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Intronic GGGGCC hexanucleotide repeat expansions in C907f72 are the most com-
mon genetic cause of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia
(FTD). Despite its intronic location, this repeat avidly supports synthesis of pathogenic
dipeptide repeat (DPR) proteins via repeat-associated non-AUG (RAN) translation.
However, the template RNA species that undergoes RAN translation endogenously
remains unclear. Using long-read based 5" RNA ligase-mediated rapid amplification of
cDNA ends (5’ Repeat-RLM-RACE), we identified C907f72 transcripts initiating within
intron 1 in a CIBAC mouse model, patient-derived iNeurons, and iNeuron-derived
polysomes. These cryptic m’G-capped mRNAs are at least partially polyadenylated and
are more abundant than transcripts derived from intron retention or circular intron
lariats. In RAN translation reporter assays, intronic template transcripts—even those
with short (32 nucleotide) leaders—exhibited robust expression compared to exon—intron
and repeat-containing lariat reporters. To assess endogenous repeat-containing lariat
RNA contributions to RAN translation, we enhanced endogenous lariat stability by
knocking down the lariat debranching enzyme Dbr1. However, this modulation did not
impact DPR production in patient-derived iNeurons. These findings identify cryptic,
linear, m’G-capped intron-initiating C907/72 mRNAs as an endogenous template for
RAN translation and DPR production, with implications for disease pathogenesis and
therapeutic development.
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The most common genetic cause of both amyotrophic lateral sclerosis (ALS) and fronto-
temporal dementia (FTD) is a GGGGCC hexanucleotide repeat expansion in the first
intron of C90rf72, accounting for 30 to 50% of familial ALS and 7% of sporadic ALS
(1-3), as well as up to 25% of familial FTD and 6 to 8% of sporadic FTD (4). Most
healthy individuals have only 2 GGGGCC repeats in C9orf72, but patients diagnosed
with ALS/FTD due to C90rf72 mutations (CO9ALS/FTD) can harbor hundreds to thou-
sands of repeats (1, 2).

One hallmark of C9ALS/FTD is the presence of dipeptide-repeat-containing proteins
(DPRs), which are generated through a noncanonical protein translation initiation mech-
anism termed repeat-associated non-AUG (RAN) translation. Both sense- and antisense-
generated DPRs accumulate within patient brains (5-8). From the sense GGGGCC
strand, a poly-glycine-alanine (GA), poly-glycine-proline (GP), and poly-glycine-arginine
(GR) containing protein are translated. The antisense CCCCGG strand produces
poly-proline-arginine (PR), poly-proline-alanine (PA), and a second poly-GP containing
protein, although it is worth noting that the PR and PA reading frames contain an AUG
codon that could be used for initiation (9). Overexpression of DPRs across multiple model
systems causes neurotoxicity in the absence of repeat RNA or its native sequence context
(8, 10-17), suggesting that DPRs may be sufficient for neurodegeneration upon their
accumulation.

Multiple groups have utilized reporters to determine how GGGGCC repeats support
RAN translation. While there are differences in how the reporters were designed, data
from multiple groups suggest the following: RAN translation of the GA reading frame is
the most robust (18-24), a CUG codon located 24 nucleotides upstream from the repeat
is important for efficient initiation of translation in the GA reading frame (18, 19, 21,
25-29), GGGGCC repeats are most robustly translated from an m’G capped mRNA
(18, 19, 21, 22, 30), and C9orf72-associated RAN translation (CORAN) is upregulated
when the integrated stress response is activated (18, 20-22, 31).

PNAS 2025 Vol.122 No.32 2507334122

Significance

An intronic GGGGCC repeat
expansion in C9orf72 supports an
unusual translational initiation
process known as repeat-
associated non-AUG (RAN)
translation to produce toxic
dipeptide repeat (DPR) proteins
that contribute to
neurodegeneration in ALS and
FTD. How an intronic repeat RNA
engages with ribosomes to
support such translation is
unclear. Here, we identify a series
of previously unannotated mRNA
transcripts that initiate within the
repeat-containing intron to create
linear m” G-capped templates for
RAN translation from GGGGCC
repeats. These cryptic mRNAs are
present in patient iNeurons,
engage with ribosomes, and
robustly support RAN translation.
This finding has important
implications for both our
understanding of the mechanism
by which RAN translation occurs
and on therapeutic development
in this currently untreatable class
of neurodegenerative disorders.
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While these reporter assays have yielded valuable insights into
disease, the exact RNA template that undergoes RAN translation
in patients remains unclear. Typically, introns are spliced from
mature mRNA transcripts as circularized intron lariats and then
rapidly turned over via linearization by the lariat debranching
enzyme Dbrl. Once linearized, they are subsequently degraded
by nuclear exonucleases, precluding their export to the cytoplasm
and ability to initiate translation through interaction with ribo-
somes. Understanding the template for CORAN translation and
how the intronic GGGGCC repeat in C90rf72 escapes this fate
are areas of active study (Fig. 14). The GGGGCC repeat could
theoretically escape degradation and exit to the cytoplasm by
impaired splicing, by aberrantly stabilizing a correctly spliced
intron, or through inclusion within transcripts with unannotated
5" or 3 ends (28). A splicing failure would lead to retention of
the repeat and first intron within mature C907/72 mRNA —
allowing for its export to the cytoplasm and engagement of trans-
lation machinery (32, 33). Alternatively, if the spliceosome
successfully removed the intron containing the GGGGCC repeat,

then the robust secondary structure formed by the repetitive GC
rich sequence could aberrantly stabilize the lariat. Spliced introns
have been previously reported in the cytoplasm of cells (34), and
in C9ALS/FTD, C9 intron lariat RNA persists in the cytoplasm
both in cells transfected with a splice-capable reporter and in
patient-derived fibroblasts as measured by smFISH (35). Introns
have historically been understood to be noncoding, but some
circular RNAs, which arise from back splicing events, are trans-
lated in a cap-independent manner (36, 37). Finally, it is possible
that the GGGGCC repeat interferes with proper C90rf72 tran-
scription, generating transcripts that lack the canonical 5" or 3’
splice sites to place the repeat in a nonintronic context. This sce-
nario could arise from altered transcription initiation from previ-
ously unmapped 5’ start sites or by premature transcription
termination, leading to 3’ truncated mRNA (38).

Defining the GGGGCC repeat-containing mRNA transcript
template that supports RAN translation is critical both for our
understanding of this enigmatic process and for development of
therapies for COALS/FTD. Here, we describe a set of unannotated
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Fig. 1. 5 RACE revealsintronicinitiation of C9orf72 repeat RNAs in C9BAC mouse model. (A) Schematic of potential GGGGCC repeat containing mMRNA templates
for RAN translation in COALS/FTD. (B) Schematic of 5 RACE-RLM experimental procedure. (C) Agarose gel of murine Beta-actin 5" RACE PCR in C9-500 BAC and
control mice, n = 2. (D) Aligned integrative genome viewer (IGV) plots using primers 2 and 3 in the cerebellum of C9-500 BAC mice, n = 3. (E) Annotated schematic
of the most commonly identified 5" RACE products using primers 2 and 3 in the cerebellum of C9-500 BAC mice, n = 3. (F) Pie chart of most commonly identified
5’ RACE products using primers 2 and 3 in the cerebellum of C9-500 BAC mice, n = 3/group.
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5" m’G-capped C907f72 RNAs that are derived from cryptic ini-
tiation within intron 1 of the C9 locus. These cryptic transcripts
are selectively present in COBAC-500 mice compared to controls
and are also observed in patient-derived fibroblasts, patient-derived
iNeurons, and iNeuron-derived polysomes. Enrichment of
poly-adenylated RNA captured these transcripts as well as addi-
tional transcripts with initiation sites in or above exon 1, indicat-
ing that some of these transcripts are poly-adenylated and some
derive from intron retention, respectively. Using reporters, we find
that these 5’ intron-initiating transcripts are translated much more
robustly than exon—intron or lariat reporters with the same sized
repeats. Moreover, efforts to enhance translation from endogenous
C9 intron lariat RNA through lariat stabilization did not impact
DPR production in patient-derived iNeurons. Taken together,
these data define an unexpected native template for RAN trans-
lation from the GGGGCC repeat in C907f72, with implications
for the mechanism by which this translation occurs and for ther-
apies aimed at mitigating this process.

Results

5' RACE Reveals Intron-Initiating C9orf72 Repeat-Containing
mRNAs in C9BAC Mouse Model. We used a BAC transgenic mouse
model engineered to express full-length human C97/72 with 500
GGGGCC repeats in intron 1 as well as human surrounding
sequence (C9-500 BAC) (39). This mouse recapitulates key
molecular and pathological features of CIALS/FTD, including
production of sense and antisense repeat containing RNA species
and generation of polyGA, polyGP, and polyGR DPRs. As the
cerebellum of these mice are particularly rich polyGA and polyGP
aggregates (39, 40), we isolated total RNA from cerebellar
homogenates from 6-wk-old mice and performed 5" RNA ligase
mediated-rapid amplification of cDNA ends (5’ Repeat-RLM-
RACE) to identify the 5" end of transcribed C907/72 GGGGCC
repeat-containing mRNAs (Fig. 1B). ¢cDNA was synthesized
using random hexamers and spiked in (CCCCGQG); to increase
the probability of the reverse transcriptase making it through the
repeat, which is known to impair PCR (2). Unlike traditional 5’
RACE, we developed a long-read nanopore sequencing platform
of our PCR amplicons rather than TOPO cloning to create a high-
throughput analysis pipeline, allowing us to better capture both
high and low-frequency transcripts and to determine the frequency
of different products more accurately. Control RACE PCRs using
primers specific for murine beta-actin and the 5 ligated RNA oligo
(SI Appendix, Table S1) revealed a single band of the expected size
on an agarose gel, confirming that all steps of the reaction were
successful (Fig. 1C).

We initially used three RACE primers specific to intron 1 of
C9orf72 (P1, P2, and P3, ST Appendix, Table S1), but found that
the lack of sequence specificity of P1 did not allow for C9-specific
products to be identified. However, using P2 and P3, we identified
a 5" end transcript that initiated within intron 1, 82 nucleotides
(nt) upstream of the repeat in C9-500 BAC mice (Fig. 1 D-F).
At low frequency (<1%), one additional product was identified,
initiating at 114nt above the repeat (Fig. 1 D—F). Both of the
identified transcripts contained the CUG codon located 24nt
upstream of the repeat thought to drive translation of the repeats
in the polyGA frame (18, 19, 21, 25). These products were not
reliably detected from control mice, as P1, P2, and P3 do not have
sufficient sequence homology with murine C907f72 to allow for
binding (87 Appendix, Fig. S1A). Of note, we did not identify
products mapping to known transcription start sites in exon 1A
in our mouse samples despite PCR cycling parameters that would
allow sufficient time for these products to be amplified, suggesting
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that most repeat-containing mRNAs do not arise from intron
retention.

5’ RACE in C9ALS/FTD Patient-Derived Cells Identifies Additional
Intron-Initiating C9orf72 RNAs. In patient-derived cells, we
initially utilized a traditional low-throughput 5" RACE protocol
to determine whether intron-initiated 5" end products are also
present in human cells. RNA was harvested from one control
and two COALS/FTD fibroblast lines, and PCR products from
P1, P2, and P3 amplification reactions were run on an agarose
gel. Bands were excised, gel purified, TOPO cloned, and Sanger
sequenced. Using P2 and P3, we identified a short product
in both COALS/FTD and control fibroblasts initiating 32nt
upstream of the repeat and only 8nt 5" to the CUG near-cognate
initiation codon (87 Appendix, Fig. S1B). This mRNA initiates
ata -1 T, +1A motif that is enriched at transcription start sites.
However, only fourteen total clones mapped to C907f72 over
multiple reactions. While more clones came from C9ALS/FTD
fibroblast lines, the presence of this product in at least one
control line suggests that it is not disease specific. We identified
no C9orf72-specific products with the P1 primer from C9ALS/
FTD or control fibroblasts.

To determine whether these unannotated 5’ end transcripts
undergo RAN translation in disease-relevant cells, we generated
iNeurons from human induced pluripotent stem cells containing
an NGN2-cassette from one control and one CIALS/FTD line.
Utilizing iNeuron lysates, we performed polysome profiling and
captured RNA from 80S and polysome fractions to use as our
input for 5" RACE (Fig. 24). Sequencing of clones that utilized
the P1 primer did not yield any C9o7f72-specific hits, but clones
derived from the P3 primer identified sixteen C907/72 hits that
mapped to the 32nt product seen in fibroblasts (Fig. 2B). We also
observed a rare, longer C907f72 isoform in our COALS/FTD iNeu-
ron line initiating near the mid-point of intron 1 (Fig. 2B). Thus,
short, 5'-capped C907/72 transcripts are present within fibroblasts
and actively translating fractions of patient-derived iNeuron RNA,
suggesting these species could contribute to DPR production.

Due to the small number of clones derived with this low-throughput
Sanger sequencing-based method, we leveraged our higher-throughput
pipeline with nanopore sequencing on a larger cohort of iNeuron
lines as was done with the C9-500 BAC mice. RNA from three
control and three COALS/FTD iNeuron lines were harvested at day
10 post differentiation and processed for 5" RACE. The presence of
a single band of the expected size using control primers complemen-
tary to human beta-actin and 5" RNA oligo primers on an agarose
gel confirmed all steps of the reaction were successful (S7 Appendix,
Fig. S1C). In addition, nanopore sequencing of products generated
using a reverse primer in exon 2 showed 5" ends which mapped to
exon 1B and 1A, respectively (S/ Appendix, Fig. S1D), demonstrating
the presence of correctly spliced, mature RNA in both C9ALS/FTD
and control iNeurons and suggesting that the RACE process from
the C9 locus is unimpeded by the repeat. Nanopore sequencing of
PCR products from P2 and P3 identified the same 82nt product
seen in C9-500 BAC mice which represented ~97% and 85% of the
total products in COALS/FTD and control iNeurons, respectively,
as well as the 114nt product, representing 2.5 and 12% of the total
products, respectively (Fig. 2 C-G) As in the C9-500 BAC mice, we
did not identify repeat-RLM-RACE reads from total RNA in
CI9ALS/FTD iNeurons mapping to exon 1A, suggesting that most
repeat-containing mRNAs in human iNeurons do not arise from
intron retention. However, a small percentage (4%) of reads from
control iNeurons mapped 5 to exon 1A (Fig. 2G).

To assess whether these unannotated intron-initiating C907f72
RNAs were polyadenylated, we performed polyA-capture using
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Fig. 2. 5 RACE reveals intronic-initiating C9orf72 repeat RNAs in C9ALS/FTD patient-derived iNeurons. (A) Schematic of 5 RLM-RACE experimental flow for
RNA isolated from control and C9orf72 patient-derived iNeuron 80S and polysome fractions. Polysome profiles shown were obtained from ~90 pg total RNA
isolated from C9ALS/FTD iNeurons (Left) and control iNeurons (Right), with 80S and polysome fractions labeled. (B) Annotated schematic of the most commonly
identified 5" RACE products using primers 1, 2, and 3 in polysome-associated RNA from C9ALS/FTD and control iNeurons, n = 1/group. (C) Aligned integrative
genome viewer (IGV) plots using primers 2 and 3 in total RNA from C9ALS/FTD iNeuron lines, n = 3. (D) Aligned IGV plots using primers 2 and 3 in total RNA
from control iNeuron lines, n = 3. (F) Annotated schematic of the most commonly identified 5" RACE products using primers 2 and 3 in total RNA from C9ALS/
FTD and control iNeuron lines, n = 3/group. (F) Frequency of most commonly identified 5 RACE products using primers 2 and 3 in total RNA from C9ALS/
FTD iNeuron lines, n = 3/group. (G) Frequency of most commonly identified 5° RACE products using primers 2 and 3 in total RNA from control iNeuron lines,
n = 3/group. (H) Aligned IGV plots using primers 2 and 3 in polyA RNA from COALS/FTD iNeurons, n = 3. (/) Aligned IGV plots using primers 2 and 3 in polyA RNA
from control iNeurons, n = 3. (/) Annotated schematic of the most commonly identified 5' RACE products identified using primers 2 and 3 in polyA-captured RNA
from C9ALS/FTD and control iNeuron lines, n = 3/group. (K) Frequency of most commonly identified 5 RACE products using primers 2 and 3 in polyA-captured
RNA from C9ALS/FTD iNeuron lines, n = 3/group. (L) Frequency of most commonly identified 5 RACE products using primers 2 and 3 in polyA-captured RNA
from control iNeuron lines, n = 3/group.
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oligo-dT beads prior to performing the nanopore-based repeat-
RLM-RACE protocol on the same control and CIALS/FTD
iNeuron lines we harvested total RNA from. Two products in the
polyA-captured RNA matched those seen in C9-500 BAC mice
and total RNA from C9ALS/FTD and control iNeurons (82nt
and 114nt) (Fig. 2 H-L). The persistence of these products in our
polyA-captured 5" RACE dataset suggests that at least some of
these intron-initiating products are polyadenylated, though our
experimental paradigm precludes our ability to determine whether
all intron-initiating RNAs are polyadenylated. Interestingly, ~15
to 20% of polyA-captured products mapped back to exon 1A,
suggesting at least some RNAs retain intron 1 and that these RNAs
are polyadenylated (Fig. 2 H-L). Thus, across multiple cell types
and systems, we identified unannotated, intron-initiating C90rf72
RNAs, and demonstrate that at least a percentage of these RNAs
are polyadenylated.

RAN Translation of Intron-Initiated mRNAs Exhibit Cap
Dependence and CUG Codon Usage. To understand more
about the 5’ end C907/72 RNAs we identified by 5' RACE, we
generated a series of nanoluciferase (NLuc) reporters to assess their
translation efficiency across multiple systems (Fig. 3A4). Briefly,
the AUG start codon of NLuc was mutated to GGG, precluding
translation, as previously shown (18, 41). Upstream of GGG-
NLuc we inserted 70 GGGGCC repeats in the polyGA (+0),
polyGP (+1), or polyGR (+2) reading frame. The 5" ends we
identified through our RACE studies were then inserted upstream
of the repeats and immediately downstream of the T7 promoter, so
no additional vector sequence was present in in vitro transcribed
RNAs from these plasmid reporters. We also generated a “whole
intron” reporter encompassing all 162nt of intron 1 to compare
to the shorter within-intron initiating RNAs (“short intron” and
“mid intron”, respectively) (SI Appendix, Table S2). In line with
previous results, expression of the whole intron GA70 RNA was
less robust than an AUG-driven intron GA70 RNA in HEK293
cells (S Appendix, Fig. S2A) (18). Of note, all reporters contained
the CUG start codon located 24 nucleotides upstream of the
GGGGCC repeat.

Using in vitro transcribed RNAs from these reporters, we
observed that the mid intron reporter, which corresponds to the
most common product identified by 5 RACE, was expressed more
robustly in the GA reading frame than the whole intron or the
short intron RNA reporter in vitro in rabbit reticulocyte lysate
(RRL), HEK293 cells, and rat hippocampal neurons (Fig. 3 B-D).
The mid intron RNA reporter was also expressed to the highest
extent in the GP and GR reading frames both in vitro and in rat
hippocampal neurons (S Appendix, Fig. S2 B-D). In HEK293
cells, while the mid intron reporter was expressed more robustly
than the short intron RNA reporter in the polyGP and polyGR
frames, expression was not significantly increased from the whole
intron RNA reporter (Fig. 3 £ and F). Next, we assessed whether
the CUG codon 24nt upstream of the repeat was obligate for RAN
translation from these shorter leaders. Typically, there is a 12 to
40nt region at the end of 5’ m’G capped mRNA transcripts that
is not permissive for initiation due to eIlF4F binding (42-44).
Despite being located only 8nt downstream from the 5 cap, the
CUG codon was important for polyGA production from the short
intron reporter in both RRL and HEK293 cells, as mutation to a
CCC completely abolished translation (Fig. 3 G and H). The loss
of the CUG codon had a more modest inhibitory effect on trans-
lation from the polyGP in both systems (Fig. 3H and S7 Appendix,
Fig. S2E), while its loss in the polyGR frame was variable across
systems (Fig. 3H and ST Appendix, Fig. S2F), consistent with data
suggesting frameshifting may occur within the repeat (18, 19).
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The 5’ RACE protocol selectively enriches for 5" m’G-capped
mRNAs. We therefore assessed whether the translation of these
intron-initiated transcripts exhibited 5" m’G-cap dependence.
RNAs were in vitro transcribed with eithera 5" m’G- or an A-cap
analog that cannot recruit the cap binding initiating factor elF4E
but protects the mRNA from degradation. As expected, translation
from Cricket paralysis virus (CrPV), which utilizes a
cap-independent internal ribosome entry site (IRES) translation
mechanism (45), was not impaired when A-capped, while an
AUG-initiated NLuc reporter was strongly cap-dependent (Fig. 3/
and SI Appendix, Fig. S3 A-E). In RRL and HEK293 cells, the
lack of a canonical 5" m’G cap dramatically reduced translation
of these unannotated 5" end reporter RNAs in all reading frames
and at all intron leader lengths, including the 32nt leader short
intron mRNA (Fig. 37 and SI Appendix, Fig. S3 A-E). An intron
retention reporter RNA also demonstrated strong cap dependence
(Fig. 37 and SI Appendix, Fig. S3A). In conclusion, our findings
demonstrate that intron-initiated C907/72 RNAs identified
through 5" RACE are efficiently translated, with the mid intron
products corresponding to enhanced expression and even the short
leader construct demonstrating a strong dependence on the CUG
near-cognate start codon and m’G cap, highlighting the critical
role of these elements in CO9RAN translation.

Intron-Initiated mMRNAs Are an Efficient Template for RAN
Translation. Prior studies have suggested that the major template
for RAN translation is either a linear mRNA containing a retained
intron (32, 33), or a spliced, circular C9 intron lariat that is
exported from the nucleus to the cytoplasm (35). To directly test
the efficiency of translation from these potential templates, we
generated constructs that included both exonlA and all intronic
sequence 5’ to the repeat, followed by 70 GGGGCC repeats in
the polyGA frame upstream of NLuc. This construct contains a
predicted AUG initiated uORF that would terminate 79nt from
the start of the repeat (19, 46). We next modified this construct to
directly assess a role for C9 intron lariat-based RAN translation by
expressing a NLuc reporter plasmid with 70 GGGGCC repeats in
the polyGA frame positioned between the 5" and 3’ ends of intron
1, flanked by exon 1A upstream and roughly 50 nucleotides of exon
2 fused with a V5 c-terminal tag, excluding the canonical AUG start
codon downstream (lariat GA70) (Fig. 44). When transfected into
cells, this reporter undergoes splicing to create a circular C9 intron
lariat containing the repeat (Fig. 44). To confirm the presence of a
spliced circular C9 intron lariat, we designed primers to amplify the
region of the lariat that crosses the branch point. Importantly, this
sequence is only present if the intron is circularized, and sequencing
of HEK293 cells expressing lariat GA70 confirmed our reporter
generated the anticipated product (SI Appendix, Fig. S4A).

To compare the translation efficiency of these reporters to the
intron-initiated products, we transfected these linear and lariat
GA70 plasmid reporters into HEK293 cells and rat hippocampal
neurons. The mid-intron reporter corresponding to the most com-
mon intronic-initiating RNA identified by 5" RACE was by far
the most efficiently expressed construct in both systems (Fig. 4 B
and C). Consistent with prior studies in rabbit reticulocyte lysate
(19), inclusion of exon1A impaired expression compared to the
intron-only GA70 reporter (Fig. 4 B and C). In both HEK293
cells and rat hippocampal neurons, linear GA70 reporters were
expressed between 10- to 100-fold more robustly than the lariat
GA70 lariat reporter (Fig. 4 B and C). Despite this, NLuc signal
of lariat GA70 was significantly greater than that of mock trans-
fection (81 Appendix, Fig. S4B), suggesting that the lariat reporter
is engaging with translational machinery and generating products,
consistent with previous results (22, 35).
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Fig. 3. Intronic-initiating reporter RNAs are translated in a cap dependent manner and more robustly than intron inclusion RNAs. (A) Schematic of linear
nanoluciferase (NLuc) reporter mRNAs, including mRNA with short (32nt) leader. (B) Expression of short, mid, and whole intron GA70 reporters in rabbit
reticulocyte lysate (RRL), expressed as NLuc (NL) relative to whole intron GA70, n = 9. (C) Expression of short, mid, and whole intron GA70 reporters in HEK293
cells, expressed as NL/FF relative to whole intron GA70, n = 9. (D) Expression of short, mid, and whole intron GA70 reporters in rat hippocampal neurons,
expressed as NL/FF relative to whole intron GA70, n = 15. (E) Expression of short, mid, and whole intron GP70 reporters in HEK293 cells, expressed as NL/FF
relative to whole intron GP70, n = 9. (F) Expression of short, mid, and whole intron GR70 reporters in HEK293 cells, expressed as NL/FF relative to whole intron
GR70, n = 9. (G) Expression of short intron GA70 reporters in RRL, expressed as NL relative to CUG short intron GA70. polyGA frame CUG was mutated to CCC,
n = 9. (H) Expression of short intron GA70, GP70, and GR70 reporters in HEK293 cells, expressed relative to CUG short intron for each frame. polyGA frame
CUG was mutated to CCC, n = 9. (/) Expression of ARCA m’G-capped and A-capped short intron, mid intron, whole intron, and exon-intron GA70 reporters
in HEK293 cells, expressed as the ratio of NL/FF signal in A-capped reporters to m’G-capped reporters, n = 9. Graphs represent mean + SEM, *P < 0.05,
***P < (0.001, ****P < 0.0001. 3xF = 3x FLAG tag; GA = glycine-alanine; GP = glycine-proline; GR = glycine-arginine; CrPV = cricket paralysis virus. (B-F) Brown-
Forsythe one-way ANOVA with Welch's unpaired t test multiple comparison correction, (G) Two-tailed Student's t test with Welch’s correction, (H-/) Multiple
Holm-Sidak's two-tailed Student's t test with Welch's correction.
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Fig. 4. Linear intron-initiating repeat RNAs drive CORAN translation. (A) Schematic of mid intron GA70, exon-intron GA70, and C9 lariat (lariat GA70) nanoluciferase

reporters. (B) Expression of mid intron, exon-intron, and lariat GA70 reporters i

n HEK293 cells expressed as NL/FF relative to mid intron GA70 reporter, n = 9.

(C) Expression of mid intron, exon-intron, and lariat GA70 reporters in rat hippocampal neurons expressed as NL/FF relative to mid intron GA70 reporter,
n =15. (D) Schematic of predicted Dbr1 impact a C9 lariat RNA. (F) Western blot of Dbr1 protein levels in HEK293 cells transfected with nontargeting control or
Dbr1 siRNA, 48 hours postknockdown (KD). Tubulin was used as a loading control, n = 3. (F) Quantification of western blot (E) of Dbr1 proteins levels in HEK293
cells transfected with nontargeting control or Dbr1 siRNA, 48-h post-KD. Expressed as relative intensity normalized to nontargeting control siRNA, n = 3. (G)
Fold enrichment in gene expression of SRF lariat in HEK293 cells transfected with nontargeting control or Dbr1 siRNA, 48-hours post-KD. Normalized to GAPDH
and expressed as relative to nontargeting control siRNA, n = 17. (H) Quantification of GP by MSD assay from COALS/FTD iNeurons treated with control or Dbr1

shRNA expressing lentivirus, expressed as arbitrary units relative to control sh

RNA lentivirus, n = 9. Graphs represent mean + SEM, *P < 0.05; ***P < 0.001;

****p<0.0001. GA = glycine-alanine; GP = glycine-proline. (B and () Brown-Forsythe one-way ANOVA with Welch's unpaired t test multiple comparison correction

(F-H) Two-tailed Student’s t test with Welch's correction.

Dbrl is responsible for the cleavage of the 2 to 5" phosphodi-
ester bond formed at the branch point of circularized lariats. Upon
cleavage, the circular lariat becomes linearized, and due to its lack
of protective 5" cap or 3" polyA tail, is rapidly degraded by exo-
nucleases (47-49). We hypothesized that inhibition of Dbrl
would inhibit the cell’s ability to clear lariats, thus stabilizing these
typically highly transient species, and that if a circularized lariat
is the main driver of C9 RAN translation, expression of our lariat
GA70 reporter would increase (Fig. 4D). To assess this, we took
advantage of an endogenous lariat RNA that is stable across mul-
tiple human cell types (34). The serum response factor (SRF) lariat

PNAS 2025 Vol.122 No.32 2507334122

is detectable in HEK293 cells at baseline (S Appendix, Fig. S4C),
and knockdown of Dbrl by siRNA in HEK293 cells led to a
fourfold enrichment the SRF lariat RNA compared to a nontar-
geting control siRNA (87 Appendix, Table S4 and Fig. 4 E-G). As
expected, knockdown of Dbrl did not impact translation of linear
GA70 reporters (SI Appendix, Fig. S4D). However, Dbrl reduc-
tion had no impact on lariat GA70 elicited NLuc expression,
despite a 75% reduction in Dbrl at the protein level (Fig. 4 £and
Fand SI Appendix, Fig. S4D). While Dbr1 knockdown trended
toward enhancement of lariat GA70 reporter-derived lariats as
measured by RT-PCR across the branchpoint, this change was
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not significant due to high variance and low signal, suggesting
that even reporter-based expanded repeat C9 lariats are difficult
to stabilize in cells (S Appendix, Table S3 and Fig. S4E).

‘We next assessed whether we could measure circular C9 intron
lariats endogenously in patient-derived iNeurons. RNA was
extracted from three control and three C9ALS/FTD patient-derived
iNeuron lines and treated with RNaseR, an RNase that selectively
degrades linear RNA while leaving circular RNA intact. This
methodology significantly enhanced our detection of the SRF
lariat compared to mock treated patient-derived iNeurons and
significantly reduced the levels of linear mature C907f72, as meas-
ured by exon2-exon3 levels (S Appendix, Fig. S4G). However, we
were unable to detect the presence of a circular C9 intron lariat
despite allowing for 45 cycles of qRT-PCR. To confirm that our
primers could bind their complementary sequence and generate
a PCR product despite crossing a lariat branch point, we developed
a reporter plasmid containing the unique branch point crossing
sequence, which is only present when the intron is circularized in
a lariat and arranged it linearly (linear C9 lariat). (S/ Appendix,
Fig. S4G). PCR of the branch point crossing primers on the linear
C9 lariat reporter was successful at inputs down to 0.005 ng over
40 cycles (SI Appendix, Fig. S4G). This linearly arranged sequence
was also readily detectable in transfected HEK293 cells
(SI Appendix, Fig. S4H). The lack of readily detectable C9 lariat
is in-line with previous work aimed at measuring the circular C9
intron lariat, which required multiple rounds of 40-cycle PCR to
identify the circular C9 intron boundary (35).

We next sought to investigate whether reducing Dbr1 levels in
patient-derived iNeurons might impact endogenous DPR levels.
We hypothesized that if an endogenous C9 intron lariat with a
large repeat were to act as a critical endogenous RAN translation
template, then Dbrl knockdown should increase the levels of toxic
DPRs (Fig. 4D). We measured baseline polyGP levels in four
CI9ALS/FTD and four control patient-derived iNeuron lines, two
of which were isogenic pairs (S Appendix, Fig. S5A). One line
expressed significantly higher levels of polyGP compared to the
others tested (10-fold or greater), which we used for our Dbrl
studies moving forward (S Appendix, Fig. S5A). Using a lentivirus
expressing a Dbr1 shRNA (87 Appendix, Table S5), we transduced
DIV3 C9ALS/FTD and control iNeurons and harvested cells at
DIVIO to assess Dbrl protein knockdown by western blot.
Transduction with Dbr1l shRNA lentivirus reduced protein levels
by 50% in control and C9ALS/FTD iNeurons (S/ Appendix,
Fig. S5 B and C). We next measured polyGP levels in CIALS/
FTD iNeurons treated with a Dbr1 shRNA lentivirus or a control
lentivirus and saw no significant change in polyGP levels in
CI9ALS/FTD iNeurons (Fig. 4H). Taken together, these data sug-
gest that a circular C9 intron lariat is unlikely to be an abundant
orefficient template for RAN translation in patient-derived neurons.

Discussion

A central question in COALS/FTD pathogenesis is how an intronic
repeat sequence is translated into toxic DPRs. Evidence suggests
that RAN translation is important in disease pathogenesis and
knowledge of its endogenous template in patient neurons could
inform the development of therapeutics, such as antisense
oligonucleotides (ASOs) and small molecules that target DPR
production. Here, we show that the repeats are found in linear,
5" m’G-capped and sometimes polyadenylated mRNAs generated
from transcriptional initiation within the intron itself in both a
BAC transgenic mouse model of the disease and patient iNeurons.
RAN translation of these cryptic mRNAs is highly efficient across
all reading frames compared to lariat RNAs or retained
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exon-intron RNAs—both of which also are less abundant. Based
on these findings, we propose that these intron-initiating repeat
containing linear RNAs are a major endogenous template for RAN
translation in C9ALS/FTD, with important implications for
therapy development.

We utilized a relatively new approach that couples nanopore
sequencing with 5" RACE as opposed to traditional molecular
cloning followed by Sanger sequencing of individual clones
(Fig. 1B) (50). This methodology increased both the throughput
and sensitivity of the assay to detect low frequency transcripts,
thus generating a more accurate view of the transcriptional land-
scape of the 5 end of CYorf72. However, the absence of
allele-specific SNPs within the region of interest precludes our
ability to distinguish whether the transcripts we identified in our
patient-derived iNeurons derive from the expanded disease allele
or the nonexpanded wildtype allele. While this cannot be resolved
in our iNeuron model, the BAC transgenic C9 mouse model
exclusively contains the expanded human allele, and insufficient
sequence homology from the murine C90rf72 gene prevents
amplification by the C90rf72-specific 5" RACE primers used in
these experiments (SI Appendix, Fig. S1A). Thus, intron-initiated
transcripts do occur in the presence of a large GGGGCC repeat
(Fig. 1 D-F).

Identification of the same intron-initiated 5" end transcripts by
5" RACE of poly-adenylated mRNA suggests that, for at least a
portion of these mRNAs, transcription proceeds through the
repeat and to a polyA site (Fig. 2 H-L). While it is possible for
pre-mRNA to be prematurely poly-adenylated, the stability of
transcripts with this hallmark is markedly reduced. As such, our
results are most consistent with the poly-adenylation of these tran-
scripts occurring at nonpremature sites (51). This is consistent
with recent reports of cytoplasmic repeat-containing RNA map-
ping to C9orf72 exons and suggests that intron-initiated tran-
scripts may be “exonized” and contain the expected downstream
exons (38). Further, “exonized” transcripts are known to be
actively translated, as siRNAs against exon 2 in C9ALS/FTD
fibroblasts exhibit significantly decreased abundance of polyGA
and polyGP DPRs (38).

Importantly, we observe 5 intron-initiated mRNAs within
polysomes from C9 patient-derived iNeurons, suggesting that
these transcripts undergo translation in a disease relevant cell type
and contribute to DPR production (Fig. 2 A and B). While our
nanopore-coupled 5" RACE technique increased our ability to
detect 5° RACE products compared to traditional cloning and
Sanger sequencing, we did not identify the shorter 32 nucleotide
product seen in fibroblasts and iNeurons, likely due to a
size-recovery limitation of PCR clean up. Over the past several
years, long-read sequencing through repetitive regions has
improved dramatically (52-55), and future 5" RACE endeavors
may be able to utilize primers that bind 3’ to the repeat to more
reliably capture even very short products initiating just above
the repeat.

In the classical scanning model of translational initiation, the
43S preinitiation complex made up of eIF2, GTDR, Met-tRNAiMet,
and 40S ribosome binds to capped mRNA through interaction
with eIF4F, which includes the cap binding factor eIF4E (56). As
such, steric hindrance induced by eIF4E is thought to preclude
access of the 40S ribosome to the very 5’ end of capped mRNAs,
creating a region of mRNA that is “blind” to the ribosome (57).
Previous studies have suggested that a typical blind spot could
range from 12 to 40 nucleotides (43, 44). Despite this, using
in vitro transcribed mRNA nanoluciferase reporters that mimic
the intron-initiated transcripts we identified through 5" RACE,
we observed robust translation from all three reading frames even
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when a very short leader was utilized that started just eight nucle-
otides above the CUG near-cognate codon previously shown to
be important for polyGA reading frame translation (18, 19, 21,
25-27, 29, 46) (Fig. 3 B-D and SI Appendix, Fig. S2 A-C).
Mutating this CUG codon to CCC markedly reduced production
from this short intron reporter (Fig. 3 G and H and S/ Appendix,
Fig. S2 E and F), and its translation was cap-dependent (Fig. 37
and SI Appendix, Fig. S3 A—E). There are prior precedents for
translation initiation at AUG codons within this typically “blind”
region. Translation Initiator of Short 5 UTR (TISU) is a short
(twelve nucleotide median length) regulatory element located in
4.5% of protein-encoding genes. This element is typically close
to the transcription start site and plays important roles in the
translation of mRNAs in the absence of ribosome scanning (58).
Translation of in vitro transcribed GFP reporter TISU mRNAs
remained m’G cap-dependent and was not significantly altered
when the 5" UTR was shortened to only five nucleotides, consist-
ent with our short intron GA70 reporter findings (Fig. 37 and
SI Appendix, Fig. S3 A—E). Similarly, histone H4 mRNAs also
have short 5" UTRs that utilize a hybrid cap-dependent scanning
and IRES-driven initiation process (59). In this context, the his-
tone ORF contains a highly structured helix region that directs
positioning of the ribosome on the cognate start codon in the
absence of ribosomal scanning (59). The GGGGCC repeat is
known to adopt a strong secondary structure as a hairpin or
g-quadruplex (60—63), suggesting it could act in a similar manner
to support translation from a short leader sequence. However,
translation from CUG and GUG codons in a short, 24nt UTR
context has been previously reported in the absence of any such
repeat structure (64). Interestingly, the CUG codon 24nts
upstream of the repeat in C90rf72 is in a relatively strong Kozak
sequence, with both a purine at the -3 position and a G in the +4
position, both of which are thought to be strong predictors of
efficient translation from non-AUG codons in mammals (65, 66).
Future studies will be needed to formally assess the role of the
repeat structure and leader sequence in RAN translation
initiation.

The linear repeat-containing RNAs we observe in COALS/FTD
patient neurons are much more efficient templates for RAN trans-
lation than either retained intronic repeats or spliced lariats that
contain repeats. Previous data using a splice-capable C9 intron
lariat reporter demonstrate that a spliced, circular intron can be
exported to the cytoplasm and serves as the template for RAN
translation (35). This work primarily utilized a reporter containing
highly structured exogenous sequences (MS2 and PP7 binding
sites) to track the mRNA, which could potentially influence the
behavior of these reporters (67). Therefore, we sought to determine
the contribution of a circular C9 intron lariat from a reporter
lacking these sequences. Consistent with previous findings where
the percentage of translating introns as measured by SunTag signal
was markedly reduced compared to AUG-dependent translation
(35), translation of our lariat reporter is ineflicient in both
HEK293 and rat hippocampal neurons (Fig. 4 B and C). This is
likely due to inefficient, cap-independent translation mechanism
by which a lariat would have to engage with ribosomes. Consistent
with this theory, RAN translation of intron 1 is also inefficient
when included as part of a bicistronic reporter system, where
translation of a monocistronic reporter was ~20 to 30 fold higher
than with a bicistronic reporter (22).

We were unable to measure a repeat-containing intron lariat in
CI9ALS/FTD patient-derived iNeurons despite post hoc enrich-
ment for lariats by treating total RNA with RNaseR and assaying
to 45 cycles by qRT-PCR (87 Appendix, Fig. S4F). Importantly,

this technique did significantly enrich for a known stable lariat
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(SRF). Prior studies required deep sequencing following two
rounds of PCR to reliably detect the branch point junction on
the C9 lariat (35), suggesting that endogenous C9 intron lariats
are maintained at a very low abundance within patient cells. To
counter that limitation, we enriched for lariats by using a Dbr1
shRNA lentivirus in CIALS/FTD patient-derived iNeurons.
However, this strategy had no impact on endogenous DPR pro-
duction (Fig. 4H and SI Appendix, Fig. S5 B-D). While Dbrl
knockdown did not impact polyGP production, future analysis
of additional reading frames including polyGA and GR could
reveal frame-specific effects.

In summary, our data demonstrate that intron-initiated repeat
containing transcripts are more efficiently translated than either
exon—intron or spliced lariat reporters and are more abundant in
patient-derived iNeurons. These findings suggest that intron-
initiated mRNAs represent the major endogenous RAN transla-
tion template in C9orf72-associated ALS and FTD. This finding
has significant therapeutic implications, as some, but not all, cur-
rently designed ASOs and other therapeutic approaches target this
species. We propose that these cryptic intronic initiation sites
could be viewed as unique therapeutic targets. Future studies will
be needed to define what approach would be most effective.

Methods

5'Repeat-RLM-RACE. 5" RACE was performed using the GeneRacer kit (Invitrogen,
L150201)according to kit protocol. Total RNAfrom HEK293 cells and iNeurons was
harvested using the RNeasy Mini Kit (Qiagen, 74106) according to manufacturer
protocol. RNAwas extracted from 6-wk-old mouse cerebellum using TRIzol (Thermo
Fisher, 15596026) according to manufacturer protocol. For mouse experiments, 2
to 3 pg of DNase-treated total RNA was used for the initial CIP reaction. For iNeu-
ron experiments, Tug of DNase-treated total RNA, 40 ng of DNase-treated polyA
captured RNA, or 0.2 pg of monosome/polysome fraction DNase-treated RNA was
used forthe initial CIP reaction. Forfibroblast experiments, ~2.5 to 4.5 pg of DNase-
treated total RNAwas used in the initial CIP reaction. 1 pmol of C,G, x 4 was spiked
into the first step of cDNA synthesis, and cycling parameters were as follows (5
min at 25 °C, 60 min at 55 °C, 15 min at 70 °C). Control reactions with beta-actin
primers were performed as per kit protocol. All PCRs utilized Platinum PCR SuperMix
High Fidelity (Thermo Fisher, 12532016) with TuL cDNA and touchdown protocol
recommended in the kit protocol. For P1 and P2 primers, annealing was performed
at 68 °C with 25 s extension. For the P3 primer, annealing was performed at 66 °C
with 25 s extension. PCR products were cleaned with DNA Clean and Concentrator
Maghead Kit (Zymo Research)according to manufacturer instructions. Purified PCR
products were used for nanopore long read sequencing.

polyA Capture. DIV10 iNeurons were harvested with the RNeasy Mini Kit
(Qiagen), treated with TURBO DNase (Thermo Fisher, AM2238), and clean and
concentrated with the RNA Clean and Concentrate-25 kit (Zymo Research, R1018)
as described above. polyAisolation was performed on 2 pg of DNase-treated total
RNA using the NEBNext Poly(A) mRNA Magnetic Isolation Module (New England
Biolabs, E7490L) according to the manufacturer's express protocol.

ONT Library Preparation of Amplicons and Analysis. Sequencing libraries
consisting of amplicons were prepared using the ONT Native Barcoding kit 24 V14
(SQK-NBD114.24, ONT) as described here with the following modifications. 10uL
of each amplified product was phosphorylated using 0.5pL of T4 PNK (M0201S,
NEB) and 1.5uL 10x T4 DNA ligase buffer (B0202S, NEB) and 3L of molecular
biology grade water in a total of 15pL. The phosphorylated products were ligated
in separate PCR tubes with different barcodes in a 20 pl reaction with 0.5pL
Native Barcode (NB01-24), TuL T4 DNA ligase (M0202L, NEB), TuL of T4 DNA
ligase bufferand 2.5 pL of water for 20 min at RT. 2uL of 0.5 M EDTA was added
to each tube to stop the barcode ligation and all reactions were pooled into a
single 1.5 mLmicrocentrifuge tube. The barcoded reactions were incubated with
1.1X CleanNGS beads (CNGS005, Bulldog Bio) for 10 min at RT with rotation.
The samples were then placed on a magnet and washed twice with 700 pL of
80% ethanol. Following the washes, the pooled samples were eluted in 36 pl
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of water, and TpL was used to quantify the DNA concentration on the Qubit.
The Native Adapter (NA) was ligated to the samples in a 50 pL ligation reaction
(5pLT4 DNAligase, 12.5 pLLNB, 5 uLNA) and rotated for 20 min at RT. Next, 1.1X
CleanNGS beads were added and incubated for an additional 10 min at RT with
rotation. The library was placed on a magnet and the supernatant was removed
followed by two 150 pL washes with Small Fragment Buffer (SFB). After the final
wash, the bead pellet was allowed to air dry for 30 s and the library was eluted in
16 puLEB, and 1 pLwas used to quantify the DNA on the Qubit. The sequencing
library was prepared with at least 500 ng of barcoded-adapted sample, 15 plL
Sequencing Buffer (SB), 5 uL Library Beads (LIB), and

sequenced on a Flongle R10.4.1 flow cell following the ONT Flongle loading
method. ONTsequencing was performed for up to 24 h using ONT Flongle flow-
cells. The data were base called with Dorado version 7.6.7 using the dna_r10.4.1
_e8.2_400bps_5khz_sup model and a minimum gscore of 10. Sequence align-
ment was performed using minimap2, aligning reads to the human reference
assembly GRCh38. On-target reads for each barcode were filtered and counted
by transcript length leveraging the Pysam module in custom Python software.

Lentivirus. A lentiviral shRNA plasmid against Dbr1 was purchased from Horizon
Discovery. GFP control vector (pLLEV-GFP) was purchased from the University of
Michigan Vector Core. Lentiviruses were packed at the University of Michigan
Vector Core with HIV lentiviruses and then concentrated to 10x concentration in
10 mLof DMEM. Knockdown of Dbr1 was confirmed by western blot. To transduce
iNeurons, media was removed from control and C9 iNeurons on DIV3, and a full
media change with diluted control GFP lentivirus or Dbr1 shRNA lentivirus in
B27 was applied. A half media change with B27 media was performed on DIV6,
and iNeurons were harvested on DIV10 according to the protocol detailed below
for GP MSD.

GP MSD Assay. From a 6-well plate, media from DIV10 iNeurons was removed
manually,and cellswere harvested by scraping with 200 pLcold co-IP buffer(50 mM
Tris-HCI, 300 mM NaCl, 5 mM EDTA, 0.1% triton-X 100, 2% SDS, protease inhib-
itor, phosphoSTOP) on ice. Lysates were passed through a 21G syringe 12 times,
spun at 16,000 g for 20 min at 15 °C, and supernatant was collected. polyGP
protein levels were measured using the Meso Scale Discovery (MSD) electro-
chemiluminescence detection technology as previously described (8). Detection
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was performed as described in ref. 5. Additional information is detailed in the
Sl Appendix, Materials and Methods.

Data, Materials, and Software Availability. Most data are included in the
manuscript and supplemental appendices, including sequences of identified
5’ RACE products. Aligned BAMs are available on Deep Blue Data (https://doi.
0rg/10.7302/bmsz-v233) (68). Code for custom Python software used for nan-
opore based 5" RACE transcript length determination using the Pysam module
is available on GitHub at https://github.com/bcrone/5-RACE (69). All study data
are included in the article and/or S/ Appendix.
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