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N E U R O S C I E N C E

AAGGG repeat expansions trigger RFC1-independent 
synaptic dysregulation in human CANVAS neurons
Connor J. Maltby1, Amy Krans1,2, Samantha J. Grudzien1,3,4, Yomira Palacios1,5, Jessica Muiños1,6, 
Andrea Suárez1,5, Melissa Asher1, Sydney Willey1,3, Kinsey Van Deynze4, Camille Mumm4,7,  
Alan P. Boyle4, Andrea Cortese8,9, Alain Ndayisaba10, Vikram Khurana10,11, Sami J. Barmada1,  
Anke A. Dijkstra12,13, Peter K. Todd1,2*

Cerebellar ataxia with neuropathy and vestibular areflexia syndrome (CANVAS) is a recessively inherited neurode-
generative disorder caused by intronic biallelic, nonreference CCCTT/AAGGG repeat expansions within RFC1. To 
investigate how these repeats cause disease, we generated patient induced pluripotent stem cell–derived neu-
rons (iNeurons). CCCTT/AAGGG repeat expansions do not alter neuronal RFC1 splicing, expression, or DNA repair 
pathway function. In reporter assays, AAGGG repeats are translated into pentapeptide repeat proteins. However, 
these proteins and repeat RNA foci were not detected in iNeurons, and overexpression of these repeats failed to 
induce neuronal toxicity. CANVAS iNeurons exhibit defects in neuronal development and diminished synaptic 
connectivity that is rescued by CRISPR deletion of a single expanded AAGGG allele. These deficits were neither 
replicated by RFC1 knockdown in control iNeurons nor rescued by RFC1 reprovision in CANVAS iNeurons. These 
findings support a repeat-dependent but RFC1 protein–independent cause of neuronal dysfunction in CANVAS, 
with implications for therapeutic development in this currently untreatable condition.

INTRODUCTION
Cerebellar ataxia with neuropathy and vestibular areflexia syndrome 
(CANVAS) is a recessively inherited, progressive, and debilitating 
disorder characterized by vestibular, cerebellar, and somatosensory 
impairments (1, 2). CANVAS typically presents in late middle age, 
with most patients exhibiting progressive motor imbalance, oscil-
lopsia, dysphagia, dysarthria, and peripheral sensory neuropathy. 
Postmortem analyses of patients with CANVAS indicate cerebellar 
and basal ganglia atrophy with diffuse Purkinje cell loss, as well 
as peripheral sensory neuronopathy including the vestibular, fa-
cial, and trigeminal nerves (1, 3–7) (Fig. 1A).

CANVAS results from a biallelic, nonreference, pentameric 
CCCTT(AAGGG) repeat expansion in the second intron of replica-
tion factor complex subunit 1 (RFC1) and this same expansion also 
causes late-onset idiopathic ataxia and sensory neuropathy in isola-
tion (8–10). Normally, this locus harbors a short (AAAAG)~11 re-
peat. However, CANVAS arises in individuals who have biallelic 
expansions at this locus above a currently denoted pathogenic 
threshold of >250 AAGGG repeats (8, 11), and larger repeat sizes 
may correlate with an earlier age of onset (11). Individuals harbor-
ing a heterozygous (AAGGG)exp allele with the wild-type (WT) 

(AAAAG)~11 allele do not develop CANVAS spectrum phenotypes, 
consistent with a recessive pattern of inheritance (8, 9). Since the 
initial description of AAGGG expansions at this locus, several fur-
ther pathogenic repeat expansion conformations have been de-
scribed: ACAGG expansions have been identified in patients with 
CANVAS of Oceania and East Asian descent (12), and more recent-
ly, the 100,000 genomes project database has identified AAGGC, 
AGGGC, and AGAGG expansions, either in the homozygous or 
compound heterozygous state with the AAGGG expansion (13). 
Furthermore, AAAGG repeat expansions previously reported to be 
nonpathogenic in the homozygous state and compound heterozy-
gous state with AAGGG expansions have since been found to be 
pathogenic when present at substantially expanded states (13). 
RFC1-associated repeat expansions are common, with a minor 
allelic frequency of ~0.7 to 6.8% and an expected homozygous 
pathogenic repeat population frequency of 1 in 625 individuals 
worldwide—making it one of the most common causes of inherited 
ataxia and sensory neuropathy (8, 14, 15).

Despite clinical interest in CANVAS, the mechanisms by which 
this repeat expansion causes pathogenesis and neuronal death are 
unknown. Initial studies suggested that RFC1 mRNA and protein 
expression are unaltered in the context of the repeat expansion, 
which is inconsistent with the classical mechanism by which reces-
sively inherited repeat expansions elicit a loss of function for the 
genes in which they reside (8, 10, 16, 17). However, identification of 
rare compound heterozygotic CANVAS patients harboring RFC1 
truncating and splicing loss-of-function mutations with single-allele 
repeat expansions suggest a role for RFC1 protein function in 
CANVAS (18–20). Alternatively, the repeats could potentially elic-
it toxicity through dose-dependent gain-of-function mechanisms 
[such as repeat associated non-AUG initiated (RAN) translation 
or repeat RNA-protein complex formation] that only manifest 
in homozygosity or in combination with RFC1 haploinsufficiency 
(21, 22) (Fig. 1A). Limited postmortem and cell-based analyses 
performed to date have not demonstrated classic pathological 
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Fig. 1. Repeat characterization and heterozygous correction of CANVAS patient–derived iPSC lines. (A) Schematic of brain, central and peripheral nervous system 
regions affected in CANVAS (left), and potential mechanisms of repeat toxicity in CANVAS (right). (B) Repeat architecture of the expanded locus and CRISPR gRNA design 
to remove the AAGGG/CCCTT repeat expansion by nonhomologous end joining (NHEJ). (C) Endpoint PCR of gDNA extracted from CANVAS patient– and control-derived 
iPSC lines and CANVAS and control cerebellum tissue utilizing the primer pair outlined in (B) to screen for the presence of WT repeat, mutant repeat expansion, or deletion 
of expanded repeat. (D) Chromatogram of Sanger sequencing identifying AAGGG/CCCTT allele deletion in heterozygous isogenic line indicating the expected NHEJ join 
point compared to the control iPSC line. (E) Schematic outlining the repeat copy number per allele for each of the patient-derived iPSC lines used as identified by Oxford 
Nanopore gDNA targeted long-read sequencing. Green, sub-pathogenic repeat length; Red, pathogenic repeat length. Error bars indicate confidence in exact copy num-
ber calls. The “*” indicates lower boundary for repeat copy number from the longest read observed due to the absence of reads spanning the full repeat.
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hallmarks seen in other repeat expansion disorders, such as repeat 
RNA foci or ubiquitinated inclusions (8).

Understanding the pathogenic nature of this repeat expansion is 
further complicated by its manifestation within two distinct genetic 
elements on opposing strands. The AAGGG repeat sits at the 3′ end 
of an AluSx3 transposable element on the sense strand, while the 
complementary CCCTT repeat is embedded deep within the large 
intron 2 region of RFC1, potentially allowing for two distinct and 
context-dependent mechanisms of toxicity. Alu elements are ancient 
retro-transposition artifacts that make up roughly 10% of the human 
genome (~1 million copies) (23) and serve as reservoirs of potential 
regulatory functions that have actively driven primate evolution, 
with evidence to suggest roles for intronic Alu elements in mRNA 
splicing (24, 25) (constitutive and alternative), RNA editing (26), and 
protein translation (27). Moreover, the AAGGG repeat sequence 
found on the opposing strand to RFC1 at this AluSx3 3′ end is pre-
dicted to form stable G-quadruplex secondary structures that have 
been implicated in other repeat expansion disease pathogenesis for 
both transcribed RNAs and DNA during transcription and DNA 
replication fork formation (28).

Given the paucity of empiric data on these repeats and the mul-
tiple potential mechanisms underpinning CANVAS, we investigated 
how these repeats cause disease, including independent evaluation 
of previously tested ideas and direct measures of the ability of these 
repeats to elicit neurotoxicity. We generated multiple CANVAS 
patient-derived and CRISPR-corrected isogenic induced pluripotent 
stem cell (iPSC) lines and differentiated them into neurons. Through 
functional neuronal assays, transcriptomic analyses, and in vitro 
toxicity investigations, we identify deficits in key neuronal cellular 
pathways in CANVAS neurons that are rescued upon CRISPR cor-
rection of a single expanded repeat allele. In contrast, loss of RFC1 
expression fails to recapitulate these cellular and molecular pheno-
types and ectopic expression of RFC1 in CANVAS iNeurons is 
insufficient to reverse pathologic cascades. Together, these studies 
support a repeat-dependent mechanism of toxicity that operates 
outside of the canonical functions of the RFC1 protein.

RESULTS
CANVAS patient–derived and CRISPR-corrected 
heterozygous isogenic iPSC lines
Homozygous nonreference repeat expansions in RFC1 could poten-
tially elicit neurodegeneration through multiple gain-of-function or 
loss-of-function mechanisms (Fig. 1A). To assess these possibilities 
systematically, we generated a series of CANVAS patient–derived 
iPSC lines from four patients and three controls, as well as one fam-
ily member with a heterozygous RFC1 expansion (fig. S1, A and B). 
As an additional experimental control, we generated an isogenic 
line through deletion of the expanded allele in patient 1 iPSC line 
through CRISPR-Cas9 genome editing (Fig. 1, B to D). Successful 
deletion of a single expanded allele was achieved in CANVAS patient 
1 iPSCs (Fig. 1C), and the specificity of this deletion was confirmed 
by Sanger sequencing of PCR products (Fig. 1D). However, we were 
unable to generate biallelic homozygous deletions of the AluSx3 
element and expanded repeat despite multiple rounds of editing 
and re-editing in both CANVAS and control cell lines, consistent 
with prior reports (29). As such, the heterozygous deletion line was 
taken forward for experimental analysis. Cell lines were confirmed 
to have AAGGG/CCCTT repeat expansion alleles by repeat-primed 

PCR (fig. S1A) and sized by nanopore sequencing (30) in combina-
tion with the results obtained by screening PCR (Fig. 1E). CANVAS 
and control iNeurons generated through a dual-SMAD differentia-
tion protocol exhibited comparable neuronal numbers and efficien-
cies for differentiation as measured by NeuN-positive nuclei and 
MAP2 expression (fig. S1E).

Translated AAGGG repeat products are detected in brains of 
patients with CANVAS
To investigate the potential of repeat-dependent gain-of-function 
mechanisms in CANVAS pathogenesis (Fig. 1A), we generated 
repeat-containing reporter constructs encompassing various repeat 
motifs within intronic sequence contexts (Fig. 2A). WT AAAAG/
CTTTT and mutant CANVAS AAGGG/CCCTT repeat expansions 
were generated by recursive directional ligation (RDL) (31) and 
were ligated into plasmid backbones containing 150 bp of upstream 
intronic sequence deriving from the genomic strand within which 
the repeat motif would be found; AAAAG/AAGGG repeats for the 
sense strand AluSx3-containing sequence and CTTTT/CCCTT re-
peats for the antisense RFC1 intron 2–containing sequence.

We first assessed whether expression of these repeat-containing 
constructs elicit RNA foci formation by using repeat-targeting fluo-
rescent probes and RNA HCR-FISH (Fig. 2B and fig. S2A). Prior 
studies have shown mixed results in regard to whether RNA foci 
occur in human CANVAS tissues, with discrepancies between 
studies potentially reflecting technical differences or repeat motif 
effects (8, 32). In human embryonic kidney (HEK) 293 cells, sense 
(AAGGG) repeat-directed probes detected nuclear and cytoplas-
mic RNA foci that colocalized with anti-nanoluciferase probes in 
transfected cells and generated patterns of expression that were dif-
ferent from nanoluciferase expression alone. Consistent with some 
binding of the probes to the repeat as DNA, nuclear foci, but not 
cytoplasmic foci, were reduced with DNase treatment (fig.  S2A). 
However, much of the nuclear and all the cytoplasmic signal was 
ablated by RNase treatment (fig. S2A). A similar pattern was seen 
for antisense (CCCTT) repeat-directed probes, suggesting that 
both the sense and antisense pentanucleotide repeats can form 
RNA condensates within cells. To assess whether such foci are de-
tectable in patient neurons, we performed RNA HCR-FISH with 
these same probes in control (n = 3) and CANVAS (n = 3) patient 
iPSC–derived neurons (Fig. 2B and fig. S2, B and C). No significant 
difference was observed between CANVAS and control neurons for 
sense AAGGG repeat-RNA foci detection (P = 0.42). In contrast, 
antisense CCCTT repeat-RNA foci were detected in CANVAS neu-
rons at greater rates compared to control cells (P = 0.04). However, 
the overall abundance of foci was low, and the specificity was im-
perfect, with 8.94% of control neurons and 11.3% of CANVAS neu-
rons showing antisense CCCTT RNA foci in rater-blinded assays 
(Fig. 2B and fig. S2D).

The native sequences surrounding the repeats are predicted to 
contain both AUG and non-AUG near-cognate codons upstream 
of the repeats without any intervening stop codons—potentially 
placing the repeats within open reading frames or making them 
subject to RAN translation (21, 22). To assess whether these repeats 
might be translated in patients, we generated intronic sense and 
antisense reporter constructs with Nanoluciferase-3×Flag (NL-3F) 
C-terminal tags in all three potential reading frames. Protein ex-
pression and nanoluciferase activity analysis in transfected HEK293 
cells showed selective translation of repeat-derived peptides within 
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Fig. 2. Translated AAGGG repeat products are detected in brains of patients with CANVAS. (A) Schematic of potential peptide products from sense and antisense 
strand of the repeat expansion locus. (B) Quantification of foci positive neurons for control (n = 3) and CANVAS (n = 3) patient iPSC-derived neurons (1100 to 2000 cells 
per group per probe). n = 2 biological replicates from three independent patient-derived cell lines.  Representative confocal images are shown in fig. S2B. (C) Immunoblot 
from HEK293 cells expressing plasmids encoding intronic sense or antisense AAGGG/CCCTT repeat reporters in the +0/+1/+2 reading frames (left) and Nano-luciferase 
expression assay quantification (right). n = 7 biological replicates. Data were analyzed by one-way ANOVA with Sidak’s post hoc multiple comparison tests. (D) ICC of 
HEK293 cells transfected with plasmids encoding intronic sense or antisense AAGGG/CCCTT repeat reporters with C-terminal triple tags in the +0/+1/+2 reading frames. 
(E) Expression analysis of lysates from HEK293 cells transfected with control plasmid +2 Sense (AAGGG)61 plasmid using anti-FLAG M2 (1:1000) and anti-KGREG (1:100) 
antibodies (left). (F) Left: IHC of control and RFC1 expansion CANVAS patient postmortem cerebellar vermis tissue stained with sense anti-KGREG antibody (1:100, acid AR). 
Scale bars, 500 μm (4×), 50 μm (60×), and 20 μm (inset). Right: Rater blinded quantification of all 20 postmortem tissues (tissue images and quantification for each sample 
in fig. S4). (G) Cumulative hazard plot for rat cortical neurons expressing CGG100 (positive control) or CANVAS intronic expression plasmids containing 61 repeats of the 
indicated type over 10 days. Results from eight technical replicates/three biological replicates; n = numbers of cells assessed per condition. ns, not significant. *hazard 
ratio = 1.339, P = 0.025, Cox proportional hazards analysis.
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the sense (AAGGG) strand +2 reading frame (Fig. 2C, left). In con-
trast, no products were detected from the antisense RFC1 intron in 
all three reading frames (Fig. 2C, right), despite the presence of an 
AUG codon in the +0 reading frame. This was also observed by 
immunocytochemistry (ICC) in HEK293 cells, whereby only cells 
transfected with the +2 sense AAGGG reporter showed translation 
of any repeat-containing peptides (Fig. 2D).

If the AAGGG repeat were to be translated into a protein, it 
would generate the same pentapeptide repeat protein, polyKGREG, 
in all three potential reading frames. We therefore generated anti-
bodies against a polyKGREG epitope. This antibody showed a high 
degree of specificity for two or more KGREG repeats, which are oth-
erwise not predicted to occur in the human proteome, in transfected 
HEK293 cells by immunoblot staining (Fig. 2E, left) and strong co-
localization with FLAG antibodies by ICC (fig. S3A). Using this an-
tibody, we confirmed that the +2 sense AAGGG reporter product 
contained KGREG peptides (Fig. 2E, right). We next performed ICC 
using our KGREG and PFPSL antibodies in patient iNeurons. At 
8 weeks of age, we did not see accumulation of these proteins by 
staining in CANVAS neurons compared to controls (fig. S3B).

To assess whether sense strand–derived KGREG peptide prod-
ucts accumulate in brains of patients with CANVAS, we performed 
immunohistochemistry on CANVAS (n = 4) as well as control 
[n = 16, including disease controls from cases of spinocerebellar 
ataxia type 3 (n = 1), C9orf72-associated FTD/ALS (n = 2), Huntington’s 
disease (n = 2), and 11 nondisease controls] postmortem brain 
samples obtained from the University of Michigan Brain Bank, 
MassGeneral Brigham SCiN, Queen Square Brain Bank UCL, and 
the Netherlands Brain Bank (Fig. 2F, fig. S4, and table S3). KGREG 
staining was detected within cerebellar granule cells in three of four 
CANVAS cases, with only weak staining in the fourth case. In the 
controls, strong positive staining was observed in one control but 
was not reliably observed in any of the disease controls. The positive 
control case was screened for and did not have a repeat expansion 
in RFC1. While brains of patients with CANVAS showed marked 
Purkinje cell loss, no KGREG staining was observed in the Purkinje 
cells that remained (Fig. 2F and fig. S4). Of note, the CANVAS 
case with minimal staining for KGREG had relative preservation of 
Purkinje cells and was shown to carry a complex two-motif expan-
sion on one allele (AAAGG)610(AAGGG)390 in trans with a second 
(AAGGG)1170 expansion, on previous long-read DNA sequenc-
ing (13). As these assays did not reveal a perfect correlation with 
genotype, we reassessed our pathologic samples in a rater-blinded 
fashion using an established scoring criteria (33). These studies 
showed significantly more staining in CANVAS cases compared to 
controls, and significantly more cases with at least 10% of their gran-
ule cells positive for staining. These data suggest that pentapeptide 
KGREG repeat proteins may be produced from AAGGG repeats in 
patients with CANVAS in a cell type–specific manner. Of note, we 
did not see specific staining for the antisense PFPSL in CANVAS 
brains compared to controls (fig. S5).

Ectopic expression of either CGG or CAG repeats in rodent neu-
rons is sufficient to elicit toxicity, which can serve as a proxy for 
gain of function–associated neurodegeneration (34–38). To assess 
whether ectopic AAGGG or CCCTT repeat expression might elicit 
neurotoxicity, we used automated longitudinal fluorescence mi-
croscopy and survival analysis (39–41) of neurons expressing the 
intronic WT or mutant sense or antisense reporter constructs in 

primary rat cortical neurons. Compared to expression of green flu-
orescent protein (GFP) alone, expression of these repeats failed to 
elicit significant toxicity over a 10-day period (AAAAG61: P = 0.75, 
AAGGG61: P = 0.45, CTTTT61: P = 0.11, and CCCTT61: P = 0.65) 
(Fig. 2G). CGG repeat expression studies performed in parallel 
served as a positive control with significant toxicity compared to 
GFP. Together, our data suggest that AAGGG repeats can form 
RNA foci and be translated into pentapeptide repeat proteins. How-
ever, these products do not accumulate at detectable levels in iNeu-
rons derived from patients with CANVAS, and expression of 61 
repeats is insufficient to elicit neurodegeneration in a rodent 
neuronal model system. Additional assays and in vivo studies will 
be needed to discern whether the repeat as transcribed RNA or as a 
translated protein expressed outside of its native locus contributes 
meaningfully to disease pathogenesis.

Splicing of RFC1 is normal in multiple CANVAS patient–
derived cell types
Intronic repeat expansions can interfere with pre-mRNA splicing by 
inducing intron retention within the mature transcript (42, 43), sta-
bilizing circular intronic lariat species (44), or inducing differential 
exon usage during splicing (45–47). Intronic Alu elements also in-
fluence alternative splicing through inclusion of Alu-containing ex-
ons, with 85% of Alu containing exons deriving from antisense Alu 
elements (48, 49). To assess whether AAGGG/CCCTT repeat ex-
pansions led to retention of RFC1 intron 2, we performed endpoint 
reverse transcription polymerase chain reaction (RT-PCR) with prim-
ers that amplify the exon 2–exon 3 or the exon 2–intron 2 junctions 
(Fig. 3A and fig. S6A). There were no differences between cases and 
controls in terms of intron retention or aberrant intron 2 splicing of 
RFC1 in patient fibroblasts, iPSC-derived neurons, or cortical and 
cerebellar regions of postmortem brain (Fig. 3A).

To investigate whether AAGGG/CCCTT repeat expansions 
trigger RFC1 intron 2 stabilization as a circular lariat species, as 
may occur in C9orf72 FTD/ALS (44), we used whole-transcriptome 
RNA short read sequencing to map RFC1 mRNA splicing isoforms 
and identify the presence of intronic back-spliced reads indicative 
of circular mRNA species (circRNAs) arising from circular intron-
ic lariats (50). Total rRNA-depleted RNA was extracted from 
10-week-aged CANVAS patient and control iPSC–derived neu-
rons and paired-end reads were processed and analyzed using 
packages described in Materials and Methods. A known list of 
circRNA species (51–55) were detected at comparable levels in 
CANVAS and control samples (Fig. 3B); however, no back-spliced 
reads were identified to map to RFC1 intron 2 or across the RFC1 
transcript, indicating a lack of detectable circular RNA species de-
riving from the RFC1 locus (Fig. 3B).

To assess whether AAGGG/CCCTT repeat expansions affect 
RFC1 mRNA isoforms, we used DEXSeq (56) to assess the normal-
ized differential exon usage of mature spliced RFC1 transcripts in 
CANVAS patient and control iPSC–derived neurons (fig. S6B). No 
changes in RFC1 exon usage were observed within the N-terminal 
region flanking the repeat expansion, or across the entire RFC1 
transcript. Similarly, Sashimi plots of RFC1 splicing demonstrate 
similar splicing and alternative exon usage in CANVAS patient 
iPSC–derived neurons compared to controls without evidence for 
alternative noncanonical exon usage for RFC1 in normal or disease 
states (fig. S6C).
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Fig. 3. Canonical functions and expression of RFC1 are normal in cells derived from patients with CANVAS. (A) Endpoint RT-PCR utilizing primer sets spanning RFC1 
exon 2–exon 3 or exon 2–intron 2 in CANVAS fibroblasts (top, left), iPSC-derived neurons (top, right), and CANVAS postmortem brain (bottom, left). (B) Quantification of 
normalized circular back-spliced read counts for RFC1 and other known circRNA species in CANVAS patient iPSC–derived neurons by paired-end RNA-seq analysis. 
(C) Ten-day time-course analysis of the rate of cellular division and proliferation in CANVAS (n = 4) and control (n = 3) fibroblast lines (left, F6,287 = 8.54, P < 0.0001), CANVAS 
(n = 3) and control (n = 3) NPC lines (center, F5,240 = 12.88, P < 0.0001), and CANVAS fibroblast lines (n = 3) mock-treated or treated with RFC1 overexpression lentivirus 
(right, F5,240 = 2.358, P = 0.245). n = 3 biological replicates from three to four independent patient cell lines. Data were analyzed by one-way ANOVA with Sidak’s post hoc 
multiple comparison tests. (D and E) Analysis of recovery after discrete UV exposure and DNA damage in CANVAS patient iPSC–derived neurons. (D) Representative im-
ages of γ-H2AX staining of iPSC-derived neurons before and after 60 mJ/cm2 UV exposure (scale bar, 10 μm). (E) Quantification of mean γ-H2AX staining in CANVAS patient 
(n = 3) and control (n = 3) iPSC–derived NeuN+ neuronal nuclei over a 24-hour period after 60 mJ/cm2 UV exposure (n = 16,569 NeuN+ nuclei total). Data were analyzed 
by one-way ANOVA with post hoc multiple comparison tests. (F) First-derivative DNA damage recovery rate curves for CANVAS (n = 3) and control (n = 3) patient iPSC–
derived neurons. Error = SD.
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Canonical functions and expression of RFC1 are normal in 
cells derived from patients with CANVAS
Prior studies in fibroblasts, lymphoblasts, frontal cortex and cere-
bellar vermis of patients with CANVAS demonstrated no differenc-
es in RFC1 mRNA when compared to controls (8). Consistent with 
prior studies, we observed no changes in RFC1 steady-state mRNA 
abundance or RFC1 protein expression between control (n = 3), 
CANVAS (n =  4), and heterozygous carrier patient fibroblasts 
(n = 1) (fig. S7A). Similarly, we observed no changes in RFC1 mRNA 
or RFC1 protein levels between 6-week-old control (n  =  3) and 
CANVAS (n = 3) patient iPSC–derived neurons (fig. S7B). Analysis 
in limited postmortem frontal cortex and cerebellar brain samples 
showed no change in RFC1 mRNA or RFC1 protein expression lev-
els (fig. S7C).

RFC1 plays critical roles in both DNA replication and DNA 
damage repair as a subunit of the DNA clamp-loader complex (57–
59). To assess whether AAGGG/CCCTT repeat expansions might 
interfere with RFC1’s DNA replication functions, we first investi-
gated the rate of cellular proliferation in age- and passage-matched 
CANVAS (n =  4) and control (n =  3) patient–derived fibroblasts 
(Fig. 3C, left). We observed a significant decrease in cellular prolif-
eration rate for CANVAS fibroblasts when compared to controls 
(F6,287 = 8.54, P < 0.0001). We confirmed this phenotype in CANVAS 
neural progenitor cells (F5,240 = 12.88, P < 0.0001; Fig. 3C, center). 
To determine whether this CANVAS proliferation phenotype was 
dependent on RFC1 expression or function, control-derived fibro-
blasts (n =  3 per group) were transduced with lentiviral particles 
encoding short hairpin RNAs (shRNAs) targeting RFC1 exon 4 and 
exon 15, or a control shRNA, and were assessed for proliferation 
rate over a 10-day period as before (fig. S7D). RFC1 knockdown 
reduced RFC1 protein to nearly undetectable levels (fig. S8). Con-
sistent with its known roles in DNA replication, RFC1 knockdown 
in control fibroblasts resulted in an initial lag in cellular prolifera-
tion compared to control shRNA-treated fibroblasts (120 hours, 
P  =  0.001), which recovered to control levels after 200 hours 
(F5,240 =  1.314, P =  0.131), perhaps due to preferential growth of 
cells no longer expressing the shRNA. In contrast, untreated fibro-
blasts from patients with CANVAS continued to show a slower pro-
liferation rate throughout the analysis (F5,240 = 4.417, P = 0.0007). 
To assess whether reprovision of full-length WT RFC1 was suf-
ficient to overcome the CANVAS phenotype, we overexpressed full-
length RFC1 in CANVAS patient–derived fibroblasts (Fig.  3C, 
right). CANVAS patient–derived fibroblasts overexpressing RFC1 
retained a markedly slowed proliferation rate compared to control 
fibroblasts (F5,240 = 8.497, P < 0.0001), with no significant improve-
ment over the proliferation rate of CANVAS patient–derived fibro-
blasts treated with a control lentivirus (F5,240 = 2.358, P = 0.245). 
These results suggest that AAGGG/CCCTT repeat expansions af-
fect cell proliferation independent of RFC1 protein levels.

CANVAS is predominantly a neuronopathy, and as neurons are 
post-mitotic, we investigated whether DNA damage repair was 
dysfunctional in CANVAS patient iPSC–derived neurons. To do 
this, we analyzed expression of the DNA damage marker γ-H2AX 
in 8-week-old control and CANVAS iPSC–derived neurons where 
basal levels of DNA damage accumulation was comparable be-
tween control and CANVAS iPSC–derived neurons (fig. S9A). To 
test for an altered response to DNA damage, CANVAS patient and 
control iPSC–derived neurons were exposed to ultraviolet (UV) ir-
radiation (Fig. 3, D and E). As expected, γ-H2AX levels increased 

after exposure to 0 to 120 mJ/cm2 UV irradiation in control iPSC–
derived neurons (fig. S9B). Control (n = 3) and CANVAS patient 
(n = 3) iPSC–derived neurons showed a consistent ~2-fold increase 
in γ-H2AX reactivity within 30 min of 60 mJ/cm2 UV irradiation, 
followed by a slow but consistent decline in γ-H2AX reactivity in 
all experimental conditions, with return to baseline γ-H2AX reac-
tivity within 6 to 12 hours after irradiation. First-derivative analysis 
of normalized γ-H2AX indicated no differences in the rate of γ-
H2AX recovery after UV induction between CANVAS and control 
neurons (Fig. 3, E and F, and fig. S9, C and D), suggesting that re-
pair of DNA damage induced by UV irradiation is not affected in 
CANVAS neurons.

Synaptic genes are down-regulated in CANVAS 
patient–derived neurons
To assess for differences between CANVAS and control iPSC–
derived neurons that might provide some insights into disease 
pathogenesis, we next conducted paired-end sequencing of total 
RNA extracted from 10-week-old CANVAS patient (n = 4) and con-
trol (n = 3) iPSC–derived neurons to identify potential dysregulated 
pathways or genes in CANVAS. An average of ~20 million to 30 mil-
lion reads were obtained per sample, with technical replicates gener-
ated for each line from different differentiations. After trimming, 
genome alignment, and filtering for low transcript reads (see Mate-
rials and Methods), we observed that 5.9% (1313) of detected 
genes were up-regulated and 11.7% (2630) were down-regulated in 
CANVAS patient iPSC–derived neurons compared to control neu-
rons (Fig.  4A). RFC1 transcripts showed a modest but significant 
increase in CANVAS iNeurons that was below the prespecified fold-
change threshold implemented (Fig. 4A), with no RFC1-associated 
GO terms identified within overrepresented cellular pathways of 
these dysregulated transcripts in CANVAS (Fig. 4B). Principal com-
ponents analysis (PCA) clustering of neuronal samples based on 
gene expression patterns demonstrated discrete and distinct cluster-
ing of CANVAS neuronal samples as separate from controls (Fig. 4C) 
with 96% of observable variance seen across principal component 1 
(PC1), indicating that variability between control and CANVAS 
gene expression profiles is the dominant source of variation between 
iNeuron lines. Heatmap analysis of the top dysregulated transcripts 
detected in CANVAS patient iPSC–derived neurons shows a strong 
preference for reduced expression of transcripts (Fig. 4D). Gene 
Ontology (GO) analysis indicated a significant overrepresentation 
of neuronal signaling processes including synaptic signaling and 
processes that regulate synaptic signaling in CANVAS versus con-
trol (Fig. 4B and fig. S10), with many of these transcripts expressed 
in neuronal processes and involved in signaling, channel, or trans-
porter activity. Normalized transcript counts for select dysregulated 
synaptic genes indicate that this reduction in synaptic gene expres-
sion is highly significant and encompasses both pre- and postsynap-
tic genes, as well as genes involved in synaptic organization and 
signal transduction (Fig. 4E). A full analysis of dysregulated path-
ways is shown in fig. S10.

Protein expression analyses of select synaptic genes significantly 
down-regulated in transcriptomic analyses in Fig. 4E found similar 
down-regulation at the protein level. Synaptophysin, CHL1, GAP43, 
and CAMKIIB all showed significant reductions in expression at 
both the transcript and protein level in CANVAS patient iPSC–derived 
neurons compared to control (Figs. 4E and 5, A to D). Assessment 
of these same proteins by immunoblot from the cerebellum and 
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Fig. 4. Synaptic genes are down-regulated in CANVAS neurons. (A) Volcano plot of differentially expressed genes in CANVAS patient versus control iPSC–derived 
neurons, blue = significantly down-regulated, red = significantly up-regulated, RFC1 labeled. (B) Gene Ontology (GO) pathway analysis of the top five up-/down-regulated 
biological process, cellular component, and molecular function in CANVAS (n = 3) versus control (n = 3) patient iPSC–derived neurons. (C) Principal components analysis 
(PCA) of CANVAS (n = 3) versus control (n = 3) patient iPSC–derived neurons, patient number indicated within shapes identify technical replicates. (D) Heatmap of normal-
ized expression for the top 1000 genes differentially expressed in CANVAS patient versus control iPSC–derived neurons. (E) Normalized gene counts for the top seven 
down-regulated synaptic-associated genes in CANVAS patient versus control iPSC–derived neurons.
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Fig. 5. CANVAS patient–derived neurons exhibit synaptic dysfunction and reduced connectivity. (A to D) Protein expression (left) and normalized quantification 
(right) of selected synaptic genes identified as down-regulated in CANVAS patient iPSC–derived neurons by transcriptomic analysis: (A) synaptophysin, (B) GAP43, (C) 
CHL1, and (D) CAMKIIB. n = 3 per group. Data were analyzed by one-way ANOVA with Sidak’s post hoc multiple comparison tests. (E) Schematic outlining experimental 
workflow for generating patient iPSC–derived neurons for calcium imaging analysis. (F) Analysis of Ca2+ imaging metrics for control (n = 3) and CANVAS (n = 3) patient 
iPSC–derived neurons at 9 weeks after differentiation. Burst rate (F5,114 = 8.268, P < 0.0001) and firing correlation (F5,114 = 45.62, P < 0.0001). (G) Analysis of Ca2+ imaging 
metrics for control (n = 3) and CANVAS (n = 3) patient iPSC–derived neurons. Basal intensity (F5,114 = 7.075, P < 0.0001), burst duration (F5,114 = 0.5371, P = 0.745), and burst 
strength (F5,114 = 7.573, P < 0.0001). Each data point represents the mean of ~1000 to 3000 active cells per well. Data were analyzed by one-way ANOVA with Sidak’s post 
hoc multiple comparison tests. Error = SD.
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cortex of patients with CANVAS shows similar qualitative patterns 
of reduced expression, but an insufficient number of cases with cor-
tical tissue available precluded quantitation (fig. S11A).

Spontaneous synaptic activity is impaired in CANVAS 
patient–derived neurons
Given the dysregulation of synapse-associated transcripts and pro-
teins we observed in CANVAS patient iPSC–derived neurons, we 
investigated whether these alterations in gene expression correlated 
with observable phenotypic differences in synaptic activity. To ac-
complish this, we measured spontaneous synaptic activity in con-
trol (n = 3) and CANVAS (n = 3) glutamatergic forebrain neurons 
with the Incucyte Neuroburst Orange fluorescent calcium indicator 
and Incucyte S3 automated imaging system. Patient-derived neural 
progenitor cells were differentiated and re-plated at uniform density 
on an astrocyte feeder layer as described in Materials and Methods 
(Fig.  5E). Neurons were analyzed for active cell number, basal 
calcium intensity, burst rate, burst strength, burst duration, and 
network correlation between 3 and 11 weeks after differentia-
tion (Fig. 5, F and G), and wells with at least 500 active cells were 
included in the analysis. No morphological abnormalities were not-
ed between control and CANVAS iPSC–derived neurons. Both con-
trol and CANVAS iPSC–derived neurons consistently had between 
1000 and 2000 active cells per well, with minor but statistically sig-
nificant reductions observed for basal calcium intensity, burst dura-
tion, and burst strength in CANVAS neurons (Fig. 5G). Notably, 
while control iPSC–derived neurons formed synchronized net-
works with 50 to 70% network correlation by 5 weeks after differen-
tiation (Figs. 5F and 6E), CANVAS patient iPSC–derived neurons 
remained devoid of detectable synchronous firing even between 7 
and 11 weeks after differentiation, with single cells showing inde-
pendent activity at a 17% increase in firing rate relative to control 
(Fig. 5F and movies S1 to S3). These between-genotype findings 
were robust to corrections for differences in neuronal density and 
active cell counts (F5,114 = 59.89, P < 0.0001) (fig. S11B).

Synaptic gene expression is restored upon heterozygous 
correction of RFC1 repeat expansion
To determine the impact of the AAGGG/CCCTT repeat expansion 
in CANVAS patient iPSC–derived neurons, we generated an isogenic 
line with a monoallelic deletion of the repeat and compared its gene 
expression to both CANVAS and control iPSC–derived neuronal 
lines. Surprisingly, the heterozygous isogenic line substantially cor-
rected across PC1 that separates CANVAS from control neuronal 
samples, while variance along PC2 was increased substantially, indi-
cating partial correction of some additional CANVAS-associated 
variance to control and the emergence of a new source of variance 
after heterozygous deletion of the AAGGG/CCCTT repeat expan-
sion (Fig. 6A and fig. S12, A and B). This large-scale correction of 
the CANVAS-associated transcriptomic signature is also visible by 
heatmap analysis illustrating that the heterozygous isogenic patient 
iPSC–derived neurons exhibit a global gene expression pattern 
more similar to that of control than CANVAS (fig. S12C).

In total, 64% of the CANVAS up-regulated genes and 70% of the 
CANVAS down-regulated genes exhibited at least a 50% correction 
in expression upon monoallelic deletion of the AAGGG/CCCTT 
repeat expansion in the CANVAS patient 1 line (Fig. 6B), and 80.5% 
of these genes (2027:491) were no longer significantly different 
compared to controls (Fig. 6C, green). The GO terms of these gene 

expression corrected genes correlate with many of the top dysregu-
lated pathways in CANVAS, including multiple synapse-associated 
processes and functions (Fig. 6C, right, and fig. S12D). Within these 
pathways, the key synaptic genes found to be most down-regulated 
in CANVAS (Fig. 4E) show significant or almost complete resto-
ration in the isogenic neurons compared to control (fig. S12E), 
with CAMKIIB, GAP43, HOMER1, NEURL1, and SYP showing 
the greatest restoration in the isogenic line.

To assess whether the correction we observed in our isogenic line 
compared to its parent line and its differences from the control line 
could be explained by the presence of a single repeat allele, we as-
sessed an additional iPSC line derived from a heterozygous asymp-
tomatic carrier daughter of patient 2. This line has a single AAGGG 
repeat allele of size 1314 repeats and a short AAAAG allele (Fig. 1E). 
Transcriptomic analysis of this line revealed a pattern very similar to 
the isogenic control line and more similar to the nonisogenic con-
trol lines than to the CANVAS lines (fig. S12, B and C). This hetero-
zygous line clusters with the isogenic control line as a separate group 
through PC analysis—perhaps reflecting the impact of a single ex-
panded AAGGG repeat allele on gene expression.

Dysregulated synaptic activity is rescued by heterozygous 
correction of RFC1 repeat expansion
We next analyzed spontaneous synaptic activity upon heterozygous 
isogenic correction in comparison to both control and CANVAS 
patient iPSC–derived neurons (Fig.  6D). Heterozygous isogenic 
neurons exhibited modest but significant improvements in basal 
calcium intensity and burst duration compared to CANVAS neu-
rons (fig. S11C), as well as large and significant improvements in 
neuronal burst rate synchronized firing (Fig. 6, D and E), with an 
average network correlation of 42% compared to 70% in controls. 
While these metrics do not indicate complete recovery of deficits 
observed in CANVAS versus control, the significant trend toward 
recovery in all metrics in conjunction with the observed correction 
in gene expression upon deletion of a single expanded allele in 
CANVAS neurons suggests a repeat-dependent mechanism of 
CANVAS pathogenesis. Similarly, the heterozygous control case 
exhibits an electrophysiologic profile that closely resembles that of 
both the isogenic control and the clinical control lines and is nota-
bly and significantly distinct/different from the CANVAS lines 
(Fig. 6D and fig. S11C).

RFC1 reduction does not mimic CANVAS-associated 
transcriptomic or functional deficits
If loss of RFC1 protein function is central to CANVAS pathogenesis, 
then targeted reduction of RFC1 should recapitulate defects ob-
served in neurons from patients with CANVAS. To test this hypoth-
esis, we conducted transcriptomic and functional neuronal analyses 
of control neurons after sustained (~10 weeks) knockdown of RFC1 
in comparison to CANVAS neurons. Treatment with RFC1 shRNA 
lentivirus led to undetectable levels of RFC1 protein (Fig. 7A and 
fig.  S8B), and normalized RFC1 gene counts across experimental 
conditions showed efficient knockdown of RFC1 transcripts with 
~63% reduction in comparison to control neurons and ~75% reduc-
tion in comparison to CANVAS neurons (Fig. 7B, left). Compared 
to control neurons expressing a nontargeting shRNA, RFC1 knock-
down led to statistically up-regulated expression of only 0.5% (235) 
of detected genes and statistically down-regulated expression of 
only 0.23% (103) of detected genes in iPSC-derived neurons. PCA 
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Fig. 6. Heterozygous isogenic correction of CANVAS neurons corrects transcriptomic and synaptic functional deficits. (A) PCA of CANVAS (n = 3), control (n = 3), 
heterozygous (n = 1), and CANVAS heterozygous isogenic (n = 1) patient iPSC–derived neurons. Patient number indicated within shapes identify technical replicates. 
(B) Schematic illustrating the total number of genes dysregulated (up and down) in CANVAS versus control (left), with the percentage of these up- or down-dysregulated 
genes that show negative correction, partial correction, or full correction of expression upon heterozygous isogenic correction of CANVAS patient iPSC–derived neuron 
line. (C) Scatter plot of Log2FoldChange (CANVAS versus control) versus gene expression correction per gene in the heterozygous isogenic patient iPSC–derived neurons 
(left), and GO pathway analysis of the top five up-/down-regulated biological process, cellular component, and molecular function for the genes that show 50 to 150% 
gene expression in isogenic correction versus CANVAS and are nonstatistically significant in isogenic versus control conditions. (D) Analysis of Ca2+ imaging metrics for 
control (n = 3), CANVAS (n = 3), heterozygous (n = 1), and heterozygous isogenic (n = 1) patient iPSC–derived neurons. Burst rate (F2,165 = 279.4, P < 0.0001), burst strength 
(F2,165 = 4.034, P = 0.019), and firing correlation (F2,165 = 185.9, P < 0.0001). Each data point represents the mean of ~1000 to 3000 active cells per well (fig. S8). Data were 
analyzed by one-way ANOVA with Sidak’s post hoc multiple comparison tests. (E) Mean firing correlation of control (n = 3), CANVAS (n = 3), and heterozygous isogenic 
(n = 1) patient iPSC–derived neurons across 10 weeks of differentiation from week 1 to week 11. Error = SD.
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Fig. 7. Altering RFC1 expression neither recapitulates nor corrects CANVAS patient neuron dysfunction. (A) Schematic of RFC1 knockdown using RFC1 N or C ter-
minus targeting shRNA lentiviruses (top) and RFC1 expression after knockdown in control iPSC–derived neurons (bottom). (B) Normalized read counts for RFC1 transcripts 
(left) and PCA (right) in CANVAS (n = 3), control (n = 3), control mock-treated (n = 3), and control shRFC1-treated (n = 3) patient iPSC–derived neurons. (C) Volcano plot of 
RFC1 knockdown versus control, RFC1 labeled. (D) Ca2+ imaging metrics of CANVAS (n = 3) and control (n = 3) patient iPSC–derived neurons treated with shControl or 
shRFC1 lentiviruses. Burst rate (F3,78 = 29.6, P < 0.0001), burst strength (F3,78 = 8.265, P < 0.0001), and firing correlation (F3,78 = 100.6, P < 0.0001). (E) Schematic of RFC1 
overexpression in CANVAS patient iPSC–derived neurons (top) and analysis of RFC1 expression in patient iPSC–derived neurons upon lentiviral transduction (bottom). 
(F) Normalized read counts for RFC1 transcripts (left) and PCA of CANVAS and control iPSC–derived neurons transduced either full-length RFC1 CDS or control lentivirus 
(n = 3 per group) (right). (G) Volcano plot of CANVAS patient–derived neurons transduced with either full-length RFC1 CDS or control lentivirus (n = 3 per group), RFC1 
labeled. (H) Ca2+ imaging metrics of control (n = 3) and CANVAS (n = 3) patient iPSC–derived neurons treated with control or RFC1-overexpression lentivirus. Burst rate 
(F3,135 = 31.01, P < 0.0001), burst strength (F3,135 = 16.74, P < 0.0001), and firing correlation (F3,135 = 147.3, P < 0.0001). Firing correlation two-way ANOVA treatment versus 
genotype: F1,135 = 41.25, P < 0.0001 and F1,135 = 36.64, P < 0.0001, respectively. Each data point represents the mean of ~1000 to 3000 active cells per well (fig. S5). Data 
were analyzed by one-way ANOVA with Sidak’s post hoc multiple comparison tests. Patient numbers indicated identify technical replicates. Error = SD.
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clustering showed no overlap between RFC1 shRNA-treated iPSC-
derived neurons and CANVAS neurons and instead showed tight 
clustering with nontargeting shRNA-expressing controls (Fig.  7B, 
right, and fig. S13, A and B), indicating that RFC1 knockdown in 
control neurons does not induce CANVAS-like transcriptomic al-
terations. Furthermore, a volcano plot of RFC1 knockdown versus 
control neurons (Fig.  7C) indicates less dysregulation in gene ex-
pression when compared to CANVAS versus control (Fig. 4A), with 
a preference for increased expression for a small number of tran-
scripts and a reduction in RFC1 (circled). Similarly, none of the key 
synaptic genes found to be highly down-regulated in CANVAS 
(Fig. 4E) showed significant dysregulation upon RFC1 knockdown 
(fig. S13C).

Gene set enrichment analysis (GSEA) of ranked genes from 
RFC1 knockdown showed an enrichment for annotated RFC1-
associated functions (fig. S14). GO analysis for the most overrepre-
sented cellular pathways within the transcripts dysregulated upon 
RFC1 knockdown, meanwhile, found that immune and develop-
mental cellular processes were most significantly dysregulated 
(fig. S13D). There was no enrichment in synaptic-associated pro-
cesses, in contrast to the significantly dysregulated pathways iden-
tified in CANVAS neurons versus control (Fig.  4B and figs.  S10 
and S13D).

To assess the impact of RFC1 knockdown on neuronal function, 
we again used calcium imaging. Compared to control neurons, 
RFC1 knockdown elicited no differences in basal calcium intensity, 
burst duration (fig. S11D), neuronal burst rate, or network firing 
correlation (Fig. 7D) and the RFC1 knockdown neurons remained 
highly significantly different from CANVAS neurons in these four 
metrics. The only metric that showed any similarities with the find-
ings in CANVAS neurons was burst strength, where knockdown of 
RFC1 induced a 24% reduction (Fig. 7D, center, P < 0.0001), com-
parable to the levels seen in CANVAS neurons (CANVAS-shRNA1: 
P = 0.915, CANVAS-shRNA2: P = 0.786).

Reprovision of RFC1 does not correct CANVAS-associated 
transcriptomic or functional deficits
To determine whether RFC1 reprovision can correct phenotypic 
deficits observed in neurons from patients with CANVAS, we con-
ducted transcriptomic and functional neuronal analyses of control 
and CANVAS iPSC–derived neurons after sustained (~10 weeks) 
expression of either GFP lentivirus or a full-length RFC1-encoding 
lentivirus with a C-terminal 3× FLAG tag and separate GFP re-
porter (Fig. 7E and fig. S8C). Transduction of this lentivirus signifi-
cantly boosted RFC1 expression in patient iPSC–derived neurons 
(Fig. 7E), with a ~50 to 75% increase in detected RFC1 transcripts 
compared to neurons treated with the GFP control lentivirus 
only (Fig. 7F, left). PCA clustering showed no overlap of RFC1 
overexpression CANVAS neurons with control neurons and in-
stead showed tight clustering between genotypes independent of 
treatment condition (Fig. 7F, right), indicating that RFC1 overex-
pression fails to correct CANVAS neuronal transcriptomic altera-
tions. Furthermore, a volcano plot of differential gene expression in 
CANVAS neurons overexpressing RFC1 compared to those ex-
pressing a control GFP lentivirus shows that sustained RFC1 repro-
vision effectively induces no transcriptomic changes in CANVAS 
neurons, with only RFC1 found to be differentially expressed be-
tween these conditions (Fig. 7G). Similarly, comparison of RFC1-
overexpressing CANVAS neurons with control neurons (fig. S15A) 

exhibited identical differential gene expression patterns as was ob-
served in Fig. 4A. Overexpression of RFC1 in control neurons also 
triggered minimal changes in global gene expression (fig. S15B), 
and heatmap profiles of global gene expression across all conditions 
indicate that overexpression of RFC1 does not correct the tran-
scriptomic deficits observed in CANVAS, and elicits negligible ef-
fects within control neurons (fig. S15C).

When analyzing the functional phenotypes observed for CANVAS 
neurons, overexpression of RFC1 elicited no differences for metrics 
that exhibited only minor or no dysregulation in CANVAS com-
pared to controls (fig. S11E). Reprovision of RFC1 did reduce the 
abnormal firing burst rate in CANVAS neurons by 17.6%, which 
effectively corrected the difference between CANVAS and control 
neurons. However, RFC1 overexpression also induced a 13.9% re-
duction in burst rate within control neurons, suggesting that this 
effect is not specific to CANVAS neurons (Fig. 7H, left). Two-way 
analysis of variance (ANOVA) indicates that the effect sizes are 
comparable and that the CANVAS versus control genotype is not a 
driver of the effect (treatment: F1,135 = 41.25, P < 0.0001; genotype: 
F1,135 = 36.64, P < 0.0001). Similarly, RFC1 overexpression in-
creased the firing correlation observed for CANVAS neurons (0.13 
to 0.22, P = 0.001). However, this correction was modest, and these 
CANVAS neurons remained significantly less correlated than con-
trol neurons (P < 0.0001, Fig. 7H, right).

DISCUSSION
With an estimated carrier frequency upward of ~6% (8, 15), nonref-
erence AAGGG/CCCTT repeat expansions in RFC1 are potentially 
notable contributors to neurologic disease, including both ataxia 
and sensory neuronopathy. Here, we used CANVAS patient–derived 
neurons, patient cells, and tissues to directly assess how these re-
peats elicit toxicity. Our findings suggest a specific role for the repeat 
element in neuronal development and synaptic function that is 
largely independent of RFC1 protein expression and its canonical 
functions. These findings have important implications for therapy 
development in this currently untreatable disorder.

CANVAS arises from a polymorphic set of biallelic RFC1 repeat 
expansion motifs comprising AAGGG, AAAGG, ACAGG, AAGGC, 
AGGGC, and AGAGG motifs in isolation or as heterozygous com-
binations (8, 9, 12, 13). Furthermore, rare CANVAS patients harbor 
compound heterozygous monoallelic RFC1 expansions combined 
with loss-of-function mutations that result in RFC1 haploinsuffi-
ciency from the nonexpanded allele (18–20). This, in combination 
with data indicating a recessive mode of inheritance, suggested to 
us and others that RFC1 loss of function is a pathogenic driver of 
CANVAS pathogenesis. However, we find that RFC1 expression 
is normal at both the mRNA and protein level in the context of 
biallelic expansions in differentiated human iPSC–derived neurons, 
with no changes in RFC1 mRNA splicing, intron degradation, tran-
script isoform, or exon usage in CANVAS neurons compared to 
controls (Fig. 3, A and B, and fig. S6, A to C). Consistent with this, 
we observe no deficits in canonical RFC1 functions in either mitotic 
and post-mitotic CANVAS patient–derived cell types. RFC1 plays a 
key role in both DNA replication and DNA damage repair (57), but 
CANVAS patient–derived neurons do not accumulate DNA dam-
age compared to controls, and they exhibit normal rates of recovery 
after UV-induced DNA damage (Fig. 3 and fig. S9). Deficits in the 
rate of cell division and proliferation were observed in fibroblasts 
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and neural progenitor cells from patients with CANVAS (Fig. 3C). 
However, these deficits were at least partly independent of RFC1 
function, as they were not corrected by reprovision of RFC1 to fi-
broblasts of patients with CANVAS. Despite clinical genetic data 
strongly suggesting an RFC1 loss of function in CANVAS and our 
own data showing gene alterations and signaling dysfunction in 
CANVAS patient iPSC–derived neurons, we find no evidence for a 
loss of canonical RFC1 function in multiple cell types, pointing to-
ward a more nuanced etiology driving CANVAS pathogenesis at the 
RFC1 locus.

Repeat associated gain-of-function mechanisms, such as the for-
mation of RNA foci and the presence of ubiquitinated inclusions of 
RAN translated repeat polypeptides, occur in many repeat expan-
sion neurologic diseases (35, 42–44, 60). Postmortem and cell-based 
analyses performed to date have not reliably demonstrated these 
pathological features in CANVAS (7, 8), although recent reports do 
suggest the appearance of RNA foci in the context of certain repeat 
motifs (32). We detected sense strand AAGGG repeat-derived pen-
tapeptide repeat peptides in cerebellar granule cells in three of four 
CANVAS patient brains examined (Fig. 2F and fig. S4). We did not 
detect these proteins or repeat RNA foci in patient iPSC–derived 
neurons and overexpression of AAGGG repeats in isolation did not 
induce toxicity in rodent neurons (Fig. 2, B and G, and fig. S3B). 
It is therefore unclear what role repeat RNA or translated penta-
peptide repeats play in the neuropathogenic cascades that drive 
CANVAS pathogenesis.

CANVAS patient iPSC–derived neurons showed significant defi-
cits in synaptic gene expression at both the mRNA and protein level 
compared to controls. CANVAS patient–derived neurons exhibit 
significant dysregulation in genes associated with pathways regulat-
ing synaptic structure and organization, regulation of chemical syn-
aptic transmission, and expression of ion channels localized to both 
the pre- and postsynaptic membranes (Figs. 4 and 5 and fig. S10). 
This deficit correlates with phenotypic deficits in synaptic activity 
(Figs. 5 to 7). While synaptic dysfunction and loss of synaptic con-
nections occur in numerous neurodegenerative diseases, such as 
Huntington disease (61, 62), C9orf72 FTD/ALS (63, 64), and Al-
zheimer disease (65, 66), the molecular steps preceding this deficit 
in synaptic gene expression and associated synaptic dysfunction in 
neurons of patients with CANVAS are unclear. Monoallelic deletion 
of the AAGGG expansion significantly corrected both synaptic gene 
expression defects and synaptic signaling dysfunction in CANVAS 
neurons and mimics the transcriptomic signature observed in a het-
erozygous case (Fig. 6). As this isogenic deletion of a single AAGGG 
expansion does not alter RFC1 expression or neuronal response and 
recovery after UV-induced DNA damage (figs. S7 and S9), this res-
cue in synaptic gene expression and neuronal connectivity instead 
appears to be dependent on the repeat element itself.

If dysfunction in RFC1 protein expression or activity was the cause 
of CANVAS phenotypes, then we would predict that synaptic dys-
function and gene expression alterations in CANVAS patient–derived 
neurons would be replicated by knockdown of RFC1 in control neu-
rons. However, sustained (~10 weeks) knockdown of RFC1 with two 
independent shRNAs in control iPSC–derived neurons elicits no 
deficits in synaptic function or gene expression changes akin to 
those seen in CANVAS neurons (Fig. 7 and figs. S11, S13, and S14). 
Similarly, if RFC1 loss impacts CANVAS disease-relevant pheno-
types, then prolonged reprovision of RFC1 protein into CANVAS 
patient iPSC–derived neurons should rescue the functional synaptic 

phenotypes observed. Yet, we observed no correction of CANVAS 
neuronal transcriptomic signatures after RFC1 reprovision (Fig.  7 
and fig. S15). Moreover, while minor changes were observed in 
CANVAS neuronal activity with exogenous RFC1 expression, these 
improvements were both modest and nonspecific, with similar effects 
in control and CANVAS neurons. CANVAS neurons remained highly 
dysregulated even when expressing RFC1 (Fig. 7 and fig. S11).

One confounding aspect of RFC1-repeat expansion associated 
disorders is the discordance between expression of RFC1 mRNA 
and protein and development of CANVAS. RFC1 expression is 
largely normal in most CANVAS cases, but is reduced in rare com-
pound heterozygous CANVAS cases with one disease-associated 
repeat allele and one truncating mutant in RFC1. Our data suggest 
that RFC1 reduction alone fails to recapitulate synaptic, transcrip-
tomic, and physiological phenotypes we observe in iPSC-derived 
glutamatergic neurons and RFC1 protein repletion is insufficient to 
rescue these same phenotypes in CANVAS neurons. However, re-
moval of a single repeat allele on one CANVAS iNeuron line was 
sufficient to correct these same phenotypes. These clinical data and 
the iNeuron experimental observations appear to contradict one 
another. We assessed for a number of potential explanations for this 
contradiction, but found no evidence of mis-splicing or aberrant 
transcript generation from RFC1 in the setting of the repeat expan-
sion. However, one observation suggests a direction for future work: 
We were unable to remove the repeat and Alu element by CRISPR 
editing on both alleles in either control or CANVAS lines, despite 
extensive attempts to do so. A similar observation was made by a 
second group who generated heterozygous isogenic iPSCs (29). 
These data suggest that the repeat or the DNA region with which it 
is associated may have a normal function that is altered in the set-
ting of larger and different repeat sequences. Thus, a homozygous 
AAGGG repeat may indeed induce disease through a loss-of-
function mechanism, but just not through one that is dependent on 
RFC1 protein expression.

This manuscript has some limitations. First, there are a limited 
number of CANVAS and control cell lines analyzed and only a single 
isogenic control is included. Thus, this work is underpowered to 
identify all disease-relevant phenotypes and precluded consideration 
of sex as an independent variable in analysis. Second, we differenti-
ated our iPSCs into predominantly glutamatergic neurons that most 
closely resemble cortical neurons rather than the sensory neurons or 
Purkinje neurons that are most impacted in the disease state. Last, 
we looked at relatively early developmental phenotypes in these 
iNeurons, which may be distinct from what occurs in a late-onset 
neurodegenerative disease such as CANVAS. However, it is worth 
noting that stem cell models of other neurodegenerative disorders 
exhibit developmental phenotypes that precede later evidence of 
neurodegeneration (67–70). Future work will be needed to confirm 
and extend these findings in more robust model systems to assess 
whether reduction in RFC1 or overexpression of AAGGG/CCTTT 
repeats are important in other aspects of disease pathogenesis and 
whether this synaptic dysfunction contributes to neuronal loss.

In summary, our studies provide support for a repeat-dependent 
mechanism of neuronal dysfunction in CANVAS that operates out-
side of the canonical functions of RFC1 protein. These findings stand 
in contrast to clinical genetic studies pointing toward an RFC1 loss-
of-function mechanism as a central contributor to the molecular eti-
ology of CANVAS and suggest that replacing or boosting canonical 
RFC1 function would be ineffective as a therapeutic approach in this 
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condition. The mechanisms by which these repetitive elements act to 
elicit disease do not fit easily into known repeat-associated gain-of-
function and loss-of-function boxes previously defined for other re-
peat expansion disorders. Instead, our findings suggest that these 
nonreference repeats act through an as-yet undefined molecular 
mechanism that will likely have relevance beyond this condition.

MATERIALS AND METHODS
Dermal fibroblast isolation and iPSC derivation from 
samples of patients with CANVAS
Control iPSC lines were obtained from published sources (table S4). 
Dermal fibroblasts were obtained under institutional review board 
(IRB) protocol HUM00030934 after informed consent from patients 
clinically diagnosed with CANVAS spectrum disorder and geneti-
cally confirmed to have biallelic RFC1 expansions or their rela-
tives. Dermal biopsy samples were cultured in fibroblast medium 
[Dulbecco’s modified Eagle’s medium (DMEM), 10% (v/v) fetal bo-
vine serum (FBS), 1% (v/v) 100× nonessential Amino Acid (NEAA), 
1% (v/v) penicillin/streptomycin, and 1.5% (v/v) 1 M Hepes] at 37°C 
and 5% CO2 until fibroblasts emerged from the tissue and were 
maintained at low passage number and grown to 80 to 90% conflu-
ence before episomal reprogramming. On day 0, fibroblasts were de-
tached with Trypsin-EDTA, washed with (−/−) phosphate-buffered 
saline (PBS), and 3 × 105 cells were resuspended in 120 μl of R-buffer 
(Invitrogen) supplemented with 1 μg of GFP plasmid, 1 μg of pCXLE-
hUL (Addgene no. 27080), 1 μg of pCXLE-hSK (Addgene no. 27078), 
and 1 μg of pCXLE-hOCT3/4-shP53 (Addgene no. 27077) and elec-
troporated using the Neon System (Invitrogen, condition: 1450 V, 10 
ms, three pulses). Electroporated fibroblasts were subsequently plated 
across three wells of a Geltrex (Thermo Fisher Scientific)–coated six-
well plate with daily media changes of fresh fibroblast media until 
day 3. On day 3, cells were changed into a 50/50 ratio of fibroblast 
media and TeSR E-7 Reprogramming Media (STEMCELL Technolo-
gies), and on day 5, they were changed into 100% E-7 Reprogram-
ming Media. Daily media changes of E7 Reprogramming Media 
followed until the emergence of iPSC colonies between days 21 and 
28 when iPSC colonies were picked and transferred to Geltrex-coated 
12-well plates containing 1 ml of TeSR-E8 (STEMCELL Technolo-
gies) supplemented with 10 μM ROCK Inhibitor (Y-27632, Cayman 
Chemical) for 24 hours. iPSCs were maintained in TeSR-E8 at 37°C 
and 5% CO2 and passaged with 0.5 mM EDTA as needed. Multiple 
iPSC colonies were picked, expanded, and characterized per patient 
line before use. iPSC colonies were stained via ICC for pluripotency 
markers using antibodies against SOX2 (ab5603), OCT4 (ab181557), 
and Nanog (ab21624), and mRNA expression of pluripotency tran-
scription factors was confirmed by RT-PCR (fig. S1, A and B). iPSCs 
were confirmed to have no chromosomal abnormalities by G-band 
karyotyping (fig. S1A, WiCell Research Institute). A detailed descrip-
tion of all cell lines, patient samples, and reagents used in these stud-
ies is provided in table S4.

Generation of heterozygous isogenic iPSC lines 
by CRISPR-Cas9
CRISPR gRNAs were designed to remove the expanded AAGGG 
repeat by nonhomologous end joining (NHEJ) utilizing the closest 
unique PAM sites to the repeat region and obtained from IDT 
(Fig. 1B). iPSCs were detached to a single-cell suspension using 
Accutase (Thermo Fisher Scientific), and 1 × 106 cells were resuspended 

in 120 μl of R-buffer containing preformed Cas9 RNP complexes 
(20 μM HiFi Cas9 (IDT), tracR-ATTO550 (IDT), and gRNAs: F: 
GAGAATAGCAACGGTGTAGCTGG, R: TCATTTTCTGAAATAC-
GGACAGG). The iPSC:RNP mix was electroporated using the 
Neon system (condition: 1450 V, 10 ms, three pulses), before plat-
ing across three wells of a Geltrex-coated six-well plate with TeSR-
E8 media supplemented with 10 μM ROCK inhibitor (Y-27632) 
for 24 hours. Electroporation efficiency was assessed by nuclear 
positive fluorescence of TracR ATTO550, and iPSCs were cultured 
until healthy colonies emerged. Clonal populations were achieved 
through single-cell isolation and expansion (71). Emerging clonal 
colonies were screened by PCR utilizing primer sets that spanned 
the repeat, priming either inside or outside the deletion region 
(Fig. 1C and table S1). Utilizing these primer sets, lack of amplifica-
tion using primer set 1 in conjunction with amplification using 
primer set 2 indicates a biallelic expansion at this locus, and ampli-
fication with both primer sets indicates either a biallelic WT locus 
or the presence of a heterozygous monoallelic expansion when 
combined with a positive saw-tooth–like pattern by repeat-primed 
PCR. Last, reduced molecular weight amplification utilizing prim-
er set 1 and full-length amplification with primer set 2 in combina-
tion with a positive saw-tooth–like pattern by repeat-primed PCR 
indicates a monoallelic deletion of this locus by CRISPR-Cas9, and 
reduced molecular weight amplification with primer set 1 and the 
absence of amplification with primer set 2 indicate a biallelic dele-
tion of this locus byCRISPR-Cas9. Successful deletion of a single 
allele was achieved in CANVAS patient 1 iPSCs (Fig. 1C), and the 
specificity of this deletion was investigated by Sanger sequencing of 
long-range PCR products (Fig. 1D). Low-pass whole-genome se-
quencing of CANVAS patient 1 and its isogenic control did not 
reveal any deletions or insertions or mutations in known cancer-
causing genes, or expected off-target loci.

RFC1 repeat screening, repeat-primed PCR, and Oxford 
nanopore sequencing
Cell pellets were obtained from patient-derived cell lines by Accutase 
detachment and centrifugation, or from patient postmortem brain 
tissue through gentle neutral protease digestion of brain tissue chunks 
for 45 min at 37°C, followed by mechanical dissociation to single-cell 
slurry by trituration. Genomic DNA was subsequently isolated from 
cell pellets using the gDNA mini-prep kit (Zymo). Screening for re-
peat expansions in RFC1 was achieved by a combination of short-
range repeat-spanning end-point PCR (table  S1) with 2× Faststart 
PCR Mastermix (Roche) and by Repeat-Primed PCR using 2× Phu-
sion Flash High-Fidelity PCR Mastermix (Thermo Fisher Scientific). 
End-point PCR was achieved by amplifying across the repeat region 
where the presence of a single band at the expected size indicated a 
nonexpanded WT locus, whereas the absence of a band in the pres-
ence of a control band utilizing primers that amplified the intronic 
region adjacent to the repeat locus indicated the presence of a large, 
expanded region (Fig. 1C). Repeat primed PCR of the repeat locus 
was conducted as previously described (8). 5′-FAM–labeled PCR 
products were analyzed through capillary electrophoresis by Laragen 
Inc., and files were analyzed by Peak Scanner Fragment Analysis Soft-
ware (fig. S1A). Primers and cycling conditions for all PCR/RT-PCR 
experiments are outlined in table S1.

RFC1 repeat sizing by Nanopore is the subject of a separate man-
uscript (30). Briefly, we used a multiplexed CRISPR-based targeted 
Nanopore sequencing platform coupled with a modified profile 
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hidden Markov model STR repeat length caller to measure repeat 
expansion sizes at the RFC1 locus (30). High–molecular weight ge-
nomic DNA was extracted using the Monarch HMW DNA Extrac-
tion Kit (T3050L, NEB) and treated with proteinase K before the 
application of nCATs-based CRISPR targeting disease-associated 
repeats, including RFC1. After incubation of gDNA with the Cas9 
RNP and guide pool, RNA was processed for adapter ligation with 
T4 Ligase and captured using 0.3× Ampure beads (SQK-LSK114, 
ONT). Eluted long-fragment DNA was loaded onto R10.4.1 Min-
ION flow cells following standard ONT protocols and sequenced for 
72 hours.

Differentiation and maintenance of patient 
iPSC–derived neurons
iPSCs were differentiated to neural precursor cells (NPCs) and glu-
tamatergic forebrain neurons using a modified dual-SMAD inhibi-
tion protocol (72) (fig. S1, C to E). Briefly, iPSCs were detached and 
plated as a monolayer at 100% confluence in TeSR-E8 media con-
taining 10 μM ROCK Inhibitor (Y-27632) for 24 hours. On day 2, 
media was changed to 3N + A Media (241 ml of DMEM/F12 with 
Hepes + l-glutamine, 241 ml of Neurobasal Medium, 5 ml of 
NEAA, 2.5 ml of N2 supplement, 5 ml of B27 (− Vitamin A), 2.5 ml 
of Glutamax, 2.5 ml of penicillin/streptomycin, 125 μl of insulin, 
and 3.5 μl of BME) supplemented with two SMAD inhibitors: 10 μM 
SB431542 (Cayman Chemical) and 1 μM dorsomorphin (Cayman 
Chemical). On days 10 to 12, neuroepithelial sheets were combed 
into large clumps, passaged, and maintained on Geltrex-coated 
plates in 3N + A media supplemented with fibroblast growth factor 
(FGF; 20 ng/ml), with daily media changes until neuronal rosettes 
appeared (fig. S1D). Rosettes were manually picked and dissociated 
into single-cell NPCs using Accutase and plated on to Geltrex-
coated plates in neural expansion medium [3N + A containing FGF 
(20 ng/ml) and epidermal growth factor (20 ng/ml)] with media 
changes every other day and passaged as needed using Accutase. 
Neuronal differentiation was achieved by plating high-density NPCs 
and switching to Neuronal Induction Media [490 ml of Brainphys, 
10 ml of SM1, 5 ml of N2, brain-derived neurotrophic factor (20 ng/
ml), glial-derived neurotrophic factor (20 ng/ml), 200 nM l-ascorbic 
acid, and 1 mM bucladesine]. Neurons were maintained with half 
medium changes twice per week, with Neuronal Induction Media 
supplemented with laminin (1 μg/ml) once per week. After 3 weeks 
of neuronal induction, post-mitotic neurons were detached using 
Accutase and replated at a uniform density on polyethyleneimine 
(PEI) and laminin-coated plates before experimentation. Efficient 
neuronal differentiation was further confirmed with Neu-N staining 
(fig. S1E). A detailed description of all cell lines and reagents used in 
these studies is provided in table S4.

Lentivirus production and transduction of 
iPSC-derived neurons
pLV-eF1-RFC1-eGFP full-length RFC1 expression plasmid was 
designed and synthesized by VectorBuilder, and pSMART-eF1-
RFC1shRNA-tGFP expression plasmids were designed and pro-
duced by Horizon Discovery (table S4). Plasmids were prepped for 
lentiviral production by bacterial transformation followed by maxi-
prep. Plasmid DNA (80 μg) was used for lentiviral particle genera-
tion at University of Michigan Viral Vector Core. Lentivirus particles 
were delivered resuspended in DMEM media at 100× concentration 
(1 ×  108 TU/ml). Lentivirus transduction of patient iPSC–derived 

neurons occurred on days in vitro (DIV) 7 after differentiation: Neu-
rons were first treated with polybrene (1 μg/ml) for 30 min, before 
being washed with fresh complete Brainphys media and subsequent-
ly changed to conditioned media containing lentiviral particles di-
luted to their working concentration. Neurons were changed to fresh 
media 24 hours after transduction, and fluorescently positive cells 
appeared ~72 hours after transduction. Efficiency of lentiviral trans-
duction is assessed in fig. S8.

Generation of repeat-containing CANVAS DNA 
reporter plasmids
Plasmids containing expanded AAGGG/AAAAG or CCCTT/CT 
TTT repeats were generated using RDL (31). Briefly, gene blocks 
containing 16 repeats flanked by type IIS restriction sites were pro-
duced by Genewiz (Azenta), and these were ligated into pcDNA3.1 
plasmids mutated to remove restriction sites of interest. The repeat 
size was recursively doubled through a process of plasmid digestion 
to remove the repeat unit, followed by re-ligation back into the do-
nor plasmid that had been nicked open at the 3′ end of the repeat 
unit. When the repeats were built to the maximal length before no-
table repeat shrinkage was observed, the repeats were removed by 
restriction endonuclease digestion and ligated into pcDNA3.1 re-
porter plasmids containing 100 nt of sense or antisense intronic se-
quence (Fig. 2A).

Longitudinal survival assays of primary rodent and 
iPSC-derived neurons
Mixed cortical neurons were dissected from E20 Long-Evans rat 
pups of both sexes under University of Michigan (UM)-approved 
The Institutional Animal Care and Use Committee (IACUC) protocols, 
as previously described (39–41). Cortical neurons were cultured at 
0.6 × 106 cells ml−1 on 96-well plates. Cultures were maintained at 
37°C in Neuronal Growth Media [NGM—Neurobasal-A supple-
mented with 2% (v/v) B-27 and 1% (v/v) Glutamax (Thermo Fisher 
Scientific)]. On DIV 4, neurons were cotransfected with 0.1 μg of 
pGW1-mApple and either 0.1 μg of pGW1-GFP or 0.1 μg of experi-
mental DNA per well of a 96-well culture plate, using Lipofectamine 
2000 (Invitrogen). Neurons were imaged at regular 24-hour inter-
vals starting 24 hours after transfection using an automated fluores-
cence microscopy platform detailed in earlier studies (39–41). Image 
processing for each time point and survival analysis for automated 
fluorescence images were achieved by custom code written in Python 
or the ImageJ macro language, and cumulative hazard plots were 
generated using the survival package in R.

Postmortem brain IHC and antibody generation
Rabbit polyclonal antibodies were generated by Abclonal (Cambridge, 
MA) against peptides containing (KGREG)7 or (PFPSL)7, cor-
responding to (AAGGG)21 and (CCCTT)21, respectively. Anti-
bodies were affinity purified from anti-sera. Prebleed sera and 
peptides were used to characterize the antibodies, and protein 
concentrations of the prebleed sera were determined. The dilution 
of prebleed sera used had an equal protein concentration as the 
dilution of antibody used. A 100× excess of peptide was incubated 
with the antibody before use to block the antibodies’ ability to 
bind to antigen.

CANVAS and control postmortem brain tissue was obtained 
with informed consent of the patients or their relatives and the ap-
proval of the local IRBs from the University of Michigan Brain Bank 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of M

ichigan A
nn A

rbor on Septem
ber 05, 2024



Maltby et al., Sci. Adv. 10, eadn2321 (2024)     4 September 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

17 of 21

(IRB: HUM00041576), Mass General Brigham Stem Cells in Neuro-
degeneration Center (IRB: 2020P002649), UCL Queen Square Brain 
Bank for Neurological Disorders (REC: 08/H0718/54+5), and The 
Netherlands Brain Bank (IRB: IRB00002991). For immunohisto-
chemistry, paraffin-embedded sections were deparaffinized with a 
series of xylene washes and decreasing concentrations of ethanol. 
Antigen retrieval (AR) was achieved with citrate buffer, if necessary. 
Endogenous peroxidase was quenched with 1% hydrogen peroxide 
for 30 min. Sections were blocked in 5% normal goat serum (NGS) 
in tris, pH 7.6. Primary antibodies KGREG7 (Abclonal, 1:100, Acid 
AR) and PFPSL7 (Abclonal, 1:100, Acid AR) were diluted in 5% 
NGS tris B (tris, pH 7.6, 0.1% Triton X-100, and 0.5% bovine serum 
albumin) and were incubated with sections overnight at 4°C. The 
following day, sections were washed in tris A (tris, pH 7.6, 0.1% 
Triton) and tris B. Antibody detection was determined using 
VECTASTAIN Elite ABC HRP kit (Vector Laboratories) following 
the manufacturer’s protocol. Sections were counterstained with 
hematoxylin (Vector Laboratories). After dehydrating the slides 
through a series of increasing concentration of ethanol and then xy-
lenes, coverslips were mounted to the slides using DPX mounting 
media. Images were taken on an Olympus BX51 microscope. A de-
tailed description of all patient samples used in these studies are 
provided in table S4.

RNA hybridization chain reaction of RNA foci
CANVAS patient and control iPSC–derived neurons were differen-
tiated and maintained to 8 weeks of age as previously described. 
Cells were washed with (−/−) PBS and subsequently fixed with 4% 
paraformaldehyde (PFA) and incubated overnight in 70% ethanol. 
After overnight incubation with 70% ethanol, cells were rehydrated 
in PBS for 1 hour, permeabilized with 0.1% Triton X-100 for 5 min, 
and blocked with 2% bovine serum albumin (BSA) for 20 min at 
room temperature. Repeat-containing RNA foci were probed in pa-
tient iPSC–derived neurons using DNA probes with additional se-
quence complementary to Cy5-labeled, self-hybridizing hairpins 
(73–76). Probes against the AAAAG, AAGGG, CTTTT, and 
CCCTT sequences (table S2) were purchased from molecularinstru-
ments.org and applied according to the manufacturer’s protocol. 
Coverslips were then applied to slides with ProLong Gold Antifade 
Mounting Medium with DAPI (4′,6-diamidino-2-phenylindole). 
Then, 10 to 20 fields per condition were imaged blinded using an 
inverted, Olympus FV1000, laser-scanning confocal microscope. 
Channels were imaged sequentially and optimized to eliminate 
bleed-through. Neurons were imaged in a series of Z-planes to re-
solve the entire soma and dendritic arbor. Images were analyzed 
blinded in ImageJ. Average intensity composite images were derived 
from raw image files. For quantification of individual soma, cell 
casts were made using threshold images as a guide.

Analysis of DNA damage accumulation and recovery in 
iPSC-derived neurons
The accumulation of basal DNA damage was analyzed in 8-week-old 
patient iPSC–derived neurons by Western blot for the DNA damage 
marker γ-H2AX (P-S139, Abcam ab11174). The ability to detect 
DNA damage was tested in patient iPSC–derived neurons by expo-
sure to 0, 15, 30, and 120 mJ/cm2 UV irradiation to induce differing 
degrees of DNA damage, followed by Western blot analysis for γ-
H2AX. Recovery after DNA damage induction in CANVAS patient 
iPSC–derived neurons was conducted as described: CANVAS 

patient and control iPSC–derived neurons were plated on PEI/
laminin-coated glass chamber slides and maintained for 8 weeks as 
previously described. At 8 weeks, neurons were either fixed with 4% 
PFA for no-exposure control or irradiated with 60 mJ/cm2 UV. UV-
irradiated cells were fixed in 4% PFA at time intervals of 0.5, 1, 3, 6, 
12, and 24 hours after irradiation and were stained for the neuronal 
nuclei marker NeuN, DNA marker DAPI, and DNA damage marker 
γ-H2AX. Images were captured in all three fluorescent channels at 
the same exposure for each cell line and time point at 40× magnifi-
cation with an Olympus IX71 fluorescent microscope and Slidebook 
5.5 software, and γ-H2AX reactivity was analyzed using FIJI. High-
throughput quantification of cells was achieved by using a FIJI script 
to mask NeuN-positive nuclei using the parameters of size 200 to 
1500 pixels2 and circularity 0.40 to 1.00. Masked NeuN-positive nu-
clei were subsequently analyzed for γ-H2AX intensity and was 
quantified and visualized using GraphPad Prism v.9.

Cell proliferation assays
CANVAS patient and control fibroblasts or NPCs were analyzed for 
cell proliferation rates through automated longitudinal bright-field 
microscopy using the Incucyte S3 system. Cells were seeded into 
96-well plates (Techno Plastic Products) at a density of 2500 cells 
per well and whole wells were imaged by tiling of 5× images per well 
using S3 Neuro O/NIR Optical Module 10× magnification with 
6-hour intervals for a period of 10 days. Cell confluence was auto-
matically analyzed using the Incucyte S3 Live Cell Analysis Software 
using the basic analyzer cell confluence settings to mask and quan-
tify individual cell number and absolute confluence with the follow-
ing parameters: segmentation adjustment, 2; hole fill, 0 μm2; and 
adjust size, 4 pixels. Three control and four CANVAS patient fibro-
blast lines were used, with 12 wells averaged per fibroblast line for 
technical replicates within each biological replicate, and a total of 
three biological replicates were presented. For lentiviral experi-
ments, fibroblasts were transduced with lentiviral particles in 10-cm 
dish mass culture 7 days before re-seeding at experimental density 
in 96-well plates. Lentiviral particles were diluted within culture 
medium to a final concentration of 1×.

Calcium imaging and analysis of iPSC-derived neurons
TPP tissue culture–treated 96-well plates were prepared by coating 
with 0.1% PEI diluted in borate buffer for 24 hours, followed by 3× 
washes in H2O and coating with laminin (1 μg/ml) diluted into neu-
ronal medium overnight before use. Rat primary cortical astrocytes 
(Thermo Fisher Scientific) were plated at high density and main-
tained until confluence in Astrocyte Media [DMEM/F12, 10% (v/v) 
horse serum, 10% (v/v) FBS, 3% (v/v) 20% d-glucose solution, 2% 
(v/v) B27 supplement, 1% (v/v) Glutamax, and 1% (v/v) penicillin/
streptomycin antibiotic]. CANVAS and control iPSC–derived neu-
rons were differentiated from NPCs in Geltrex-coated 10-cm plates 
as previously described for 21 days. Five days after differentiation, 
neurons were transduced with lentiviral particles as previously de-
scribed based on experimental setup. After 3 weeks of neuronal dif-
ferentiation, neurons were detached using 25% Accutase and 
incubating at 37°C for 10 min. Neurons were diluted in prewarmed 
Brainphys neuronal media and gently triturated to detach. Neurons 
were pelleted by centrifugation and resuspended in 1 ml of pre-
warmed Brainphys neuronal media before passing through a 45-μm 
cell strainer to obtain a single-cell suspension of neuronal soma. 
Cells were counted using a hemocytometer with trypan blue as a live 
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cell marker, and neurons were diluted to a concentration of 5000 live 
cells in 200 μl of complete neuronal media per well of a 96-well 
plate. Ten days after replating, neurons were transduced with Incu-
cyte Neuroburst Orange Lentivirus particles by diluting 5 μl of len-
tivirus into complete Brainphys neuronal media per well, and 
neurons were maintained as previously described until analysis us-
ing the Incucyte S3 Live Cell Analysis Instrument. Image acquisi-
tion was conducted using S3 Neuro O/NIR Optical Module at 4× 
magnification for 180 s per well in phase and orange fluorescence 
channels, and data were automatically analyzed using the Incucyte 
S3 Live Cell Analysis Software with the following parameters: object 
size, 30 μm; min cell width, 9 μm; sensitivity, 1; and min burst inten-
sity, 0.2. Neurons were analyzed for active cell number, basal calci-
um intensity, burst rate, burst strength, burst duration, and network 
correlation. Data for different neuronal signaling metrics were com-
piled for each scan time point and analyzed using GraphPad 
Prism v.9.

RNA extraction and RT-PCR/qPCR
Total RNA was extracted using TRIzol and chloroform, followed by 
isopropanol precipitation. RNA pellets were washed in 75% + etha-
nol and resuspended in nuclease free H2O. Contaminating gDNA 
was removed by DNase I digestion (Thermo Fisher Scientific) and 
cleaned up using an RNA clean and concentrator kit (Zymo). Total 
RNA was quantified by NanoDrop UV/Vis spectrophotometry, and 
1 μg of RNA was reverse-transcribed to cDNA using iScript cDNA 
synthesis kit (Bio-Rad) with oligo-dT primers for poly-A mRNA 
selection. RT-PCR was achieved using 2× Faststart PCR Mastermix 
(Roche) using primer sets and cycling conditions described in table S1. 
RT-qPCR was achieved using Taqman Real-Time PCR Assay(s) 
(Thermo Fisher Scientific) using primer probe sets and cycling con-
ditions described in table S1.

RNA-seq sample preparation and analysis
For RNA sequencing (RNA-seq) experiments, patient iPSC–derived 
neurons were plated and aged to ~10 weeks as previously described. 
Total RNA was extracted using TRIzol and chloroform, followed by 
isopropanol precipitation. RNA pellets were washed in 75% + etha-
nol and resuspended in nuclease-free H2O. Contaminating gDNA 
was removed by DNase I digestion (Thermo Fisher Scientific) and 
cleaned up using an RNA clean and concentrator kit (Zymo). Total 
RNA was quantified by NanoDrop UV/Vis spectrophotometry, ana-
lyzed for integrity by Bioanalyzer, and 1.5 to 2 μg total RNA was sent 
to Genewiz (Azenta) for rRNA-depletion library preparation and 
paired-end sequencing, where between 20 million and 30 million 
paired-end reads were achieved per sample. Raw FASTA read files were 
delivered by sFTP transfer and analyzed in Command Line and R-
Studio. Read files were quality controlled using FastQC(v0.12.0) 
(77), preprocessed and trimmed using fastp(v0.23.4) (78), and 
aligned to GRCh38 (NCBI GCF_000001405.40) genome using 
STAR(v2.7.11a) two-pass alignment (79). Transcript and gene count 
matrices were produced using featureCounts (Subread v2.0.6) 
(80). Read count matrices were imported into R-Studio (vRtidy-
verse/4.2.0) where count normalization and differential gene expres-
sion analysis was conducted using DESeq2(v1.40.2) (81). GO Pathway 
Overrepresentation analysis was conducted using GOstats(v2.66.0) 
(82), and GSEA was conducted using clusterProfiler(v4.8.3) (83) 
and gseGO (v3.0.4) (83). Plots were generated and visualized using 
DESeq2(v1.40.2) (81), EnhancedVolcano(v1.18.0) (84), ggPlot2(v3.4.3) 

(85), and ggRidges(v0.5.4) (86). Differential exon usage was 
analyzed and plotted using DEXSeq(v1.46.0) (56), and circular 
RNA analysis was conducted using DCC(v0.5.0) in Python (87). 
Sashimi plots of splice junction analysis were produced using 
the Integrative Genomics Viewer Genome Browser (88) and ex-
ported for modification in Illustrator (Adobe). All harvesting 
and sequencing of RNA were conducted at the same time within 
each experimental condition to avoid batch effects. Genes and 
pathways that showed significant correction in the heterozygous 
isogenic corrected line from CANVAS to control were identified 
by binning normalized gene expression values into categories of 
those showing reduced expression upon heterozygous deletion, 
0 to 50% positive correction in expression compared to control, 50 
to 150% positive correction in expression compared to control, and 
those genes that showed over 150% correction in comparison to 
control. These genes were further binned into their statistical sig-
nificance in difference of expression when compared to control and 
plotted using ggPlot2(v3.4.3) (85), and GO Pathway Overrepresen-
tation analysis was conducted using GOstats(v2.66.0) (81).

Supplementary Materials
The PDF file includes:
Figs. S1 to S15
Tables S1 to S4
Legends for movies S1 to S3

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S3
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