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Significance

Several degenerative diseases are 
caused by expansions of CAG 
trinucleotide repeats. The 
repeat-containing RNAs contribute 
to cellular pathology in two 
unusual ways. These RNAs may 
agglomerate in the nucleus as foci 
or undergo aberrant repeat-
associated non-AUG (RAN) 
translation. We show that RAN 
translation is preceded by 
prolonged retention of repeat-
containing RNAs at nuclear foci, 
chronologically connecting these 
two pathomechanisms. Upon RAN 
translation, the repeat-containing 
RNAs coaggregate with the 
cognate RAN translation products. 
This cytoplasmic RNA–RAN protein 
aggregation correlates with the 
mislocalization of various RNA-
binding proteins and cell toxicity, 
while accumulation of nuclear foci 
alone does not produce these 
defects. Our findings suggest that 
cytoplasmic RNA aggregation may 
be a common feature of diseases 
caused by CAG trinucleotide 
repeat expansions.
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CAG trinucleotide repeat expansions cause several neurodegenerative diseases, including 
Huntington's disease and spinocerebellar ataxia. RNAs with expanded CAG repeats 
contribute to disease in two unusual ways. First, these repeat-containing RNAs may 
agglomerate in the nucleus as foci that sequester several RNA-binding proteins. Second, 
these RNAs may undergo aberrant repeat-associated non-AUG (RAN) translation in 
multiple frames and produce aggregation-prone proteins. The relationship between RAN 
translation and RNA foci, and their relative contributions to cellular dysfunction, are 
unclear. Here, we show that CAG repeat-containing RNAs that undergo RAN transla-
tion first accumulate at nuclear foci and, over time, are exported to the cytoplasm. In 
the cytoplasm, these RNAs are initially dispersed but, upon RAN translation, aggregate 
with the RAN translation products. These RNA–RAN protein agglomerates sequester 
various RNA-binding proteins and are associated with the disruption of nucleocyto-
plasmic transport and cell death. In contrast, RNA accumulation at nuclear foci alone 
does not produce discernable defects in nucleocytoplasmic transport or cell viability. 
Inhibition of RAN translation prevents cytoplasmic RNA aggregation and alleviates cell 
toxicity. Our findings demonstrate that RAN translation-induced RNA-protein aggre-
gation correlates with the key pathological hallmarks observed in disease and suggest 
that cytoplasmic RNA aggregation may be an underappreciated phenomenon in CAG 
trinucleotide repeat expansion disorders.

Repeat expansion diseases | RNA localization | RNA aggregation | RAN translation

Over 40 genetic diseases are traced to aberrant expansions of short tandem repeats (1, 2). 
This family of diseases, collectively referred to as nucleotide repeat expansion disorders, 
includes Huntington’s disease (HD), several spinocerebellar ataxias (SCA), myotonic dys-
trophy, and certain forms of amyotrophic lateral sclerosis/frontotemporal dementia (ALS/
FTD). Disease-causing repeats are found in both protein-coding as well as noncoding 
regions. For example, Huntington’s disease results from a CAG trinucleotide repeat expan-
sion in exon 1 of the huntingtin (HTT) gene, whereas myotonic dystrophy is caused by 
a CTG repeat expansion in the 3′ untranslated region of dystrophia myotonica protein 
kinase (DMPK). Disease usually manifests when the number of repeats exceeds a critical 
threshold (1, 2).

Although repeat expansion diseases are monogenic disorders, the disease mechanisms 
are often more complex than the simple loss of function of the mutated gene (1, 2). 
Expanded repeats may contribute to cellular dysfunction and disease via at least three 
possible routes. First, when repeats are present in the protein-coding parts of the gene, 
they may produce aggregation-prone homopolymeric proteins, such as ones with expanded 
polyglutamine stretches. Second, the repeats may also be translated in multiple reading 
frames without a bona fide AUG start codon: a process referred to as repeat-associated 
non-AUG (RAN) translation (3). Third, the repeat-containing RNAs form higher order 
assemblies and accumulate as "foci" in the nucleus. These nuclear RNA foci sequester 
various RNA-binding proteins and result in transcriptome-wide RNA processing defects 
(4, 5). These mechanisms of pathology are not mutually exclusive, which makes it chal-
lenging to tease out their individual contributions to cellular dysfunction.

In previous work, we showed that pathogenic guanine/cytosine (GC)-rich repeat 
expansions in RNA (such as expanded CAG repeats) create sites for multivalent 
intermolecular base-pairing (6). An increase in the number of repeats corresponds to 
an increased valency for RNA–RNA interaction, and purified RNA with expanded 
repeats form micron-sized clusters in vitro. In cells, expression of RNA with expanded 
CAG repeats that do not lie within a canonical protein-coding open reading frame 
was sufficient to produce nuclear foci. However, expression of these minimal CAG 
repeat-containing RNAs did not induce noncanonical RAN translation, nor did it 
produce noticeable cell toxicity (6).
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Here, we sought to develop a synthetic system that recapitulates 
RAN translation. Since prior work has shown that the sequences 
surrounding the repeats may affect this process (3, 7, 8), we created 
a small library where the same CAG repeat tract was placed down-
stream of different flanking sequences. We found that while expression 
of most CAG repeat-containing RNAs induced nuclear foci, a subset 
of these sequences were also exported to the cytoplasm and underwent 
RAN translation. Strikingly, cytoplasmic CAG repeat-containing 
RNAs coaggregated with the RAN translation products. These cyto-
plasmic RNA–RAN protein agglomerates recruited RNA-binding 
proteins such as TDP-43 and FUS, and were associated with nucle-
ocytoplasmic transport defects and pronounced cell death. These toxic 
effects could be suppressed by inhibiting RAN translation. In contrast, 
CAG repeat-containing RNAs that accumulated at nuclear foci alone 
neither produced these abnormalities nor affected cell viability. Our 
findings suggest that translation of CAG repeat-containing RNA and 
accompanying cytoplasmic RNA-protein aggregation underlie the 
key pathological defects observed in disease.

Results

RAN Translation of RNA with Expanded CAG Repeats Depends on 
the Surrounding Sequence Context. We previously reported that 
RNA transcripts that primarily consist of expanded CAG repeats 
cluster at RNA foci in the nucleus, but the expression of these 
RNAs did not produce RAN translation products (6). In contrast, 
expression of CAG repeat-containing minigenes, where the repeat 
tract is flanked by sequences native to disease-associated genes (such 
as HTT, ATXN3, and ATXN8 associated with HD, SCA3, and 
SCA8, respectively), recapitulated RAN translation in U-2OS cells 
(SI Appendix, Fig. S1A), as previously reported in other cell types 
(3). Several studies have indicated that sequences surrounding the 
expanded repeat tracts may facilitate RAN translation (3, 7–9). 
To determine whether adjacent nucleotide stretches could induce 
RAN translation of our synthetic CAG repeat construct, we 
appended a small library of 12 different 250-nt sequences upstream 
of the same 240×CAG repeat tract (sequences in Dataset S1). To 
preclude canonical translation of the repeat region, we incorporated 
multiple stop codons immediately upstream of the repeats (Fig. 1A). 
Downstream of the repeats, we cloned multiple MS2 aptamers, 
which serve as binding sites for a coexpressed enhanced yellow 
fluorescent protein-tagged MS2 coat protein (MS2-YFP) and thus 
allow RNA visualization (10). Upon expression of these constructs in 
U-2OS cells, we observed two distinct classes of cellular phenotypes. 
The first class exhibited liquid-like nuclear RNA foci and showed 
no detectable RAN translation products (representative sequence 
CAGFOCI in Fig. 1 B–E, other sequences in SI Appendix, Fig. S1 
B and C), similar to our earlier report (6).

In the second class, we observed minimal nuclear foci but 
instead, the repeat-containing RNAs accumulated in perinuclear 
cytoplasmic inclusions (Fig. 1 B and C and SI Appendix, Fig. S1B). 
Unlike the round nuclear foci, the cytoplasmic RNA agglomerates 
had a dendritic mesh-like morphology (Fig. 1 B and C). The 
repeat-containing RNA at these cytoplasmic inclusions was immo-
bile as evidenced by a lack of fluorescence recovery upon pho-
tobleaching (Fig. 1F and Movie S1). Similar RNA localization was 
observed via fluorescence in situ hybridization (FISH) both with 
and without the MS2 tag on the RNAs (Fig. 1C and SI Appendix, 
Fig. S1 D and E, controls for the MS2 tag are further discussed in 
SI Appendix, Supplemental Discussion). These localization pheno-
types could not be accounted for by differences in RNA expression 
levels (SI Appendix, Fig. S1 F and G), and for a given sequence, 
changing RNA expression did not noticeably affect its subcellular 
localization (SI Appendix, Fig. S1 H and I).

Interestingly, constructs that resulted in cytoplasmic RNA aggre-
gates also exhibited pronounced staining for polyglutamine-contain-
ing proteins (Fig. 1 D and E and SI Appendix, Fig. S1C), likely 
arising due to RAN translation of the repeat tract. Likewise, the 
expression of minigenes that undergo RAN translation (upstream 
sequences corresponding to HTT, ATXN3, and ATXN8), also pro-
duced cytoplasmic aggregates of the cognate repeat-containing RNA 
(Fig. 1G). We were intrigued by this correlation between cytoplasmic 
RNA aggregation and RAN translation, and we chose a represent-
ative sequence from this class in our synthetic library that produced 
RAN translation products and cytoplasmic RNA aggregates 
(CAGRAN) for further analysis.

Two hallmarks of RAN translation are that i) the expanded 
repeats are translated even though they do not occur in a canonical 
open reading frame with translation initiating within or possibly 
upstream of repeat region (3, 8, 11), and ii) the repeats may be 
translated in multiple reading frames (3, 12). Our constructs con-
tained stop codons in each reading frame immediately upstream 
of the repeat tract; thus, the CAG repeats in CAGRAN are not a part 
of a canonical (or near-canonical) open reading frame. To validate 
that translation initiation occurs within or upstream of the repeats, 
we incorporated a fluorescent protein, enhanced blue fluorescent 
protein 2 (EBFP2), lacking an ATG-start codon, immediately 
downstream of the CAG-repeats (CAGRANBFP, EBFP2 incorpo-
rated in the CAG or 0 frame, Fig. 1H). The EBFP2 protein 
sequence does not contain another in-frame methionine in the first 
78 amino acids and translation initiation at this residue should not 
result in a fluorescent protein product (13). If translation initiates 
within or upstream of the CAG repeats, the translating ribosomes 
will read through the downstream EBFP2, resulting in fluorescent 
protein production. Consistent with this hypothesis, cells trans-
duced with CAGRANBFP exhibited BFP fluorescence upon induc-
tion (Fig. 1H). Incorporation of stop codons between the 
CAG-repeats and EBFP2 (CAGRANSTOP-BFP) led to a near-com-
plete loss of BFP fluorescence (Fig. 1H), reinforcing that EBFP2 
in CAGRANBFP initiates in the upstream region and is produced 
via RAN translation.

Noncanonical RAN translation of CAG repeats may produce 
polyglutamine (in 0 or CAG frame), polyserine (in +1 or AGC 
frame), and polyalanine (in +2 or GCA frame). We observe abundant 
polyglutamine production upon the expression of CAGRAN both 
with and without the MS2 tag (Fig. 1 D and E and SI Appendix, 
Fig. S1J). There are no commercial antibodies currently available 
against polyserine or polyalanine peptides. To test whether CAGRAN 
is translated in multiple reading frames, we incorporated epitope tags 
downstream of the CAG repeats (CAGRAN3xTag, HA in the 0 frame, 
Myc in the +1 frame, and FLAG in the +2 frame).

Immunofluorescence microscopy showed that cells expressing 
CAGRAN3xTag produced proteins corresponding to all three 
frames (Fig. 1I). Overall, these results show that CAGRAN recapit-
ulates RAN translation in multiple frames, while a related con-
struct with an identical repeat tract, CAGFOCI, does not and only 
produces nuclear RNA foci.

Cytoplasmic RNA Aggregation Is Preceded by Accumulation 
of RNA at Nuclear Foci. We next examined the localization of 
CAGRAN RNA in live cells via the MS2 hairpin tag (10). We 
found that within minutes after induction, CAGRAN RNA formed 
numerous micron-sized nuclear foci (Fig.  2A  and  Movie S2). 
CAGRAN RNA at these nuclear foci was mobile and exhibited 
rapid fluorescence recovery upon photobleaching (characteristic 
recovery time, τ ~ 80 s, SI Appendix, Fig. S2A and Movie S3). This 
recovery rate is similar to that observed for RNA that exclusively 
form nuclear foci (τ ~ 60 s for CAGFOCI) (Fig. 1F).
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Over time (6 to 12 h post induction), CAGRAN RNA was 
exported to the cytoplasm and the nuclear foci dissolved or dimin-
ished in size (Fig. 2A). Immediately after export, CAGRAN RNA 
in the cytoplasm was well-dispersed and no obvious aggregates 
were observed. At ~18 h post-induction, several micron-sized 
RNA puncta began appearing throughout the cytoplasm. These 
small aggregates migrated inward toward the nucleus and merged 
to form a larger perinuclear cluster (2D-projection area 90 ± 40 
µm2, Fig. 2A and Movie S2). Fixed timepoint analysis of the 

localization of CAGRAN RNA by FISH confirmed this same 
sequence of events (Fig. 2B). In comparison, no appreciable cyto-
plasmic inclusions were observed in cells expressing CAGFOCI over 
a comparable 24-h time-course or even up to 6 d after induction 
(Fig. 2C and Movie S4 and SI Appendix, Fig. S2B). Control 
RNAs encoding for mCherry or the reverse complement of 
mCherry (a noncoding RNA) with MS2 tags did not form observ-
able inclusions in the nucleus or the cytoplasm (SI Appendix, 
Fig. S2 C and D).
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Fig. 1. Sequence context modulates the localization and RAN translation of CAG repeat-containing RNAs. A, Schematics for CAGRAN and CAGFOCI constructs.  
B and C, Representative micrographs of cells expressing the indicated constructs imaged using MS2–YFP (B, Left) or via FISH probes against the MS2 tag (C, Left), 
and corresponding quantification of the aggregate and foci areas (B and C, Right). Boxes show regions used for Insets. D and E, Immunofluorescence micrographs 
(D) and immunoblot (E) for indicated samples using polyglutamine (polyQ) antibody. F, Representative micrographs before (pre) and at the indicated timepoints 
after photobleaching for nuclear foci of CAGFOCI (Left) and cytoplasmic inclusions of CAGRAN (Middle) and corresponding fluorescence recovery after photobleaching 
(FRAP) trajectories (Right). G, Fluorescence micrographs of cells transfected with the indicated constructs and stained using a FISH probe against the CAG repeats 
(Left) and corresponding quantification of the percentage of cells with cytoplasmic RNA aggregates (Right). H, Schematic for CAGRANBFP construct. Asterisk denotes 
the location of stop codons in CAGRANSTOP-BFP construct (Top). Representative fluorescence micrographs 24 h post-induction (Bottom, Left), and quantification 
of BFP fluorescence, normalized to cell area (Bottom, Right). I, Schematic for CAGRAN3xTag (Top) and representative immunofluorescence micrographs 24 h post-
induction staining for the indicated tags (Bottom). Micrographs in F are representative of ≥20 independent photobleaching events; all other micrographs are 
representative of ≥40 cells across ≥2 independent experiments. Each data point in B, C, and H represents a single cell. Error bars denote median ± interquartile 
range. Data in G are summarized as mean ± SD over 3 independent experiments. Significance values were calculated using Mann–Whitney U tests in B, C, F, and 
H and using Student’s t test in G. Micrographs were independently scaled in B, C, F, and G. Where indicated, cell nuclei are stained with DAPI. (Scale bars, 10 µm.)
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Fig. 2. Cytoplasmic RNA aggregation follows accumulation at foci and coincides with RAN translation. A, Representative micrographs of cells expressing CAGRAN 
at the stated timepoints after induction (Left) and corresponding quantification (Right) of nuclear (circles, pink shading, left y-axis) and cytoplasmic (squares, 
gray shading, right y-axis) inclusions. B, Similar to A, imaged via FISH probes against the CAG repeats (Left) and corresponding quantification of the FISH signal 
(Right). C, Similar to A except for cells expressing CAGFOCI. D, Representative micrographs of cells expressing CAGRANBFP at the stated timepoints after induction 
imaged in MS2–YFP (Top) and BFP (Middle) channels, and their overlay (Bottom). Plot to the right shows the cytoplasmic aggregate area (circles, gray shading) and 
BFP fluorescence (squares, blue shading). E, Quantification of BFP fluorescence in relation to cytoplasmic RNA aggregate area. Dashed line represents a linear 
regression fit. F, Representative immunofluorescence micrographs showing CAGRAN RNA and polyQ-containing proteins. Intensity profile of MS2–YFP and polyQ 
signal along the dashed line in the micrographs (Middle). Correlation between MS2–YFP and polyQ-immunofluorescence signals (Right). G, Micrographs of cells 
expressing CAGRANBFP without (−) or with 10 µg/mL cycloheximide (+) treatment for 14 h (Left). Corresponding quantification of RNA aggregate area (Right, Top) 
and of BFP fluorescence (Right, Bottom). In A, C, and D, each data point is the mean of ≥4 cells and is a rolling average of three successive timepoints, shaded 
regions depict SD, and data are representative of ≥4 experiments with ≥25 cells. Each data point in B, E, F, and G represents a single cell and micrographs are 
representative of ≥2 independent experiments with ≥40 cells. Fluorescence in B, D, E, and G is normalized to cell area. Data in B, F, and G are summarized as 
median ± interquartile range and significance values were calculated by Mann–Whitney U tests. Images in B and D and MS2–YFP images in G are independently 
scaled. Where indicated, cell nuclei are stained with DAPI. (Scale bars, 10 µm.)
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RAN Translation Coincides with Cytoplasmic Aggregation of 
the CAG Repeat-Containing RNA. To evaluate the timing of 
RAN translation with respect to RNA localization, we used our 
reporter cell line with EBFP2 cloned downstream of CAG repeats 
(CAGRANBFP). The RNA could be detected via the MS2 hairpin tag 
while EBFP2 fluorescence reported on RAN translation. At early 
timepoints after transcription induction, when the RNA primarily 
accumulated at nuclear foci, no appreciable BFP fluorescence was 
observed (Fig. 2D). After ~12 h, we observed an increase in BFP 
fluorescence concomitant with a reduction in size of nuclear foci 
but prior to any apparent cytoplasmic RNA or protein aggregation 
(Fig. 2D and Movie S5). By 18 h of induction, aggregates of the 
BFP-tagged RAN translation products appeared throughout the 
cytoplasm. These BFP aggregates colocalized with CAG-repeat-
containing RNA even at the earliest stages of aggregation that 
we could detect using confocal microscopy. Approximately 24 h 
post-induction, both BFP-tagged RAN translation products and 
CAGRAN RNA colocalized at a few large perinuclear aggregates. 
Quantitative single-cell image analysis showed that the size of RNA 
aggregates correlated with the expression levels of RAN translation 
products (Fig.  2E, Pearson’s correlation coefficient, r, between 
MS2–YFP aggregate area and BFP fluorescence = 0.6). Combined 
staining for polyglutamine (as a marker for RAN translation 
products) and CAGRAN RNA (via MS2–YFP) confirmed the 
results described above that RAN translation products colocalize 
with the repeat-containing RNA (Fig. 2F, r = 0.58 between MS2–
YFP fluorescence and polyglutamine fluorescence compared to r 
= 0.00 for uninduced controls, P < 0.0001 by Mann–Whitney 
test, n ≥ 40 cells).

The observation that RAN translation preceded cytoplasmic 
CAGRAN RNA aggregation suggested that RAN translation could 
be involved in the RNA aggregation process. To further test 
whether translation is required for the cytoplasmic aggregation of 
its template repeat-containing RNA, we treated cells with a trans-
lation elongation inhibitor, cycloheximide (10 µg/mL) concomi-
tantly with induction of RNA expression. Cycloheximide treatment 
reduced the levels of RAN translation products by >90% (Fig. 2G) 
but did not affect RNA stability (SI Appendix, Fig. S2E). 
Interestingly, cycloheximide reduced cytoplasmic RNA aggregates 
by >90% compared with untreated controls (Fig. 2G; P < 0.0001 
by Mann–Whitney test, n ≥ 40 cells), while it did not disrupt the 
nuclear foci formed by the CAGFOCI RNA (SI Appendix, Fig. S2F). 
Similarly, puromycin, another translation inhibitor, abrogated both 
protein translation and cytoplasmic RNA aggregation (SI Appendix, 
Fig. S2G). These results indicate that RAN translation products 
coaggregate with the template CAGRAN RNA, and that translation 
is required for cytoplasmic RNA aggregation.

Cytoplasmic RNA–RAN Protein Aggregates Recruit Nuclear RNA 
Binding Proteins. We examined the localization of RNA–RAN 
protein aggregates with respect to markers associated with cellular 
stress and neurodegenerative disease. The RNA aggregates did 
not colocalize with various cytoplasmic RNA granules including 
stress granules (G3BP1) (14), P-bodies (EDC4) (15), and TIS 
granules (TIS11b) (16) (SI Appendix, Fig. S3 A−C). In contrast, 
p62, an autophagy receptor and a commonly used marker for 
protein aggregation (17), strongly accumulated at the RNA 
inclusions in cells expressing CAGRAN with or without the MS2 
tag (Fig. 3A and SI Appendix, Fig. S3D; r = 0.72, compared with 
r = -0.08 for uninduced controls, P < 0.0001 by Mann–Whitney 
test, n ≥ 40 cells).

A common theme in nucleotide repeat expansion disorders is 
the aberrant cytoplasmic localization of RNA-binding proteins 
such as TAR DNA-binding protein (TDP-43) and fused in 

sarcoma (FUS) (18–23). We found that cytoplasmic levels of 
TDP-43 were significantly higher in cells that express CAGRAN 
than in uninduced controls (Fig. 3B). TDP-43 was also substan-
tially enriched at the cytoplasmic RNA aggregates (Fig. 3C,  
r = 0.68, compared with r = 0.10 for uninduced cells, P < 0.0001 
by Mann–Whitney test, n ≥ 40 cells). FUS, another RNA-binding 
protein that forms aggregates in several repeat expansion disorders, 
also mislocalized to the cytoplasm (Fig. 3D) and accumulated at 
the cytoplasmic RNA aggregates (Fig. 3E; r = 0.49, compared to 
r = −0.11 for uninduced controls, P < 0.0001 by Mann–Whitney 
test, n ≥ 38 cells). Similar results were observed both with and 
without the MS2 tag on the CAGRAN RNA (SI Appendix, Fig. S3 
E and F). Neither TDP-43 nor FUS mislocalized in cells express-
ing CAGFOCI, and the nuclear-to-cytoplasmic ratio of these pro-
teins in cells with RNA foci only was comparable to that observed 
in the uninduced controls (Fig. 3 B and D). Likewise, in cells that 
expressed CAGRAN for 1 h, which exhibited nuclear foci but had 
not yet accumulated substantial RNA–RAN protein aggregates, 
the RNA-binding protein localization patterns were similar to 
those observed in uninduced control cells.

RNA–RAN Peptide Aggregates Disrupt Nucleocytoplasmic 
Transport and Induce Cell Death. Another common defect 
observed in nucleotide repeat expansion disorders is the disruption 
of nucleocytoplasmic transport (24–27). Cells with cytoplasmic 
RNA aggregates displayed a deformed nuclear morphology 
(Fig. 4A), and the nuclear envelope was indented in the regions 
adjoining the RNA aggregates (SI  Appendix, Fig.  S4A). We 
examined the distribution of RanGAP1, which typically localizes 
to the cytoplasmic face of nuclear pore complexes and mediates 
recycling of importins. Upon prolonged (24 h) expression of 
CAGRAN, a substantial fraction (35 ± 10%, mean ± SD) of cells 
exhibited a clear disruption of RanGAP1 along the nuclear 
envelope (Fig. 4B). This disruption of RanGAP1 localization was 
not observed in cells expressing CAGFOCI or at early timepoints 
in cells expressing CAGRAN when only nuclear foci were present 
(Fig.  4B). Similar features were observed in cells expressing 
CAGRAN without the MS2 tag (SI Appendix, Fig. S4 B and C).

We also assessed nuclear import/export dynamics using a fluores-
cent reporter tagged with both a nuclear localization sequence and 
a nuclear export sequence that shuttles between the nucleus and the 
cytoplasm (27). Cells exhibiting RNA foci did not exhibit measur-
able changes in the nuclear-to-cytoplasmic distribution of this 
reporter as compared with uninduced controls. In contrast, in cells 
expressing CAGRAN, a significantly higher fraction of the reporter 
accumulated in the cytoplasm (Fig. 4C). Again, this change in dis-
tribution was not observed at earlier timepoints in cells expressing 
CAGRAN when we do not observe substantial accumulation of RAN 
translation products and cytoplasmic RNA aggregates (Fig. 4C).

Long-term expression of CAGRAN caused substantial cell tox-
icity (69 ± 5% decrease in cell number over 5 d, mean ± SD), 
while expression of CAGFOCI had no significant effect on cell 
proliferation compared with uninduced controls (Fig. 4 D and E). 
A similar effect on cell viability was observed in cells expressing 
CAGRAN without the MS2 tag (SI Appendix, Fig. S4 D and E). 
Cell toxicity increased with an increasing number of CAG repeats 
(Fig. 4F) at comparable expression levels (SI Appendix, Fig. S4F) 
and a construct with the same upstream flanking sequence and 
downstream MS2 tag as CAGRAN but only 5×CAG did not induce 
detectable cell death (Fig. 4F). In summary, these results demon-
strate that accumulation of RAN translation products correlates 
with the disruption of nucleocytoplasmic transport and is sub-
stantially more toxic to cells than retention of the CAG repeat-con-
taining RNA at nuclear foci.

http://www.pnas.org/lookup/doi/10.1073/pnas.2215071120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215071120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215071120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215071120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215071120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215071120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215071120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215071120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215071120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215071120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215071120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215071120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215071120#supplementary-materials
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Translation Inhibition Prevents Repeat-Containing RNA-
Mediated Cell Toxicity. We tested whether targeted translation 
inhibition of CAG-repeat-containing RNA could rescue cell 
toxicity. We designed a phosphorodiamidate backbone 8×CTG 
morpholino that can hybridize with the CAG-repeats. Morpholinos 
sterically inhibit protein translation without affecting the 
stability of the target RNA (28). Pretreatment with this 8×CTG 
morpholino suppressed translation and aggregation of CAGRAN 
RNA (reduction by 43% and 71% in RAN translation and RNA 
aggregation respectively compared with treatment with control 
morpholinos, P < 0.001 by Mann–Whitney test, n ≥ 40 cells) while 
only modestly affecting RNA levels (Fig. 5A  and SI Appendix, 

Fig.  S5A). Morpholino treatment also prevented TDP-43 
mislocalization and deformation of the nuclear envelope and 
significantly reduced cell death (Fig. 5 B and C and SI Appendix, 
Fig.  S5B). The 8×CTG morpholino hybridizes with the CAG 
repeats and may directly perturb its clustering. Previous studies 
have shown that targeting morpholinos to regions upstream of the 
coding sequence occludes the assembly of translation initiation 
complexes and thus inhibits protein production (29). Since we 
do not know the precise translation initiation site(s) for CAGRAN, 
we designed another morpholino that targets a region close to 
the 5′ end of the transcript. Treatment with this upstream-region 
targeting morpholino also markedly inhibited RAN translation, 
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Fig. 3. RNA–RAN protein aggregates recruit nuclear RNA-binding proteins. A, Representative immunofluorescence micrographs showing colocalization between 
CAGRAN RNA and p62 (Left), and intensity profile of the two channels along the dashed line (Middle). Correlation between MS2–YFP and p62 signals with (+) and 
without (−) RNA induction (Right). B, Representative immunofluorescence micrographs showing TDP-43 in cells expressing CAGFOCI or CAGRAN for the stated times 
(Left). Quantification of the ratio of nuclear to cytoplasmic TDP-43 (Right). C, Similar to A except staining for TDP-43 instead of p62. D, Similar to B except staining 
for FUS instead of TDP-43. E, Similar to A except staining for FUS instead of p62. Cell nuclei are stained with DAPI. Data are representative of ≥2 independent 
experiments with ≥40 cells. Each data point represents a single cell and data are summarized as median ± interquartile range. Significance values were calculated 
by Mann–Whitney U tests. (Scale bars, 10 µm.)
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cytoplasmic RNA aggregation, and cell toxicity (SI  Appendix, 
Fig. S5 C and D). These results reinforce that RAN translation 
is substantially more toxic to cells than the expression of CAG 
repeat-containing RNA alone and that suppressing translation of 
the repeat-containing RNA is sufficient to mitigate cytoplasmic 
RNA aggregation and the key cellular defects observed in disease.

Discussion

Nuclear foci of repeat-containing RNA were first observed in 
myotonic dystrophy (30) and have been subsequently described 
in several repeat expansion diseases (5). We demonstrate that, in 
addition to aggregating in the nucleus, CAG repeat-containing 
RNAs also aggregate in the cytoplasm. Using two similar 

constructs, one that accumulates at nuclear foci, and another that 
is exported and aggregates in the cytoplasm, we have been able to 
tease apart their effects on cellular pathology. Cytoplasmic local-
ization of a noncoding CAG repeat-containing RNA correlates 
with its RAN translation. The RAN translation products coaggre-
gate with the repeat-containing RNA, and these cytoplasmic 
RNA–RAN protein inclusions are the sites for the accumulation 
of several RNA-binding proteins as well as markers for protein 
aggregation. Cytoplasmic aggregation of CAG repeat-containing 
RNA may provide a mechanistic explanation for the aberrant 
cytoplasmic localization of various RNA-binding proteins such as 
FUS and TDP-43 in these diseases (18–22).

Why have these cytoplasmic RNA inclusions not been observed 
in previous studies on RNA localization in CAG repeat expansion 
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Fig. 4. RNA–RAN protein aggregates disrupt nucleocytoplasmic transport and induce cell death. A and B, Representative immunofluorescence micrographs 
showing Lamin (A) or RanGAP1 (B) in cells expressing CAGRAN or CAGFOCI for the stated times (Left). Quantification of cells with deformed nuclei (A, Right) and 
discontinuous RanGAP1 staining (B, Right). Each data point represents an independent experiment (≥3 experiments) evaluating ≥40 cells. C, Representative 
micrographs of NLS-tdTomato-NES nuclear transport reporter in fixed cells expressing CAGRAN or CAGFOCI for the stated times (Left), and corresponding 
quantification of the nuclear to cytoplasmic tdTomato fluorescence (Right). Each data point represents a single cell and data are summarized as the median 
± interquartile range, n ≥ 40 cells. Significance values were calculated by Mann–Whitney U tests. D, Quantification of cell populations expressing CAGRAN or 
CAGFOCI over 5 d, normalized to population size at day 0 (immediately prior to induction). Each data point is the mean of three biological replicates, and error 
bars denote SD. E, Quantification of cell death caused by expression of CAGRAN or CAGFOCI over 3 d, as measured by trypan blue staining. F, Quantification of cell 
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diseases? We found that a commonly used chemical cross-linking 
fixative, formaldehyde, reduced the detection of RNA at cytoplas-
mic aggregates by FISH. While both nuclear foci and cytoplasmic 
aggregates of CAGRAN RNA were observed in methanol-fixed cells, 
only nuclear foci were detected in cells that were fixed with for-
maldehyde (SI Appendix, Fig. S6). Even in cells where RNA detec-
tion by MS2-YFP revealed abundant cytoplasmic inclusions of 
MS2 hairpin-tagged CAG-repeat-containing RNA, detection of 
cytoplasmic RNA aggregates by FISH was substantially impeded 
after formaldehyde fixation (SI Appendix, Fig. S6). Chemical 
cross-linking of proteins and RNA may prevent probes from 
accessing the RNA at inclusions. Formaldehyde treatment can 
also result in the addition of mono-methylol groups to RNA 

bases—particularly to adenine and cytosine bases—and obscure 
RNA detection via FISH (31).

Aberrant cytoplasmic localization and aggregation of RNA-
binding proteins is commonplace in nucleotide repeat expansion 
diseases (1, 18–22). Our work raises the possibility that these 
cytoplasmic inclusions of RNA-binding proteins may also contain 
the corresponding repeat-containing RNA. Consistent with this 
notion, cytoplasmic “foci” of repeat-containing RNA have been 
reported in myotonic dystrophy (32, 33), C9orf72-linked FTD/
ALS (34–37), and fragile X-related tremor/ataxia syndrome 
(FXTAS) (38). In several cases, these cytoplasmic RNA foci colo-
calize with RNA-binding proteins. Mizielinska et al. reported that 
in C9orf72 ALS/FTD patients, foci of sense and antisense 
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GGGGCC repeat-containing RNA colocalize with both p62 
(marker for RAN peptides) and TDP-43 inclusions, albeit in a 
small proportion of cells (35). In FXTAS, staining with a 
G-quadruplex-specific antibody revealed the aggregation of CGG-
repeat-containing RNA (which forms G-quadruplexes) with the 
cognate polyglycine RAN translation products, and these inclu-
sions recruited numerous RNA-binding proteins in an RNA-
dependent manner (38). In SCA10, (caused by an intronic 
ATTCT repeat expansion) the cytoplasmic aggregates of 
repeat-containing RNA colocalize with hnRNP K (39, 40). 
Whether such cytoplasmic RNA aggregates form when the repeats 
are canonically translated remains to be seen. Coaggregation of 
RNA and proteins may also be a common feature of protein aggre-
gation disorders that do not involve repeat expansions. Early stud-
ies on amyloid beta plaques in Alzheimer’s disease showed that 
these aggregates stain with acridine orange, an RNA-binding dye 
(41), and a recent study found that pathogenic tau aggregates 
contain RNA (42). Modifications in tissue storage and fixation 
methods to retain RNA integrity and advancements in detection 
technologies may allow one to determine the true prevalence of 
RNA aggregates in neurodegenerative disease.

Our data also demonstrate that RAN translation of CAG 
repeat-containing RNAs is more toxic to cells than the accumu-
lation of these RNAs at nuclear foci. RNAs that coalesced exclu-
sively at nuclear foci did not induce substantial cytotoxicity in our 
cell culture model, and inhibiting RAN translation in cells where 
repeat-containing RNA was exported to the cytoplasm, was suffi-
cient to mitigate cell death. Cytoplasmic RNA aggregation accom-
panies RAN translation and currently, we are not able to tease out 
the relative contributions of RNA and protein aggregates to the 
cellular pathology and toxicity. Cell toxicity may result from pro-
teotoxic stress induced by aggregation of RAN peptides, RNA 
aggregation, or a combination of these factors. RNA–RAN protein 
aggregates could also sequester essential proteins and RNAs and 
produce indirect deficits that disrupt crucial cellular functions 
(43). Additionally, translation of repeat-containing RNAs may 
induce stress via ribosomal collisions (44). Future investigations 
may uncover the molecular basis of RNA–RAN protein coaggre-
gation and decouple their roles in mediating disease.

Our findings, based upon a tissue culture model, support the 
notion that sequestration of CAG repeat-containing RNAs in the 
nucleus at foci may be protective to cells, and if so, may provide 
a therapeutic intervention strategy to reduce disease burden. These 
findings are similar to observations in fly models of ALS/FTD 
where arginine-containing dipeptide repeat products of RAN 
translation are more toxic than expression of GGGGCC 
repeat-containing RNA that exclusively forms foci (45, 46). 
Previous studies showed that overexpression of MBNL1 may 
increase RNA retention in the nucleus and consequently inhibit 
RAN translation and cell death (47, 48). Genetic screens have also 
identified several RNA export-factors such as NXF1 and NXT1 
as well as nuclear pore components as potential regulators of repeat 
expansion induced toxicity (36, 49). However, we cannot exclude 
the possibility that prolonged accumulation of CAG repeat-con-
taining RNA at nuclear foci also interferes with cell function, as 
has been observed in myotonic dystrophy where nuclear foci of 
CUG/CCUG-repeat-containing RNA are associated with various 
splicing defects (4).

Our results highlight the role of sequence context surrounding 
the repeat tract as a potential disease modifier. Previous studies 
have shown that the surrounding sequence context influences 
CAG-repeat instability (50) and polyglutamine protein aggrega-
tion propensity (51). We show that flanking sequences can also 
influence cytoplasmic RNA localization and RAN translation. 

CAG repeats in their native sequence context in ATXN3, ATXN8, 
and HTT genes undergo RAN translation (3). In our small-scale 
screen, we tested flanking sequences corresponding to the regions 
upstream of CTG repeats in DMPK (associated with myotonic 
dystrophy type 1), upstream of CCTG repeats in CNBP (associ-
ated with myotonic dystrophy type 2), and downstream of CAG 
repeats in HTT gene, but these sequences did not produce RAN 
translation products. In contrast, we identified several nonnative 
or synthetic sequences that potently induced RAN translation (see 
Materials and Methods). At this time, we are unable to identify 
features of the upstream sequences that mediate cytoplasmic local-
ization and RAN translation; expansion of our screening approach 
to a larger library or mutational studies may help to reveal the 
responsible sequence motifs. We speculate that the sequences that 
cause cytoplasmic localization and RAN translation may load 
certain RNA-binding proteins that facilitate this process. For 
example, RNA helicases such as DDX3X and serine/ arginine-rich-
family proteins have been proposed to modulate RNA export and 
RAN translation (49, 52, 53). Once in the cytoplasm, the 
repeat-containing RNA may also activate the double-stranded 
RNA-dependent protein kinase (PKR) pathway, which potently 
stimulates RAN translation (54). Another possibility, which is not 
mutually exclusive, is that the upstream sequences together with 
CAG repeats may form RNA secondary structures that result in 
read-through of the stop codons adjacent to the CAG repeats (55, 
56). The availability of synthetic models that recapitulate RAN 
translation, such as those described here, may help elucidate the 
molecular basis for this noncanonical translation process.

Our work also reveals several crucial differences between nuclear 
and cytoplasmic RNA aggregation. We previously showed that 
disease-associated repeat expansions in RNA provide sites for mul-
tivalent intermolecular base-pairing, which promote RNA phase 
separation and foci formation in the nucleus (6). The same repeat 
sequence in the cytoplasm does not appear to form aggregates 
until it is translated, suggesting that the repeat-containing RNA 
in the cytoplasm is initially in a state that inhibits extensive inter-
molecular RNA–RNA interactions. The process of RAN transla-
tion may relieve this repression. The RAN translation products 
themselves are aggregation-prone, and another possibility is that 
the repeat-containing RNA may cluster cotranslationally with the 
RAN-translated proteins. The smaller RNA–RAN protein aggre-
gates are deposited, possibly by the minus-end-directed motor 
dynein, into large perinuclear, aggresome-like inclusions (57). 
These cytoplasmic inclusions sequester various RNA-binding pro-
teins, disrupt nuclear morphology, and over time, cause cell death. 
Future work may reveal the factors involved in repeat-RNA export, 
RAN translation, and the mechanism of RNA–RAN-protein 
coaggregation.

Materials and Methods

Experimental Model and Subject Details. U-2OS cells (ATCC, HTB-96) stably 
expressing a TetOn3G transactivator protein and an MS2 hairpin-binding protein 
fused to YFP were previously described (6). HEK293T (ATCC, CRL-3216) cells were 
used for generating lentivirus. ATCC authenticated cell lines by STR profiling. Cells 
were grown in DMEM (Life Technologies, 11965-126) supplemented with 10% 
(v/v) fetal bovine serum (FBS, Gibco, 26140-079) and 1× penicillin, streptomy-
cin, and glutamine (PSG, Gibco, 10378016). Transgene expression, wherever 
indicated, was induced by adding 1 µg mL−1 doxycycline (Sigma-Aldrich, D9891) 
for 24 h except where otherwise specified. Cells were maintained in a humidified 
incubator at 37 °C supplemented with 5% CO2.

Cloning and Plasmid Preparation. Complete plasmid sequences are provided 
in SI Appendix, Table S1. Lentiviral transfer plasmids with 47× and 240×CAG-
repeats were previously described (6). Lentiviral packaging and envelope 
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constructs were obtained from Addgene: pCMV-VSV-G was a gift from Bob 
Weinberg (Addgene plasmid # 8454; https://www.addgene.org/8454/; RRID: 
Addgene_8454) (58); psPAX2 was a gift from Didier Trono (Addgene plasmid 
# 12260; https://www.addgene.org/12260/; RRID: Addgene_12260). Plasmids 
containing CAG repeats with endogenous flanking sequences from ATXN3, ATXN8, 
and HTT were generously provided by Laura Ranum (3).

The library of 240×CAG repeat-containing plasmids with variable flanking 
sequences was generated as follows. Double-stranded DNA oligonucleotides 
(~300 bases) were purchased from Quintara Biosciences. These DNA fragments 
were inserted in plasmids with 47× or 240×CAG repeats between EcoRI and MluI 
sites using standard restriction digestion and ligation procedures. To construct var-
iants of CAGRAN with 5× or 22× CAG repeats, we purchased CAG repeat-containing 
single-stranded DNA (Integrated DNA Technologies, IDT), annealed and incorpo-
rated them between EcoRI and SgrDI sites downstream of the flanking sequence 
in CAGRAN. To construct CAGRANBFP, EBFP2 was obtained as a double-stranded 
DNA fragment (IDT) and was cloned between BamHI and NotI sites in CAGRAN. All 
cloning and plasmid preparations were performed in Stbl3 Escherichia coli cells 
(Invitrogen, C7373-03) grown at 30 °C. Since repeat number can spontaneously 
change during the cloning process, for each construct we verified the repeat tract 
in two ways. One, we optimized a Sanger sequencing protocol (in collaboration 
with Quintara Biosciences), which used betaine and 7-deaza-dGTP. This optimized 
sequencing protocol provided ~800 base long reads from each end. In constructs 
with 240×CAG repeats, Sanger sequencing did not provide sufficient read length 
to unambiguously determine the number of repeats, so the repeat number was 
verified by examining the size of the insert after restriction digestion and gel elec-
trophoresis. Sanger sequencing revealed eight unintended interruptions in the 
CAG repeat track in our constructs with 240×CAG repeats (sequences in Dataset 
S1). These sites contained a deletion of G nucleotide and the first interruption 
occurred at 42 bases from the start of the repeat tract. These interruptions were 
present in our parent plasmid, and were common to all 240×CAG repeat-contain-
ing constructs examined in this study (CAGRAN, CAGFOCI, and related constructs). 
We observed similar phenotypes (e.g., toxicity, cytoplasmic RNA aggregation, 
and RAN translation) in constructs containing these repeat interruptions or cor-
responding constructs with uninterrupted 47×CAG repeats.

Transfections and Lentiviral Transductions. Lentivirus was generated 
using second-generation lentiviral packaging system in HEK293T cells. In brief, 
~500,000 HEK293T cells were plated in a 6-well plate until they reached 60 
to 80% confluence. Each well was transfected with 0.5 µg envelope plasmid 
(Addgene #8454), 1 µg packaging plasmid (Addgene #12260), and 2 µg of 
the transfer plasmid with 8 µL Lipofectamine LTX (Invitrogen, 15338-100) in 
500 µL of Opti-MEM reduced serum media (Gibco, 31985-070). This solution 
was incubated for 5 min before pipetting onto HEK293T cells in IMDM (Gibco, 
12440-053) + 10% FBS + 1× PSG (Gibco, 10378016). After 3 d of incubation, 
virus was collected by spinning the supernatant for 5 min at 20,000g. U-2OS cells 
were transduced with varying titers of virus in 10 µg/mL polybrene (Millipore, 
TR-1003-G). For transient transfections in U-2OS cells, 500 ng plasmid was mixed 
with Opti-MEM reduced serum media and 1.5 µL Viafect transfection reagent 
(Promega, E4981) for a total volume of 50 µL. 10 µL of this mixture was added 
per well of U-2OS cells grown in a 96-well glass bottom plate (Brooks, MGB096-
1-2-LG-L) with 100 µL fresh media.

Transgene Copy Number and Expression Quantification. Genomic DNA 
and total RNA were collected from cells using PureLink Genomic DNA mini kits 
(Invitrogen, K1820-01) and PureLink RNA mini kits (Invitrogen, 12183018A), 
respectively, according to the manufacturer’s protocols. RNA was converted to 
cDNA using SuperScript III reverse transcriptase and Vilo Master Mix with random 
primers (LifeTechnologies, 11754050). Transgene genomic DNA or cDNA copies 
were quantified using real-time quantitative PCR (RT-qPCR) with SYBR green rea-
gents (Applied Biosystems, 4309155) using primers targeting the TetPromoter 
for DNA and targeting the WPRE for cDNA (SI Appendix, Table S1). To estimate 
the transgene copy number, data were normalized to ACTB (SI Appendix, Fig. S1E 
and Fig. 4C, primers listed in SI Appendix, Table S1).

Toxicity Assays. Cell toxicity was quantified using two methods: 1) counting 
the number of adhered cells and 2) assessing the exclusion of trypan blue dye. 
1) Cells were plated on a six-well plate at 10,000 cells per well. The following 
day, cells were induced with 1 µg mL−1 doxycycline or left as uninduced controls 

in a total volume of 2.5 mL cell culture medium. Each cell line was compared 
with a corresponding uninduced control to account for any differences in plating 
density between cell lines. Five days post induction (unless otherwise specified), 
cells were washed five times with DPBS to remove dead cells from the plate, 
dissociated from the plate using trypsin, and neutralized with growth medium 
(DMEM + 10% (v/v) FBS + 1% (v/v) PSG) two times in order to collect all cells 
from the plate. The cells were then pelleted at 500× g for 3 min and resuspended 
in growth medium. Cells were counted using a Countess II FL automated cell 
counter (Invitrogen, AMQAF1000) and disposable cell counting chamber slides 
(Invitrogen, C10283). At least two technical replicate counts were performed for 
each of at least three biological replicates.

2) Trypan blue assays were adapted from published protocols (59). Cells were 
plated on a six-well plate and induced with doxycycline the following day. Five 
days after induction, the supernatant which contains any dead or detached cells 
was collected. Cells were washed with DPBS, and this wash solution was added 
to the supernatant. After trypsinization, cells were collected in growth medium 
and were added to the supernatant/wash solutions. Cells were pelleted at 500× g 
for 3 min, and pellets were resuspended in 100 µL DPBS. This resuspension was 
mixed 1:1 with 0.4% trypan blue (Invitrogen, T10282) for 3 min, and cell counts 
were performed using a Countess II FL automated cell counter as described above. 
At least two technical replicate counts were performed for each sample.

Fluorescence Microscopy. Cells were plated in a glass-bottom 96-well plate 
(Brooks, MGB096-1-2-LG-L) and imaged using a Dragonfly 505 spinning-disk 
confocal microscope (Andor Technologies) equipped with a piezo Z-stage (ASI) 
and an iXon Ultra 888 EMCCD camera. Pin-hole size was kept at 40 μm. Z-stacks 
were acquired with a step size of 0.3 to 0.5 µm. Live cells were imaged in a 
humidified chamber (OKO labs) maintained at 37 °C and 5% (v/v) CO2 using a 
100× oil immersion objective NA 1.45 (Nikon, MRD01905) (pixel size 121 nm 
× 121 nm). Fixed cells were imaged at room temperature. BFP and DAPI were 
excited with a 405-nm laser, and fluorescence was collected using a 445/46 
bandpass filter. YFP and Alexa488 were imaged using a 488-nm laser and 
corresponding 521/38-nm band pass emission filter. Cy3 or mCherry-labeled 
samples were imaged using a 561-nm excitation and a 594/43 emission filter, 
and Cy5 or Atto647N-labeled samples were imaged using 640-nm laser line 
and a 698/77 bandpass emission filter. At least 40 cells were imaged in at least 
two independent experiments.

Image Analysis and Aggregate Quantification. All image analysis was per-
formed using FIJI (60). For quantification of fluorescence intensities, background 
fluorescence was determined from the average signal of 10 regions of interest 
(approximately 50 μm2) that did not contain any cells. This background signal 
was determined for each channel in each experiment and subtracted prior to 
intensity quantification. For characterization of cytoplasmic/nuclear inclusions, 
cells were manually segmented to nuclei and cytoplasm. To identify inclusions, 
we empirically determined the intensity and size threshold that adequately reca-
pitulated the features that were observed by manual inspection. We tested several 
thresholding parameters, and obtained comparable results.

The parameters used for data presented in the paper are described below. 
Cytoplasmic inclusions for MS2–YFP images were identified as objects with 2× 
the mean intensity of the cytoplasm and a size threshold of 0.1 μm2. A similar 
thresholding was used for identifying cytoplasmic inclusions by RNA FISH, after 
appropriate adjustments for the background fluorescence. We classified cells 
with at least 2% of their cytoplasm occupied by inclusions as having cytoplasmic 
aggregates. Likewise, nuclear foci were identified as having intensity 1.5-fold the 
median nucleoplasm intensity and a size threshold at 0.14 μm2. We classified 
cells with at least 1% of their nucleoplasm occupied by inclusions as having 
nuclear foci. In cases where transient transfection was used, we set the size thresh-
old for aggregates as 0.1 μm2 and set an intensity threshold at 4× the mean 
cytoplasmic intensity after background subtraction. We classified cells with at least 
0.2% of their cytoplasm occupied by inclusions as having cytoplasmic aggregates. 
To quantify total RNA levels by FISH, average background signal was measured 
in the nucleus and cytoplasm of uninduced cells to account for differences in 
background staining between nucleus and cytoplasm. The integrated intensity 
of each compartment after background subtraction was used to estimate the 
relative transgene RNA levels.

In immunofluorescence experiments to determine the nuclear or cytoplasmic 
protein ratios, we manually segmented the cells (based on DAPI to identify nuclei 
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and faint background immunofluorescence signal to identify cell body). Nuclear 
to cytoplasmic intensity ratios were calculated after background subtraction as the 
ratios between the mean pixel intensities in each compartment or the ratios of 
total integrated fluorescence intensities of the two compartments. Similar results 
were observed in both cases. We analyzed cells that exhibited similar fluorescence 
intensities under the various treatment conditions in order to preclude possible 
artifacts due to the differences in permeabilization and/or antibody accessibility. 
Nuclear envelope deformations and defective RanGAP1 localization were scored 
manually by visual inspection.

For colocalization analysis, line-profiles were obtained using the “Plot profile” 
tool in FIJI (60). Background signal was subtracted from all points and the inten-
sity of each channel was normalized to the maximum intensity along the line. 
For calculating correlation coefficients, we empirically determined the intensity 
threshold to classify a pixel as background or foreground. The thresholded images 
were used to determine Pearson’s correlation coefficients of the two intensities 
on a per-pixel basis. Thresholds were determined using the sample image, and 
identical settings were used for the corresponding controls. Movies were stabi-
lized using the Image Stabilizer plugin in FIJI (61).

FRAP Imaging and Analysis. Regions approximately one square micron in size 
within cytoplasmic or nuclear inclusions were photobleached using a MicroPoint 
FRAP module (Andor Technologies) using a 405-nm wavelength photoablation 
laser. Cells were imaged for five frames prior to bleaching, immediately after 
the bleach (within 2 s), and then in 30 s intervals for 5 min after bleaching. After 
background subtraction, fluorescence of the bleached region at each timepoint 
was normalized to the fluorescence of the bleached region prior to photobleach-
ing to determine fluorescence recovery. To correct for photobleaching over the 
course of imaging, fluorescence of the bleached region was also normalized to 
the fluorescence of an unbleached region of the aggregate at each timepoint. 
FRAP was performed at 24 h (± 3 h) after induction with doxycycline. At least 10 
FRAP events from two independent experiments were analyzed for each case. 
The characteristic time for fluorescence recovery was determined by fitting the 
fluorescence to the equation: I = A−I0 exp(−t/τ), where I is the fluorescence 
intensity, t is the time, τ is the characteristic recovery time, and A and I0 are 
fitting constants.

RNA FISH. Cells plated in 96-well glass bottom plates were fixed with a solu-
tion of 75% (v/v) methanol, 25% (v/v) acetic acid for 10 min at 4 °C. Fixed cells 
were washed three times with a wash solution (PBS or nuclease-free water with 
300 mM NaCl, 30 mM sodium citrate, 10% (v/v) formamide, and 0.1% (v/v) NP-40 
substitute) at room temperature (23 °C). Hybridization was performed at 37 °C for 
3 h with 200 nM Cy3-conjugated probes targeting either the CAG repeats or the 
MS2 hairpin region (probe sequences SI Appendix, Table S1). The probes were 
dissolved in hybridization buffer (100 mg mL−1 dextran sulfate, 10% formamide, 
300 mM NaCl, and 30 mM sodium citrate in nuclease-free water). After hybridi-
zation, cells were washed for 30 min with wash solution and counterstained for 
30 min with wash solution containing 0.5 µg mL−1 DAPI; both this wash step 
and DAPI staining were performed at 37 °C. Cells were then washed three times 
with PBS, and kept in PBS for imaging.

Where indicated, cells were fixed with 2% (w/v) formaldehyde for 10 min, 
followed by a similar protocol to that described above, except that the probes 
were hybridized for 16 h. Detection of cytoplasmic inclusions was substantially 
impeded after formaldehyde treatment (see Discussion).

Immunofluorescence. Cells were fixed with 2% formaldehyde in PBS for 
40 min, washed four times with PBS, and then permeabilized with 0.1% (v/v) 
Triton-X-100 in PBS for 10 min at room temperature. Cells were then blocked in 
0.45-µm filtered 3% (w/v) bovine serum albumin (BSA; Sigma-Aldrich, A7906) in 
PBS. Primary antibodies (SI Appendix, Table S1) were diluted 1:100 in 1% (w/v) 
BSA in PBS and incubated with cells for 1 h at room temperature. Cells were 
washed three times with PBS and then incubated with the appropriate secondary 
antibody (SI Appendix, Table S1) diluted 1:2,000 in 1% (w/v) BSA (in PBS) for  
1 h at room temperature. After three washes with PBS, cells were counterstained 
with DAPI solution (PBS containing 0.5 µg mL−1 DAPI) for 3 min, washed three 
times with PBS again, and then imaged as previously described. To enhance 
MS2-YFP signal after fixation, cells were incubated with an anti-GFP antibody and 
a subsequent Alexa488-conjugated secondary antibody. These incubations were 
performed along with other antibodies (i.e., cells were simultaneously incubated 

with anti-G3BP1 and anti-GFP primary antibodies). At least two independent 
experiments were performed for all immunofluorescence experiments.

Dual Immunofluorescence-FISH. Cells were fixed with 3% glyoxal (v/v) 
(Sigma-Aldrich, 50649) diluted in PBS for 15 min at 4 °C. Fixed cells were 
washed three times with PBS and then permeabilized with 0.1% Triton-X-100 
(v/v) in PBS for 10 min at room temperature. Immunofluorescence was then 
carried out as described above with an RNase-free BSA (Sigma-Aldrich, 2930-
100GM). After secondary staining, cells were refixed with 3.7% glyoxal for  
10 min at 4 °C. Cells were then washed with RNA FISH wash buffer (PBS or 
nuclease-free water with 300 mM NaCl, 30 mM sodium citrate, 10% (v/v) 
formamide, and 0.1% (v/v) NP-40 substitute) at room temperature (23 °C). 
Hybridization was carried out with 7×CTG-Atto647 (IDT) oligonucleotide probes 
at 37 °C overnight in a humidified chamber. After hybridization, cells were 
washed for 30 min with wash solution and counterstained for 30 min with 
wash solution containing 0.5 µg mL−1 DAPI; both this wash step and DAPI 
staining were performed at 37 °C. Cells were then washed three times with 
PBS, and kept in PBS for imaging.

Western Blots. Cells were washed with PBS and then lysed with RIPA lysis 
buffer (25 mM Tris-HCl pH = 7.5, 150 mM NaCl, 1% (v/v) NP-40, 1% (w/v) 
sodium deoxycholate, 0.1% (w/v) SDS) with protease and phosphatase inhib-
itors (Thermo Scientific, 78442). The lysate was homogenized by passing 
through a 22-gauge syringe 10 times and then incubated on ice for 30 min with 
vortexing every 5 min. Cell debris was removed by centrifugation at 500× g for 
10 min at 4 °C and lysates were mixed with 4× Bolt™ lithium dodecyl sulfate 
(LDS) sample buffer (Invitrogen, B0007) with 50 mM DTT and heated at 70 °C 
for 10 min. Samples were loaded onto a Bolt™ 4 to 12% Bis-Tris polyacrylamide 
gel (Invitrogen, NW04122) and transferred to a PVDF membrane using iBlot 
2 dry blotting system (Invitrogen, IB21001). Membranes were blocked in 5% 
(w/v) skim milk in tris-buffered saline with 0.1% (v/v) Tween-20 (TBST) for 1 h at 
room temperature. Membranes were then incubated with primary antibodies 
(SI Appendix, Table S1) that were diluted 1:1,000 in 1% (w/v) skim milk in TBST 
at 4 °C overnight. After three TBST washes, membranes were incubated with 
horseradish peroxidase-conjugated secondary antibodies at a 1:10,000 dilution 
in 1% (w/v) skim milk in TBST for 1 h at room temperature (SI Appendix, Table 
S1). Membranes were washed three times with TBST and chemiluminescence 
signals were detected using SuperSignal West Femto Maximum sensitivity 
substrate (Thermo Scientific, 34095) on a ChemiDoc XRS+ imager (Bio-Rad). 
Band intensities were quantified using FIJI after subtracting background signal.

Translation Inhibition. Where indicated, cells were treated with 10 µg mL−1 
cycloheximide (Sigma-Aldrich, C1998). To induce transgene expression, 1 µg 
mL−1 doxycycline was concurrently added. Cells were then imaged as previously 
described 14 h post treatment. Cells transduced with a high viral titer were used in 
these experiments so that aggregates began to form prior to substantial cell death 
due to the general toxicity induced by cycloheximide treatment. Two independent 
experiments were performed.

Targeted translation inhibition was achieved through addition of 8×CTG mor-
pholinos or a morpholino targeting an upstream sequence in CAGRAN (morpholino 
sequence “CGACGGTGGCCAGGAACCTCATAT,” GeneTools). Control experiments were 
performed using a standard control morpholino (CCTCTTACCTCAGTTACAATTTATA; 
GeneTools), targeting a mutated intron of the human beta-globin gene. In each 
case, 50 µM morpholino was delivered with 6 µM EndoPorter peptide (GeneTools, 
OT-EP-PEG-1) for 24 h prior to induction with doxycycline. Morpholinos were kept 
in the media after doxycycline addition giving a total treatment time of 48 h with 
morpholinos and 24 h of treatment with doxycycline. For toxicity assays, cells were 
plated at 5,000 cells/well in 24-well plates in a total volume of 300 µL. Cells were 
treated with 50 µM 8×CTG or control morpholinos for 5 d and with 10 ng/mL  
doxycycline for 4 d.

Quantification and Statistical Analyses. Cell viability, qPCR, and quanti-
fications of percent of cells exhibiting a phenotype (e.g., nuclear deformation, 
RanGAP1 discontinuities, or the presence of inclusions) were analyzed by two-
tailed unpaired Student’s t tests. Morpholino rescue of cell viability was analyzed 
by two-way analysis of variance (ANOVA) in addition to t tests. FRAP experiments 
were analyzed using Wilcoxon signed-rank test. All other experiments were ana-
lyzed by Mann–Whitney U tests. All statistical tests are described in figure legends 
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including the test used, minimum values of n, definitions of center, and precision 
measurements.

Data, Materials, and Software Availability. Some study data available (Some 
reagents (cell lines, plasmids) use proprietary components and will be shared 
upon request under appropriate MTA.).
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