURE-IRES (Figs. 3C, E,
S2B, C). Earlier studies employing lysate-based translation also showed translation occurring in all frames®>%,
with the GP and GR frames suggested to result from ribosomal frameshifting originating from the GA frame***.
Prior studies have shown that the repeat RNA itself, responsible for generating C9-RAN, functions as an IRES
to drive C9-RAN translation®>*%385556 If the repeat RNA primarily acts as an IRES, the contribution of ATG in
translation in the IRES-ATG construct would be small, i.e., one would expect that IRES-ATG and IRES-TTT
would have similar amounts of translation. However, this is not the case; we observed a substantial reduction
in translation (~ 1/100) upon changing ATG to TTT (Fig. S2B, C, Table S1). This striking difference strongly
suggests that the primary translation initiation is from IRES-ATG, with little, if any, contribution from within
the repeat RNA. Through a series of experiments using the human PURE-IRES, our observation of translation
initiation from the ATG or TTT start codons immediately after the IRES (Figs. 3D, E, S2C), along with the
minimal translation activity in the absence of IRES (Fig. S2A), led us to suggest the occurrence of frameshifting
even within a simplified translation system. The luciferase activities of the GP and GR frames relative to the GA
frame in ATG-mediated human PURE-IRES translation were 3.5 and 1.9%, respectively (Fig. 3E), higher than
those observed in the HeLa lysate translation (1.2 and 0.7% for GP and GR, respectively, Fig. 3C). This suggests
the possible presence of a frameshift repressor in the lysate.
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Figure 2. Minimal translation factors are sufficient for the translation of the G,C, repeats. (A) Illustration of
each in vitro translation system. HeLa lysate”! contained intracellular factors, while the human PURE-IRES
system utilized purified translation factors®. Hepatitis C Virus (HCV)-IRES, enabling translation initiation
without initiation factors™, was employed to investigate the elongation mechanism of the G,C, repeats. (B)
Schematic representation of the construct for monitoring the elongation of the G,C, repeats. HCV-IRES was
inserted upstream of the G,C, repeat sequence, with a Myc-tag introduced downstream of the G,C, repeat in the
GA frame. (C) Anti-Myc western blot of the G,C, repeat reporter plasmids expressed in each in vitro translation
system. To prevent band detection saturation in HeLa lysate, IRES(+) reaction was diluted 1:10 in the sample
buffer, as indicated by the asterisk (*).

Then, we examined the potential influence of the G,C, repeat length on the translation of GP (+ 1) and GR
(+2) frames in the human PURE-IRES, considering that a prior study using lysate translation demonstrated
that frameshifting on the G,C, repeat sequence is enhanced by longer repeat RNA**. Within the human PURE-
IRES, translation of the GP frame exhibited an increase, while the GR frame displayed a decrease in response to
longer repeat lengths (Fig. 3G), thus indicating that the length of the repeat exerts an influence on frameshifting.

Translation initiation in C9-RAN can be initiated using minimal initiation factors

Subsequently, we investigated the initiation mechanism of C9-RAN by employing a fully reconstituted 5 cap-
dependent translation system equipped with canonical thirteen eIFs (referred to as human PURE-cap, Fig. 4A)>.
In order to quantify C9-RAN via a scanning mechanism, we constructed a series of reporter mRNAs, utilizing
the methodology previously developed by Green et al.*>. Initially, we evaluated the property of human PURE-cap
in non-AUG translation, employing mRNAs containing CUG or AGG codons fused with Nluc. We observed a
relatively higher translation efficiency for the CUG codon compared to that observed in HeLa lysate (Fig. S3).
Then, we proceeded to translate a reporter mRNA harboring a 5'-cap, the C9orf72 intron, (G,C,)s, repeats, fol-
lowed by Nluc and a FLAG-tag (Fig. 4B). Through western blotting analysis, we confirmed the synthesis of ~ 40
kD protein bands corresponding to the GA frame in both the human PURE-cap system and HeLa lysate (Figs. 4C,
S4A). The approximate molecular weight of these protein bands aligns with the expected size (35 kD) if trans-
lation was initiated from the upstream sequence of the repeats (Fig. S1), as previously demonstrated®. This
result, obtained using the human PURE-cap system, provides evidence that C9-RAN can be initiated utilizing
minimal translation factors. Additionally, translation in HeLa lysate produced a ~23 kD protein band in the GR
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Figure 3. Ribosomal frameshift in the GA (0) frame. (A) Schematic representation of the elongation reporters
for the G,C, repeats. Nano-Luciferase (Nluc) was used as a reporter enzyme to quantify translation efficiency.
HA-tag in the GA-frame was introduced downstream of the G,C, repeat. (B, D) Anti-HA western blot of

the elongation-reporter plasmids expressed in each in vitro translation system. (B) HeLa lysate, (D) human
PURE-IRES. (C, E) Relative expression from IRES-ATG-(G,C,)g,-Nluc-HA normalized to the GA frame. (C)
HeLa lysate, (E) human PURE-IRES. (F-G) Expression of IRES-ATG-(G,C,);-Nluc and IRES-ATG-(G,C,)gp-
Nluc normalized to their respective GA frames. (F) HeLa lysate, (G) human PURE-IRES. Error bars represent
standard deviations (+ SD) from three technical replicates. Two-tailed student’s ¢ test, **p < 0.01, ***p = 0.001.
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Raw data of the Nluc assay are provided in Table S1.
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Figure 4. Minimal translation factors are enough for initiating C9-RAN translation. (A) Illustration depicting
the human PURE-cap system®. (B) Diagram presenting the C9-RAN reporters based on previously reported
designs®. Nluc was used as a reporter enzyme to quantify translation efficiency. A FLAG-tag was inserted
downstream of the G,C, repeat in each frame. (C) Anti-FLAG western blot of the C9-RAN reporter plasmids
expressed in human PURE-cap. An asterisk (*) indicates a non-specific band. (D) Relative expression of the
C9-RAN reporters normalized to GGG-Nluc in human PURE-cap. Error bars represent+ SD from three
technical replicates. Raw data of the Nluc assay are provided in Table S2. (E) Relative expression of the C9-RAN
reporters with a variant intron in each in vitro translation system. Normalized C9orf72 intron full length (FL).
(F) Relative expression of the AUG-Nluc and C9-RAN reporters in the presense (eIF2(+)) and the absence
(eIF2(-)) of eIF2 in Human PURE. Under each condition, eIF2A and eIF2D were added. The ratio was
normalized with complete human PURE (eIF2(+)).
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frame (Fig. S4A). The molecular weight of ~23 kD corresponds well with the calculated size (23.5 kD) of the
translation product when initiation occurs at the downstream AUG codon within the G,C, repeats in the GR
frame, indicating that this product likely represents a leaky scanning product (Fig. S4B).

Luciferase activities were detected in all frames during both HeLa lysate and human PURE-cap translation,
strictly dependent on the presence of a cap structure (Figs. 4D, S4C, S5A), thereby confirming the sufficiency
of minimal translation factors for C9-RAN. However, the overall translation level of C9-RAN in the human
PURE was lower compared to that in HeLa lysate. For instance, the translation of the GA frame in HeLa lysate
was comparable to that of AUG-Nluc mRNA (Fig. S4C), whereas it constituted approximately one-tenth of the
translation observed in human PURE-cap (Fig. 4D). This discrepancy suggests that cap-dependent translation
using the PURE system requires additional factors to enhance the efficiency of translation.

Moreover, prior investigations have revealed that the start codon of the GA frame is CUG**~*. Upon introduc-
ing mutations to this CUG, such as AUG and GGG, translation was significantly reduced in the case of GGG,
observed in both HeLa lysate and human PURE (Fig. S5B). However, a notable level of translation persisted at
the GGG codon. To explore the potential existence of other translation initiation sites, we proceeded to delete
the intronic region upstream of the repeats, thereby introducing a stop codon in each frame (Fig. 4E). Subse-
quent analysis showed that the GA frame exhibited minimal translation in HeLa lysate, while a certain level of
translation persisted in human PURE. Intriguingly, the GP frame displayed detectable translation in both HeLa
lysate and human PURE, even after deletion of the intronic region. This finding supports the notion that the
GA and GP frame can be translated from within the repeats in a scanning-dependent manner in human PURE.

Previous studies have shown that C9-RAN involves nonessential translation initiation factors such as eIF2A
and eIF2D*>***, However, some reports have also shown that they are dispensable, making it ambiguous whether
elF2A or elF2D directly affect C9-RAN*. To explore the direct involvement of eIF2A and eIF2D in initiation of
C9-RAN, we prepared a customized human PURE system. These were configured by eliminating eIF2 from the
complete human PURE system and subsequently incorporating the respective factors. Furthermore, we prepared
PURE systems containing these factors alongside eIF2, envisioning their potential synergy in the elongation
mechanism. For each, translation reactions were performed with canonical AUG codons and C9-RAN reporters
to verify C9-RAN specificity. In the absence of eIF2, the efficacy of C9-RAN translation was notably reduced
similar to conventional AUG translation, even when eIF2A or eIF2D was introduced (Fig. 4F). Moreover, in the
presence of eIF2, the addition of eIF2A or eIF2D did not yield a discernible enhancement in C9-RAN efficiency
(Fig. 4F). This observation signifies that eIlF2A and eIF2D are not directly implicated in C9-RAN. These findings
collectively imply that C9-RAN fundamental proceeds with minimal essential translation factors, including eIF2,
and does not necessitate the direct participation of eIF2A or eIF2D.

C9-RAN translation is suppressed by longer G,C, repeats in human PURE translation
Enhancement of RAN translation can be attributed to longer repeat RNA sequences**?-*>*"%8_ Given the lack of
comprehensive understanding regarding the underlying mechanism, we investigated the dependence of repeat-
length in human PURE translation (Fig. 5A). In the HeLa lysate translation, the augmentation of C9-RAN
occurred in accordance with the length of G,C, repeats in both GA and GP frames (Figs. 5A, S6A). This enhance-
ment reached saturation at 29 repeats, exhibiting an approximately nine-fold increase in comparison to the three-
repeat scenario in the GA frame (Fig. 5A). Conversely, in contrast to the HeLa lysate translation, the utilization
of human PURE-cap translation inhibited C9-RAN from 29 repeats, leading to decline of less than 10% in the
GA frame translation when utilizing 80 repeats (Fig. 5A). The inhibition of repeat length was also observed in
the GP frame during human PURE-cap translation (Fig. S6A).

We subsequently investigated whether the repeat RNA length-dependent translational repression observed in
the human PURE system resulted from issues related to non-AUG initiation or elongation of repeat RNA*~*. To
investigate this, we introduced a CUG-to-AUG substitution in the C9orf72 intron. Interestingly, this substitution
nearly abolished the length-dependent enhancement observed in the HeLa lysate translation (Fig. 5B). However,
in human PURE-cap, the CUG-to-AUG substitution did not alter the declining trend in translation efficiency
observed beyond 29 repeats (Fig. 5B). It is also plausible that C9-RAN undergoes suppression as a result of the
depletion of specific tRNAs, possibly due to the continuous translation of specific amino acid sequences within
the human PURE. To investigate the possibility, we conducted a parallel experiment involving the GGG-CCU
repeat in NOP56-RAN translation of SCA36%. One of the frames in the NOP56-RAN translation produces GP
frame (GGG-CCU), which is the same as one of the frames in C9-RAN. Notably, we observed no translational
repression caused by extended repeats in the case of NOP56 (Fig. S6B). Taken together, these results suggest
that the longer repeat RNA-mediated suppression of C9-RAN in human PURE-cap is not solely attributed to an
anomaly in non-AUG initiation and consecutive amino acid sequence.

Discussion

In this study, we successfully recapitulate RAN translation from C9orf72-(G,C,) repeat (C9-RAN) using a recon-
stituted translation system comprised of purified human translation-related factors (human PURE). The pivotal
and straightforward message conveyed by this study is the explicit demonstration that C9-RAN occurs exclu-
sively through the utilization of canonical translation factors. We particularly emphasize the unique advantage
of human PURE in dissecting elementary steps of translation, including elongation and initiation.

Before discussing the details of the specific findings regarding these elementary steps, it is important to
acknowledge certain limitations and considerations associated with the use of human PURE. Firstly, while it
has been established that C9-RAN can proceed with minimal factors, it does not imply that such minimal fac-
tors are representative of physiological conditions. The results presented here do not rule out the possibility that
the presence of additional factors might alter the properties of C9-RAN, either qualitatively or quantitatively.
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Figure 5. Inhibition of C9-RAN by longer repeat RNA in human PURE-cap. (A, B) Relative expression levels of
C9-RAN reporters with varying numbers of repeats in each in vitro translation system. Normalized to 3R-Nluc.
(A) The first intron of C9orf72. (B) Mutant intron substituting CUG with AUG codon. The CUG codon located
-24 nt upstream of the repeat sequence is predicted as the GA frame start codon®*. Error bars represent + SD
from three technical replicates.

Indeed, it is worth noting true that translation efficiency in the human PURE was lower compared to that in the
HelLa lysate system. Hence, it is plausible that the accumulation of translation products leading to toxicity may
necessitate the involvement of supplementary factor(s).

Through the use of human PURE-IRES, which skips the complicated initiation reaction, we unequivocally
demonstrated that the G,C, repeat is translated by a defined set of eEFs. Furthermore, by enforcing translation
initiation exclusively from the ATG codon immediately following the IRES, we were able to evaluate frameshift-
ing from the GA (0) frame, as discussed in further detail below.

There have been debates regarding the requirement of a 5’ cap structure for C9-RAN*>**3>% Human PURE-
cap experiments definitively established that the translation initiation mechanism for C9-RAN is indeed 5’ cap-
dependent. These results not only corroborate previous studies that demonstrated 5’ cap-dependent C9-RAN
using reporter assays, including those employing cell lysates®>**, but also suggest that even within a cellular
environment where numerous factors are present, a specific set of eIFs could play a primary role in C9-RAN.

C9-RAN initiation, potentially involving canonical eIFs like eIF2, has been proposed**>***3. Considering the
specific nature of non-AUG translation in C9-RAN, it is plausible that eIF2A and eIF2D play roles in translation
initiation. Indeed, previous studies implicated eIF2A and eIF2D as regulators of C9-RAN*>**#4 and another
regulator of non-AUG translation, 5MP, has also been linked to RAN translation®. Although studies at the
cellular level have examined the effects of translation factors on C9-RAN through knockdown or knockout
experiments®>*#+%, these methods may have had difficulty elucidating the direct effects of eIF2A, eIF2D, and
other translational factors, likely due to the secondary effects associated with siRNA knockdown. It is noteworthy
that the findings from human PURE-cap experiments indicate that e[F2A and eIF2D are not involved in the
initiation of C9-RAN.
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An intriguing and unresolved aspects of RAN translation, including C9-RAN, is the generation of translation
products originating from multiple frames>**¢!. Previous studies conducted in cultured cells and cell lysates could
not distinguish whether the translation of multiple frames results from ribosomal frameshifting or the presence
of multiple translation initiation sites****#%. Through the dissection of C9-RAN using human PURE, we revealed
that both mechanisms contribute to this phenomenon. Firstly, analysis utilizing human PURE-IRES uncovered
the occurrence of frameshifting in the GA frame as in previous reports®****(Fig. 3). Furthermore, this analysis
demonstrated that longer G,C, repeats enhance frameshifting in the GP frame. We propose that this enhance-
ment, mediated by longer repeats, is attributed to the formation of G4RNA structures within the G,C, repeats,
as previous research indicates that G4RNA suppresses ribosomal translocation and promotes frameshifting®?. It
is worth noting that the frameshift efficiency in HeLa lysate was lower than that observed in human PURE-IRES.
Therefore, the presence of specific factors in HeLa lysate may suppress ribosomal frameshifting. For instance, the
abundance of RNA-binding proteins, such as TDP-43, known as RNA chaperones®, might lead to alterations
in the G4RNA structure. Additionally, the interaction of the ribosome with Shiftless, a factor that suppresses -1
programmed frameshift®, may also influence the frameshift process.

Utilizing the human PURE-IRES system, we observed a ribosomal frameshift from the GA frame to the GP
frame at a frequency of 3.5% (Fig. 3). In contrast, 5' cap-dependent translation initiation using human PURE-
cap exhibited higher efficiency in generating the GP frame, with a ratio of + 1 to 0 frame of approximately 17%
(Fig. 4). This outcome suggests the involvement of an alternative mechanism that leads to the initiation at dif-
ferent sites, giving rise to the production of multiple frames, including the GP frame. Considering that human
PURE-IRES and human PURE-cap differ solely in the presence of eIFs, approximately 80% (3.5%/17%) of
the + 1 frame may undergo scanning-specific translation initiation mediated by the 5’ cap and canonical elFs.
Nevertheless, the initiation site for GP frame translation remains elusive. As the GP frame contains a stop codon
preceding the G,C, repeat (Fig. S1), it is plausible that initiation occurs from within the repeat sequence (Fig. 4E).
Furthermore, G4RNA has been demonstrated to induce read-through of the stop codon®, implying that multiple
translation mechanisms could contribute to GP frame translation.

Our analysis of C9-RAN translation using HeLa lysate revealed a translation efficiency comparable to canoni-
cal AUG codons for the GA frame (Fig. S4). This signifies a notably high efficiency of C9-RAN translation when
compared to previous cell extract systems®*>*. We attribute this to the remarkable translation promotion induced
by the longer repeat RNAs, as demonstrated in Fig. 5. The variations in the extent of C9-RAN translation promo-
tion by these repeat RNAs may be linked to the existence of specific translation-promoting factors within the
cell extract system. A thorough investigation of these specific accelerators using the human PURE system will
provide further insights into the defining characteristics of RAN translation.

Our analysis using human PURE-cap revealed a striking difference in repeat-length dependency. Cap-
dependent C9-RAN was inhibited by longer repeat RNA in human PURE-cap. While previous reports have
indicated that C9-RAN is enhanced in a repeat length-dependent manner in cell lysate translation systems and
transfected cells’*%, our findings suggest the involvement of non-canonical translation factors in the repeat
length-dependent stimulation of C9-RAN. In the human PURE-cap system, translation increase was observed
for the GA frame up to (GGGGCC); repeats; however, translation efficiency was significantly reduced beyond
29 repeats, which are likely to form the G4RNA structure. Additionally, the mutation of the initiation codon
CUG to the AUG codon in the GA frame also displayed inhibitory tendencies. Therefore, it is plausible that
the inhibition of longer repeats-induced C9-RAN arises from elongation inhibition, potentially caused by the
formation of G4RNA. Indeed, previous studies have demonstrated that non-AUG translation, including RAN
translation, can be facilitated by downstream secondary structures®>. Furthermore, the absence of RQC factors
may also contribute to the repeat RNA-dependent translational repression observed in the human PURE system.
Recent reports have highlighted that ribosomes experience stalling upon encountering repeat RNAs, leading to
the activation of RQC*. This suggests that the presence of RQC factors may play a pivotal role in resolving the
stalled ribosomes and promoting the efficient translation of repeat RNA.

If the characteristics of the repeat RNA itself contribute to the length-dependent inhibition, it is necessary to
consider factors that bind to the RNA repeats. Alongside the RNA chaperone, which modulates RAN transla-
tion by interacting with repeat RNA and modifying its structure®’, RNA helicases that unwind the higher-order
structure of repeat RNA®~% are also likely to be involved in the process. In HeLa lysate, RNA helicases such as
DHX36 are responsible for unwinding G4RNA. DHX36 has been identified as a binding partner of G4RNA and
is capable of unwinding its structure in an ATP-dependent manner, thereby rescuing ribosomal stalling on the
G,C, repeat® %, However, knockdown or knockout of DHX36 only results in approximately 50% inhibition,
even at G,C, 70 repeats®, which falls significantly short of the inhibitory effect observed in human PURE-cap.
Hence, it is reasonable to speculate that additional factors beyond DHX36 are involved in the elongation process
of RAN translation. The dissection analysis conducted using human PURE, in conjunction with previous studies,
suggests that translation of the G,C, repeats represents a delicate balance between the promotion of noncanoni-
cal initiation and the inhibition of repeat elongation. Consequently, the presence of a novel regulator of RAN
translation that enhances ribosomal translocation and exhibits ribosomal helicase activity may be implicated in
C9-RAN within the cellular context.

Lastly, the human PURE system not only serves as an invaluable tool for studying C9-RAN, but also for
investigating RAN translation involving other nucleotide repeats and, more broadly, for facilitating bottom-up
approaches to noncanonical translation. Furthermore, the elucidation of the underlying mechanisms govern-
ing the fundamental process of RAN translation, as revealed by this reconstituted system, holds significant
potential in the development of therapeutic strategies targeting neurodegenerative diseases associated with
RAN translation.
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Methods

Plasmids

To generate the HCV-IRES-(G,C,)g,-Myc reporter plasmid, we employed the following procedure. The HCV-
IRES region was amplified from the HCV-IRES sequence and introduced upstream of the previously pub-
lished pcDNA™5/FRT-T7-C90rf72 intronl-(G,C,)g,-Myc vector’® by means of HindIII and BssHII. In order
to construct the C9orf72 intronl-(G,C,)-Nluc-3xFLAG, the Nluc-3xFLAG region was amplified from the
Nluc sequence and inserted downstream of the aforementioned pcDNA™S5/FRT-T7-C90rf72 intron1-(G,C,)s,
vector using Pstl. A similar strategy was employed to engineer the C9-RAN Nluc reporter with HCV-IRES.
Repeat sequences of varying lengths were randomly obtained through PCR. The insertion of ATG, GGG, and
near-cognate codons to the Nluc plasmid was achieved using standard cloning procedures and Gibson Assem-
bly. Tables S3 and S4 provide a comprehensive list of the plasmids and oligonucleotides employed in this study.

In vitro transcription

The reporter plasmids were linearized with Xbal (Takara). Subsequently, the linearized DNA was purified using
the Wizard® SV Gel PCR purification kit (Promega). For the synthesis of 5'-capped mRNA, the reactions were
carried out following previously established protocols”’. Uncapped RNAs were transcribed in vitro using the
CUGA T7 in vitro transcription kit (Nippon Gene). The size and quality of the resulting mRNAs were assessed
through denaturing RNA gel electrophoresis.

Human PURE in vitro translation

The HCV-IRES-dependent in vitro translation was conducted according to previously described methods®!. In
brief, for the luminescence assay of nano luciferase, a mixture of human PURE cocktail (4.5 pL) and reporter
DNAs (0.5 pL, 15 nM) was incubated at 32 °C for 3 h, followed by termination through incubation on ice. The
subsequent steps were performed using 96-well plates. A volume of 2 pL of the samples was diluted in Glo lysis
buffer (Promega) and incubated in a 1:1 ratio for 3 min in the dark with NanoGlo substrate, freshly diluted a
1:50 ratio in NanoGlo buffer (Promega), with shaking. Luminescence was measured using a Varioskan LUX
Multimode Microplate Reader (Thermo Fisher Scientific). For western blotting, the same procedure was fol-
lowed, except that 6 pL of samples were used. The 6 uL reactions were mixed with 15 pL of 4xSDS sample buffer
(240 mM Tris-HCl pH 6.8, 40% (v/v) glycerol, 0.01% (w/v) bromophenol blue, 7% (w/v) SDS, 10% (v/v) of
2-mercaptoethanol) and heated at 70 °C for 10 min. Subsequently, 20 uL of the samples were loaded onto a 13%
SDS-polyacrylamide gel for electrophoresis and subsequent western blotting analysis.

The cap-dependent in vitro translation was conducted following the established protocol®2. Briefly, the human
PURE-cap cocktail (3.6 uL) was combined with 0.4 pL of reporter mRNAs (final concentration, 60 nM) and
incubated at 32 °C for 6 h. The samples were analyzed using the same approach as the HCV-IRES-dependent
human PURE translation.

In experiments involving the addition of eIF2A and eIF2D, the human PURE cocktail was prepared to
replace eIF2 at a final concentration of 0.5 uM (eIF2(-) condition). The same procedure was also conducted
under eIF2(+) conditions.

HelLa lysate in vitro translation

The in vitro translation system derived from HeLa S3 cells was as previously described”!. The HCV-IRES-depend-
ent translation was assessed using the same procedure as the human PURE translation after incubation at 32 °C
for 2 h. In the cap-dependent in vitro translation, reporter mRNAs were added at a concentration of 3 nM and
incubated at 32 °C for 1 h. The samples were analyzed following the same method as the human PURE in vitro
translation.

Western blotting

The samples were separated on 13% SDS-polyacrylamide gels and transferred onto PVDF membranes. The
membranes were blocked with 2% (w/v) skim milk in TBS-T. Subsequently, the membranes were incubated with
primary antibodies listed in Table S5. After washes with TBS-T, the membranes were incubated with HRP-conju-
gated anti-mouse IgG (Sigma-Aldrich). Chemiluminescence signals were detected using an LAS4000 (FujiFilm).

Recombinant protein expression and purification

Recombinant GST-eIF2D and GST-eIF2A-His were produced in Rosetta 2(DE3) E. coli (Sigma # 71397-4)
using 2xYT media supplemented with 20 pg/ml chloramphenicol and 100 pg/ml carbenicilin. Isopropyl-p-D-
thiogalactopyranoside (final concentration, 1 mM) was added to induce the expression of the eIF2D and eIF2A
proteins at an optical density at 600 nm of 0.5-0.8. These cells were cultured at 16 °C for 18-20 h. After wash-
ing with a PBS buffer (nacalai), the bacterial pellet was kept —80 °C. Recombinant eIF2D was purified using
N-terminal GST-tag. The frozen cell pellets were resuspended in a buffer (20 mM HEPES-KOH pH 7.5, 500 mM
KCl, 2 mM DTT, 0.1%(v/v) Triton-X-100, 10%(v/v) Glycerol and cOmplete EDTA-free protease inhibitor cock-
tail tablet (Roche)) and lysed by sonication. Cell lysates were cleared by centrifugation for 45 min at 20,000 x g.
The supernatant was incubated with Glutathione Sepharose 4B (Cytiva) for 1 h at 4 °C. The resin was washed
with the same buffer and a high-salt wash buffer (20 mM HEPES-KOH pH 7.5, 1 M KCl, 2 mM DTT, 0.1%(v/v)
Triton-X-100, 10%(v/v) Glycerol) Then, the wash buffer was exchanged for Precission cleavage buffer (50 mM
Tris-HCl pH 7.5, 500 mM NaCl, 10%(v/v) Glycerol, 0.1%(v/v) Triton-X-100, 1 mM EDTA, 1 mM DTT). GST-
tag was cleaved on-column by Precission protease (Cytiva) for 16 h at 4 °C. The flow-through fraction was
applied onto a PD-10 column (GE Healthcare) equilibrated with a stored buffer (20 mM HEPES-KOH pH 7.5,
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100 mM KCl, 10%(v/v) Glycerol). After elution with 3.5 mL of the same buffer, the eluate was concentrated and
stored at —80 °C. In addition to the GST-based purification, recombinant eIF2A was further purified by using
C-terminal His-tag. After GST-tag cleavage, flow-through fraction including eIF2A was applied onto a Ni-NTA
resin (Qiagen), and the resin was washed with another buffer (20 mM HEPES-KOH, 100 mM KCl, 10%(v/v)
Glycerol, 1 mM DTT, 20 mM imidazole, 1 mM ATP, 1 mM MgCl,). eIF2A was eluted with elution buffer (20 mM
HEPES-KOH pH 7.5, 100 mM KCl, 10%(v/v) Glycerol, 300 mM imidazole). Finally, eIF2A was desalted and
buffer exchanged into the eIF2D stored buffer, and concentrated.

Quantification and statistical analysis
All statistical analyses were performed using custom R code. The presented quantitative data represent the
mean +S.D. from a minimum of three independent experiments.

Data availability
Data in this manuscript have been uploaded to the Mendeley Dataset public repository (https://doi.org/https://
doi.org/10.17632/ycnm3f8gsf.1).
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