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Short tandem repeats are inherently unstable during DNA
replication depending on repeat length, and the expansion of
the repeat length in the human genome is responsible for
repeat expansion disorders. Pentanucleotide AAGGG and
ACAGG repeat expansions in intron 2 of the gene encoding
replication factor C subunit 1 (RFCI) cause cerebellar ataxia,
neuropathy, vestibular areflexia syndrome (CANVAS) and
other phenotypes of late-onset cerebellar ataxia. Herein, we
reveal the structural polymorphism of the RFCI repeats asso-
ciated with CANVAS in vitro. Single-stranded AAGGG repeat
DNA formed a hybrid-type G-quadruplex, whereas its RNA
formed a parallel-type G-quadruplex with three layers. The
RNA of the ACAGG repeat formed hairpin structure
comprising C-G and G-C base pairs with A:A and GA:AG
mismatched repeats. Furthermore, both pathogenic repeat
RNAs formed more rigid structures than those of the
nonpathogenic repeat RNAs. These findings provide novel in-
sights into the structural polymorphism of the RFCI repeats,
which may be closely related to the disease mechanism of
CANVAS.

Short tandem repeats (STRs) are polymorphic repeat units
of 1 to 6 base pairs that are abundant in eukaryotic genomes
(1). STRs are inherently unstable during DNA replication
depending on repeat length, and their expansion in the cod-
ing and noncoding regions across generations is the cause of
almost 50 repeat expansion disorders, most of which pri-
marily affect the nervous system (2). Thirteen STRs are
known to cause repeat expansion disorders, and the struc-
tures of noncanonical DNA and its transcribed RNA, for
example, slipped hairpins, G-quadruplexes (G4s), and tri-
plexes, which form within repeat regions may induce cyto-
toxicity via abnormal genomic stability, transcription,
epigenetics, mRNA translation, and RNA transport and decay
(3-5).
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Cerebellar ataxia, neuropathy, vestibular areflexia syn-
drome (CANVAS) is an autosomal recessive, slowly progres-
sive, late-onset neurological disorder clinically characterized
by the triad of cerebellar ataxia, bilateral vestibular hypo-
function, and a peripheral sensory deficit (6, 7). Recently, a
biallelic AAGGG repeat expansion (AAGGG).p, ranging from
400 to 2000 repeats in the gene encoding replication factor C
subunit 1 (RFCI) was reported to cause CANVAS and other
phenotypes of late-onset cerebellar ataxia (8, 9). In addition to
the pathogenic (AAGGG).y, allele, two other pathogenic al-
leles were identified in the same RFCI locus: (ACAGG)ex,
in the Asia-Pacific and Japanese cohorts (10, 11) and
(AAAAG)10-25(AAGGG)exp(AAAGG),_¢ in the Maori-spe-
cific cohort (12). Remarkably, three different repeat confor-
mations are observed in nonpathogenic populations: the
reference (AAAAG);;, (AAAAG)., ranging from 15 to 200
repeats, and (AAAGG).., ranging from 40 to 1000 repeats
(Fig. 1A) (8). The cumulative allele frequency of (AAAAG)exp
and (AAAGG).y, of approximately 20% in the general popu-
lation is relatively high (8). A positive correlation between
repeat length and G/C content is observed, whereas no cor-
relation between repeat length and age of onset exists (10, 13).
Thus, the onset of CANVAS may be due to the secondary
structures of nucleic acids formed by the G/C-rich composi-
tion, independent of the repeat length. However, there are no
studies on the secondary structures of nucleic acids associated
with CANVAS.

Herein, we report the secondary structures of nucleic acids
related to CANVAS using in vitro CD and UV-visible spec-
troscopy and thioflavin T (ThT) fluorescence and footprinting
assays. Additionally, based on the results, the higher-order
structures of nucleic acids in pathogenic repeats are simu-
lated via molecular modeling. Single-stranded AAGGG repeat
DNA and its RNA, respectively, form hybrid- and parallel-type
G4s, and furthermore, ACAGG repeat RNA forms a unique
slipped-hairpin structure. Conversely, none of the nonpatho-
genic repeats form characteristic nucleic acid secondary
structures. The disease-specific formation of noncanonical
nucleic acid structures may be the underlying molecular cause
of the pathology of CANVAS.
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Nucleic acid structures of pathogenic repeats in CANVAS

Results
CD of the DNAs in RFC1 pentanucleotide repeats

We first investigated the topological unimolecular
DNA structures of 20-mer single-stranded nonpathological
d(AAAAG), and d(AAAGG),; pathological d(AAGGG),
and d(ACAGG), and their complementary d(CTTTT),,
d(CCTTT),, d(CCCTT)y, and d(CCTGT), oligonucleotides
using CD. It was performed at physiological pH, that is, pH 7.5.

Single-stranded guanine-rich sequences may form G4s,
which are four-stranded nucleic acid structures comprising
stacked G-quartets, that is, planar arrays of four guanines
stabilized by Hoogsteen base pairing involving the N at
position 7 of guanine (14). In the presence of 100 mM K,
which stabilizes G4s, d(AAGGG), forms a well-defined
hybrid-type G4 structure (15), resulting in a CD spectrum
containing positive peaks at approximately 295 and 260 nm.
In contrast, in the presence of G4-nonstabilizing 100 mM
Li", the entire spectrum changes, and the typical features are
not observed (Fig. 1B). To further confirm the G4 folding of
d(AAGGG),, we assessed the cation-dependent thermal
denaturing by measuring the melting temperature (7,,). We
measured CD spectra of d(AAGGG), at different tempera-
tures and confirmed that CD signals at 296 nm reflect the
temperature-dependent unfolding of the G4 structure
(Fig. S1A). In the thermal denaturation assay at 296 nm,
d(AAGGQG), exhibited a much higher thermal stability under
K" conditions than that under Li* conditions (AT, = 10.4
°C) (Fig. S1B). No characteristic spectrum of the other
pathological d(ACAGG), is observed in the presence of K"
or Li* (Fig. 1C).

Homopurine/homopyrimidine repeats, such as AAGGG/
CCCTT repeat, may adopt intramolecular triplex structures
(16). Triplexes are classified into two types according to the
base composition and binding direction of the triplex-forming
oligonucleotide (TFO) against the duplex DNA: pyrimidine
and purine triplexes. Pyrimidine triplexes comprise TA-T and
protonated CG-C* triplets, which require a weakly acidic
environment for formation, whereas purine triplexes, which
comprise CG-G and TA-A triplets, are stable at physiological
pH in the presence of Mg>* (17). Herein, we investigated
whether purine triplexes form at physiological pH 7.5 with
Mg®** using the gel shift assay. Using single-stranded
d(AAGGG), as the TFO and fluorescein-labeled double-
stranded d(AAGGG/CCCTT),, a triplex is detected in the
presence of Li*, depending on the TFO concentration (Fig. 1D,
left). In the presence of K, where the TFO single-stranded
d(AAGGG), forms a G4, triplex formation is reduced
compared to that under the Li" conditions (Fig. 1D, right). A
G4 may be more likely to form than a triplex under near-
physiological conditions when K" is present.

A cytosine-rich DNA sequence forms an i-motif, which is a
structure comprising two intercalated parallel-stranded du-
plexes held together by hemi-protonated C:C* base pairs (18).
However, the CD spectra of the complementary cytosine-rich
single-stranded d(CCCTT), and d(CCTGT), display positive
peaks at 275 nm (Fig. 1E). No CD profile features of the i-motif
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structure are observed, with positive and negative peaks at 288
and 264 nm, respectively (19).

In the CD spectra of nonpathological adenine-rich single-
stranded d(AAAAG), and d(AAAGG), display strong positive
peaks at 220 nm, and those of thymine-rich single-stranded
d(CTTTT), and d(CCTTT), display positive peaks at 275 nm
(Fig. 1F). Consistent with these results, previous studies report
that the CD spectra of single-stranded poly(dA) and poly(dT)
exhibit corresponding peaks at 220 and 275 nm, and correla-
tions between these signal intensities and the total contents of
adenine and thymine are observed, independent of the pres-
ence of secondary structures (19, 20).

G4 conformation of AAGGG repeat DNA

ThT binds preferentially to G4s and emits a strong fluo-
rescence at a low background (21). To confirm the possibility
that the AAGGG repeat forms a G4, we used DNA oligonu-
cleotides to measure the intensity of ThT fluorescence in the
presence of K*. Consistent with the result of CD (Fig. 1B), a
drastic increase in ThT fluorescence is detected for
d(AAGGG), compared to those of other oligonucleotides
(Fig. 2A).

To elucidate the G4 formation of d(AAGGG), in detail, we
performed dimethyl sulfate (DMS) footprinting and identified
the guanines involved in the G-quartets based on their re-
sistances to methylation at position N’ due to Hoogsteen
hydrogen bonding. In the presence of K¥, all guanines (G3-GS5,
G8-G10, G13-G15, and G18-G20) are more protected
against DMS methylation and subsequent piperidine cleavage
than in the presence of Li* (Fig. 2B). The results of CD
(Fig. 1B) and the ThT assay (Fig. 24), in addition to the DMS
footprinting pattern, suggest G4 formation by d(AAGGG),,
where four tracts of three guanines form four strands with
three two-base loops comprising adenine-adenine (AA)
(Fig. 2C).

CD of the RNAs in RFC1 pentanucleotide repeats

Similar to CD of the DNAs, the topological unimolecular
RNA structures were identified in CD using the non-
pathological, pathological, and their complementary oligonu-
cleotides under physiological conditions at pH 7.5.

In the presence of K", r(AAGGG), forms a typical parallel-
stranded G4, exhibiting positive and small negative peaks at
262 and 240 nm, respectively, and a positive band at 210 nm
(15), which is not observed under Li* conditions (Fig. 34, left).
To investigate the higher-order RNA structures with more
pathological repeat lengths, we performed CD using
r(AAGGG);, and the spectrum displays a peak more char-
acteristic of a parallel-type G4 compared to that in the spec-
trum of r(AAGGG), (Fig. 34, right). CD melting curves were
measured as a function of temperature and identified 265 nm
as the wavelength of their maximum Cotton effects (Fig. S2A).
The stabilizing effects of K" on r(AAGGG),; (AT, = 41.0 °C)
and r(AAGGG), (AT, = 44.0 °C) compared to those of Li"
were observed at 265 nm (Fig. S2B). In the CD spectrum of
ACAGG repeat RNA, no characteristic peaks representing
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Figure 1. CD spectra of the DNAs in RFC1 pentanucleotide repeats. A, schematic diagram showing the polymorphism at the RFCT repeat locus,
consisting of nonpathogenic and pathogenic alleles. See also (7). B and C, representative CD spectra of the pathogenic d(AAGGG), and d(ACAGG), in
the presence of 100 mM KCl (solid line) or LiCl (dotted line) at 25 °C and pH 7.5. D, gel mobility shift assays of a purine triplex at physiological pH 7.5 in the
presence of Mg2+ and 100 mM LiCl (left) or KCl (right). E, representative CD spectra of the pathogenic complementary d(CCCTT), and d(CCTGT), in
the presence of 100 mM KClI (solid line) or LiCl (dotted line) at 25 °C and pH 7.5. F, representative CD spectra of nonpathogenic d(AAAAG), and d(CTTTT),
(black lines) and d(AAAGG), and d(CCTTT), (magenta lines) in the presence of 100 mM KCl (solid line) or LiCl (dotted line) at 25 °C and pH 7.5. All experiments
were repeated at least twice, and the results were similar. ds, double strand; M; marker; RFCT, replication factor C subunit 1; ss; single strand.

negative peak between 290 and 300 nm under Li* and K"
conditions (Fig. 3B). These peaks are characteristic of the A-
form duplex RNA conformation (22).

r(ACAGG), are observed. Conversely, the positive and nega-
tive CD absorption bands of r(AAGGG);; are detected as a
maximum at ~260 nm, a minimum at ~210 nm, and a small
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Figure 2. G4 conformation of AAGGG repeat DNA. A, bar graph of the
fluorescence intensities of ThT at 485 nm in the presence of various DNA
oligonucleotides. Samples were prepared at 2.5 uM in 10 mM Tris/HCl at pH
7.5 with 100 mM KCl, and ThT was added to yield a concentration of 0.2 pM.
Experiments were repeated at least twice, and the results were similar. B,
DMS footprinting of d(AAGGG), oligonucleotides in the presence of
100 mM K* or Li*. The sequence of d(AAGGG), is shown to the right of the
gel. Experiments were repeated at least twice, and the results were similar.
C, schematic and 3D diagrams of the G4 conformation of d(AAGGG),, based
on the results of the biophysical analyses (calculated lengths of hydrogen
bonds of Hoogsteen base pairs range from 2.12 to 2.55 A). dimethyl sulfate;
G-quadruplex; M; marker; thioflavin T.

None of the CD spectra of the complementary r(CCCUU),
and r(CCUGU), oligonucleotides display characteristic peaks
indicative of RNA secondary structures (Fig. 3C). In terms of
the nonpathological oligonucleotides, the CD spectra of the
adenine-rich single strands r(AAAAG), and r(AAAGG),
display strong positive and small negative peaks at 265 and
250 nm, respectively (Fig. 3D, left), which are consistent with
the tendency of poly(A), based on its CD spectrum, to form
unique single-stranded helical structures (23). The CD
spectra of uridine-rich single-stranded r(CUUUU), and
r(CCUUU), display small positive peaks at 275 nm (Fig. 3D,
right), indicating the absence of complex structures, similar
to poly(U) (23).

4 Biol. Chem. (2024) 300(4) 107138
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Figure 3. CD spectra of the RNAs in RFC1-derived pentanucleotide re-
peats. A and B, representative CD spectra of pathogenic r(AAGGG),,
r(AAGGG);;, r(ACAGG),, and r(ACAGG);; in the presence of 100 mM KCI
(solid lines) or LiCl (dotted lines) at 25 °C and pH 7.5. C, representative CD
spectra of the pathogenic complementary r(CCCUU), and r(CCUGU), in the
presence of 100 mM KCI (solid lines) or LiCl (dotted lines) at 25 °C and pH 7.5.
D, representative CD spectra of nonpathogenic r(AAAAG), and r(CUUUU),
(black lines) and r(AAAGG), and r(CCUUV), (magenta lines) in the presence
of 100 mM KClI (solid line) or LiCl (dotted line) at 25 °C and pH 7.5. All ex-
periments were repeated at least twice, and the results were similar. RFCT,
replication factor C subunit 1.

Analyses of the RNA structures of the pathological repeats
related to CANVAS

The intensity of ThT fluorescence was then measured to
investigate the possibility of G4 formation using 20-mer RNAs
with nonpathological, pathological, and their complementary
oligonucleotides. A drastic increase in ThT fluorescence is
observed for r(AAGGG), compared to those of the other
repeat oligonucleotides (Fig. 4A).

To identify more detailed RNA structures, we conducted
RNase T1 footprinting of pathological AAGGG and ACAGG
and nonpathological AAAAG repeats. As RNase T1 displays
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Figure 4. Secondary structures of the pathogenic repeat RNAs related to CANVAS. A, bar graph of the fluorescence intensities of ThT at 485 nm in the
presence of various RNA oligonucleotides. Samples were prepared at 2.5 pM in 10 mM Tris/HCl at pH 7.5 with 100 mM KCl, and ThT was added to yield a
concentration of 0.2 uM. B, patterns of RNase T1 cleavage of ((AAGGG), (left) and r(AAGGG),,; (middle). The concentrations of RNase T1 were 0, 0.25, 0.5, 0.75,
and 1 units/pl. The vertical blue lines show the differences in the cleavage patterns obtained in the presence of LiCl and KCl. Schematic and 3D diagrams of
the G4 conformation of r(AAGGG),, based on the results of the biophysical analyses (calculated lengths of hydrogen bonds of Hoogsteen base pairs range
from 2.19 to 2.51 A, right). C, patterns of RNase T1 cleavage of r(ACAGG), (left) and r(ACAGG),, (middle). The blue triangles indicate strongly truncated
guanosines that may be involved in loop formation. Schematic and 3D diagrams of the hairpin conformation of r(ACAGG),;, based on the results of the
biophysical analyses. The G-C and G:A base pairs are putatively formed (calculated lengths of hydrogen bonds of G-C or G:A base pairs range from 2.01 to
2.03 A or 2.34 to 2.44 A, respectively, right). D, patterns of RNase T1 cleavage of r(AAAAG), (left) and r(AAAAG);, (right). All experiments were repeated at
least twice, and the results were similar. cerebellar ataxia, neuropathy, vestibular areflexia syndrome; G-quadruplex; M; marker; thioflavin.

specificity for guanine residues in ssRNA, guanosines in loops
and unstructured regions are more susceptible to cleavage
than those directly involved in G4 and hairpin formation (24).
In r(AAGGG),, all 12 guanosines (G3-G5, G8-G10, G13-
G15, G18-G20) are protected against RNase T1 cleavage in
the presence of K™ (Fig. 4B, left). Based on the RNase foot-
printing pattern of r(AAGGG);; (Fig. 4B, middle) and the
results of CD (Fig. 34) and the ThT assay (Fig. 4A4), the
pathological AAGGG repeats displayed a strong tendency to
fold into an intramolecular parallel-form G4, which comprises
three G-quartets with three two-base loops comprising AA
(Fig. 4B, right). Conversely, the guanosines in rf(ACAGG), are

Table 1

cleaved, regardless of the monovalent cation added, and the
intensities of guanosines G9 and G10 are slightly increased in
the cleavage pattern (Fig. 4C, left). In the RNase footprinting
pattern of r(ACAGGQG),;, four guanosines (G24, G25, G29, G30)
predicted to occur in the single-stranded loop region are
cleaved by RNase T1 (Fig. 4C, middle). RNA secondary
structure prediction using deep learning based on MXfold2
(Keio Universit) (25) reveals that the stem structure formed by
repeats of ACAGG on the 5 and 3’ sides comprises C-G and
G-C base pairs and A:A and GA:AG mismatch repeats
(Fig. 4C, right). This is consistent with the results obtained,
including those of CD (Fig. 3B). The energy-minimized

Experimentally obtained thermodynamic parameters of the RNA oligonucleotides

Oligonucleotides Tm (°C) AH° (kcal/mol) AS° (cal/mol*K) AG® (kcal/mol)
1(AAAAG), N.D. N.D. N.D. N.D.
r(ACAGG);; 38.53 + 0.14 -90.13 + 8.39 -289.26 + 27.13 -0.46 + 0.05
r(AAGGG),; 65.07 + 0.86 -50.09 + 4.32 -148.40 + 12.20 -4.08 + 0.54

Experiments were repeated thrice. These measurements were performed under 10 mM KCl condition.

N.D., not detected.

U
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structure of the r(ACAGG);; hairpin conformation suggests
that the hydrogen bonds of the G-C and G:A base pairs
contribute to the stability of the structure, whereas the A:A
mismatch does not form hydrogen bonds (Fig. 4C, right). In
the nonpathological AAAAG repeat RNA, the single guano-
sine is cleaved by RNase T1 to the same extent in 4 and 11
repeats, indicating that r(AAAAG).,, may not form a char-
acteristic secondary structure (Fig. 4D).

To determine the differences in the structural stabilities of
these RNAs, we performed UV-monitored melting studies. In
the presence of 100 mM KCl, we were not able to draw the
unfolding baseline of r(AAGGG);;, which is required for
calculating thermodynamic parameters (Fig. S3A). Therefore,
we used 10 mM KCI conditions to be able to observe the entire
melting behaviors of RNAs (Fig. S3B). The obtained results
confirmed that r(AAGGG);; and r(ACAGG);; form stable
structures, with respective changes in folding free energy of
AG37 °C = -4.08 * 0.54 and -0.46 + 0.05 kcal/mol, whereas
that of r(AAAAG);; is not detected (Table 1). In addition, we
calculated the thermal parameters corresponding to RNA
hairpin structures using a MeltR method (26) to check the
validity of our calculations and confirmed a similar tendency to
values depicted in Table 1; T, AH°, AS°, and AG® for
r(ACAGG);; were 3845 + 0.05 °C, -81.01 + 10.52 kcal/
mol, -260.27 + 33.52 cal/mol*K, and -0.42 + 0.05 kcal/mol,
respectively.

Discussion

We demonstrated the structural polymorphism of the RFC1
repeats associated with CANVAS. The single-stranded
AAGGG repeat DNA and its RNA, respectively, formed
hybrid- and parallel-type G4s, and the RNA of the ACAGG
repeat formed a unique slipped-hairpin structure. Further-
more, both pathogenic repeat RNAs formed rigid structures
compared to those of the nonpathogenic repeats. These novel
findings regarding structural polymorphism in RFCI repeat
extensions may be relevant to the disease mechanism of
CANVAS.

As G4s are formed by the stacking of at least two G-quar-
tets, one possibility was that the ACAGG repeats in DNA and
RNA could also form Gé4s based on the consensus motif
(Ga_z + N1_-Gy_3 + N1_-Gy_3 + N;_,Gy_3) (4, 27). However,
ACAGG repeats in RNA could not form G4s, instead forming
unique slipped hairpin conformations, with the C-G and G-C
base pairs combined with the A:A and GA:AG mismatched
pairs. This is likely because G4 stability depends on several
factors, including the lengths of the loops, its base composi-
tion, and the number of G tracts (28). The stability of a G4 in
RNA decreases with increasing loop length, particularly with
two stacked G-quartets with the length of each loop longer
than three residues, which is structurally unstable (29). Addi-
tionally, the presence of cytosine relative to adenine and uri-
dine leads to instability in a G4 with two G-quartets, because
G-C Watson-Crick base pairs (30) predominate at high cyto-
sine contents in the loops (29). Furthermore, in ACAGG
repeat RNA, the double helical structure of the A form may
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manifest, with sheared G:A and A:G base pairing in the loops
(31, 32), similar to that of the analogous base pairs in
hammerhead ribozymes (33). This study suggests that the
combination of these factors results in ACAGG repeats with
high energies, forming a rigid secondary structure not
observed with nonpathogenic repeats.

We showed that neither single-stranded d(AAGGG), with
double-stranded d(AAGGG/TTCCC), nor complementary
pyrimidine-rich single-stranded d(CCCTT), formed triplex
and i-motif structures under physiological conditions in the
presence of K'. However, due to technical difficulties in
preparing G-rich long single-stranded DNA, the repeat
length-dependent structure could not be fully investigated.
The formation of nucleic acid structures also varies depending
on conditions such as molecular crowding and pH, and the
stabilities of DNA in a triplex and i-motif vary with oligonu-
cleotide length and acidic pH (34, 35). Investigating the for-
mation of these noncanonical DNA structures with various
repeat sizes under different conditions is necessary.

The structures of noncanonical DNA and its transcribed
RNA that form during repeat expansion disorders are central
to the molecular mechanisms of toxicity via gain of function
(GOF) or loss of function (LOF) (5, 36). C9orf72 amyotrophic
lateral sclerosis and frontotemporal dementia (C9ALS/FTD) is
caused by GGGGCC repeat expansions (d(G4Cs)exp) in the
CYorf72 gene (37, 38). In GOF mechanism, transcribed
1(G4Cy)exp forms Gés and disrupts neuronal function via
various mechanisms by RNA-binding protein (RBP) seques-
tration through RNA foci (39). Additionally, sense r(G4Cs)exp
and antisense r(C4Go)exp transcribed RNAs are translated in all
reading frames into dipeptide repeat proteins via repeat-
associated non-AUG (RAN) translation (40-42), resulting in
these RAN proteins forming toxic aggregates (43—45). In LOF
mechanism, G4-forming d(G4C;)ex, inhibits transcription,
reducing C9orf72 protein levels (43). Fragile X-associated
tremor/ataxia syndrome is a neurodegenerative disease caused
by d(CGG)eyp in the FMRI gene (46). Transcribed r(CGG)exp
interacts with several RBPs that form RNA foci and induce
cellular dysfunction (47). Transcribed r(CGG)ex, also produces
the toxic protein FMRpolyG via RAN translation (48), and G4-
forming r(CGG).y, induces the liquid-solid phase transition of
EMRpolyG, causing neurological dysfunction (49). Slipped-
hairpin—forming d(CAG/CTG).xp is a particularly common
cause of repeat expansion disease (2). Transcribed r(CAG)ex,
within coding genes is translated into polyglutamine tracts,
inducing polyglutamine toxicity (50). Transcribed r(CAG)ex,
and r(CUG)eyp, adopt highly stable hairpin structures that form
nuclear foci and induce RNA toxicity (3), and the transcripts
may also induce cell death via RAN translation (40, 51).
Additionally, r(CAG)eyp-derived RAN translation products
coaggregate with r(CAG)e,,, foci within the cytoplasm (52).

Although it is currently unclear how the repeat expansions
in the gene encoding RFCI contribute to the pathogenesis of
CANVAS, both GOF and LOF hypotheses are being consid-
ered. Three not mutually exclusive mechanisms have been
proposed in CANVAS. First, GOF might result from repeat
RNA foci sequestering functionally important RBPs. A second
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GOF mechanism is based on the toxic peptides generated by
RAN translation of the AAGGG, ACAGG, or their antisense
repeat RNAs. Third, LOF mechanism might result from
reduced RFC1 protein levels. Compound heterozygotic
CANVAS patients in monoallelic RFCI expansions combined
with LOF mutations of RFCI (truncation, nonsense, and
splicing) in the nonexpanded allele (53-55) suggest that LOF
mechanism might underlie the pathogenesis. RFCI encodes
the largest subunit of replication factor C, the complex
responsible for DNA replication and repair (56). A recent
study reported that pathogenic AAGGG repeat forms a triplex
in vitro, and stalls replication occurring only when AAGGG
serves as the template strand (57), indicating non-B DNA-
forming potential of the pathogenic repeat in RFCI during
DNA replication results in fork stalling. However, no re-
ductions in RFCI mRNA and protein levels have been
observed in peripheral tissues, postmortem brain samples, and
induced pluripotent stem cell-derived neurons from patients
with biallelic (AAGGG)ey, in the RFCI (8, 58). In the aspect of
GOF hypotheses, RNA foci were not detected in patient brains
in the initial analysis (8), but in a recent report, CCTGT- and
CCCTT-containing RNA foci were identified in the neuronal
nuclei of patients with CANVAS harboring biallelic (ACAG-
Glexp and (AAGGG)eyp, respectively (59). Both AAGGG
repeat-RNA foci and CCCTT repeat-RNA foci were detected
in control and CANVAS patient induced pluripotent stem
cell-derived neurons, but the overall abundance of foci was
low and the specificity was incomplete (58). In RAN trans-
lation, AAGGG repeat—derived KGREG peptide products were
selectively detected within cerebellar granule cells in CANVAS
patients, with no signal detected in controls (58). In the rela-
tionship between the nucleic acid conformation formed by
pathogenic repeats and CANVAS pathology, lower motor
neurons are more susceptible in patients exhibiting (ACAG-
Glexp than (AAGGG)e, (60), indicating that lower motor
neurons may be more susceptible to ACAGG-forming hairpin
structure than AAGGG-forming G4. These results were ob-
tained using a few samples, and thus, further studies are
necessary to obtain accurate results regarding the LOF and
GOF mechanisms related to nucleic acid structures.

In conclusion, we identified the DNA and RNA secondary
structures of pathological repeats associated with CANVAS
in vitro. The pathological AAGGG repeat DNA and RNA
formed G4s, and ACAGG repeat RNA formed a unique
slipped-hairpin structure. These disease-specific rigid struc-
tures may aid in elucidating the pathological mechanism of
CANVAS.

Experimental procedures
Oligonucleotides

The following DNA and RNA oligonucleotides were syn-
thesized by Hokkaido System Science: d(AAAAG),,
d(AAAGQG),; d(AAGGQG), d(ACAGG)s, d(CTTTT)s,
d(CCTTT),, d(CCCTT)y, d(CCTGT),, 5" 6-carboxyfluorescein
(FAM)-d(CCCTT)y, r(AAAAG),; r(AAAGG), r(AAGGG),,
r(ACAGG)y, r(CTTTT),, r(CCTTT),, r(CCCTT)y, r(CCTGT),,
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5 6-FAM-r(AAAAG),, 5 6-FAM-r(AAGGG),, and 5
6-FAM-r(ACAGG)4 and Ajinomoto Bio-Pharma Services: 5’
6-FAM-r(AAAAG),,, 5 6-FAM-r(AAGGG);4, and 5 6-FAM-
r(ACAGG);;.

Circular dichroism

Oligonucleotides (2.5 uM) were prepared in 10 mM Tris/HCI
(pH 7.5) buffer containing 100 mM KCI or LiCl. The oligonu-
cleotides were heated at 95 °C and gradually cooled to room
temperature over 1.5 h prior to use. CD was conducted at 25 °C
in the range 200 to 400 nm using a J-1100 spectrometer (JASCO)
and a quartz cuvette with a 3-mm path length. In the denaturing
assays, CD spectra were acquired in the 200 to 400 nm range at 5
°C intervals from 20 °C to 95 °C, and the CD signal of each
oligonucleotide at 265 (RNA) or 296 nm (DNA) was monitored.
Temperature scans were performed continuously from 20 °C to
95 °C at 1 °C/min, and the T, values were determined as the
temperature at half of the maximum decrease in the signal.

ThT assays

Oligonucleotides (2.5 uM) were prepared in 10 mM Tris/
HCI (pH 7.5) containing 100 mM KCl, and they were heated at
95 °C and gradually cooled to room temperature over 1.5 h
prior to use. ThT (0.2 uM) was added to each sample, which
was then incubated for 2 h at room temperature using a
Thermo-Shaker (Bio-Medical Science). The fluorescence
spectra were recorded using a quartz cuvette with a 3-mm
path length and an FP-8300 spectrometer (JASCO) at an
excitation wavelength of 440 nm in the wavelength range 420
to 600 nm. The fluorescence signals of each oligonucleotide at
485 nm were used for comparison.

Gel shift assays

d(AAGGG), and FAM-labeled d(CCCTT), were prepared
in 20 mM Tris/HCI (pH 7.5) containing 20 mM MgCl,, 100 (or
0) mM LiCl, 100 (or 0) mM KCl, 2.5 mM spermidine, and
d(AAGGG), (TFO) in the same conditions. The oligonucleo-
tides were heated at 95 °C and gradually cooled to room
temperature over 1.5 h prior to use. FAM-labeled duplex DNA
(50 nM) was incubated with increasing concentrations of
d(AAGGG), (TFO) in the buffer for 12 h at 37 °C. Electro-
phoresis was performed at 4 °C with tris-borate-EDTA (TBE)-
urea polyacrylamide (29:1 acrylamide:bisacrylamide) (w/v) gel
containing 20 mM MgCl, at 100 V for 3 hin 1 x TBE running
buffer. DNAs labeled with FAM on the gel were visualized
using an Amersham TYPHOON (Cytiva).

DMS footprinting

FAM-labeled DNA (0.5 pM) was prepared in 10 mM Tris/
HCl (pH 7.5) containing 100 mM KCI or LiCl. The DNA
oligomers were heated at 95 °C and gradually cooled to room
temperature over 1.5 h prior to use. Each sample was incu-
bated with 10% DMS in 50% ethanol for 10 min on ice. The
reaction was stopped with a stop solution (0.1 M mercaptoe-
thanol, 0.5 M sodium acetate, and 50 pg/ml calf thymus DNA).
Samples purified via isopropanol precipitation were incubated
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with 10% piperidine at 95 °C for 5 min and then dried using a
CC-105 centrifugal concentrator (TOMY Digital Biology). The
resulting residues were washed with RNase-free H,O, redried,
and dissolved in a loading solution (80% formamide and
10 mM NaOH). Hydroxyl radical reactions were used to
generate a marker for DMS footprinting (61). DNA was
adjusted to a final concentration of 1.5 uM, and the following
three solutions were added in equal volumes (25 mM sodium
ascorbate, 1.2% H,O, and iron(IDEDTA (0.4 mM Fe(Il)/
0.8 mM EDTA). The reaction was stopped with 0.2 M thiourea
and was then purified by phenol-chloroform and isopropanol
reaction, followed by piperidine reaction as in the sample.
Aliquots of the resultant solution were loaded onto a 15%
TBE-urea polyacrylamide (19:1 acrylamide:bisacrylamide)
(w/v) gel and electrophoresed at 1500 V for 2 h in 1 x TBE
running buffer. DNAs labeled with FAM on the gels were
visualized using the Amersham TYPHOON (Cytiva).

RNase T1 footprinting

FAM-labeled RNA oligomers (1 uM) were prepared in
10 mM Tris/HCI (pH 7.5) buffer containing 100 mM KCl or
LiCl. The RNA oligomers were heated at 95 °C and gradually
cooled to room temperature over 1.5 h prior to use. The RNA
was treated with RNase T1 (Thermo Fisher Scientific) at room
temperature for 3 min, and then a stop solution (8 M ures,
0.4 M 2-mercaptoethanol, and 0.5 M EDTA [pH 8]) was added
to terminate the reaction. Also, FAM-labeled RNA oligomers
(1 uM) were prepared in 50 mM NaHCO3/Na,CO; (pH 9.2)
buffer containing 1 mM EDTA (pH 8), 0.25 mg/ml tRNA on
ice. The RNA oligomers were heated at 90 °C for 2 min, and
then a stop solution was added to terminate the reaction. Al-
iquots of the resultant solution were loaded onto a 15% TBE-
urea polyacrylamide (19:1 acrylamide:bisacrylamide) (w/v) gel
and electrophoresed at 1500 V for 2 h in 1 x TBE running
buffer. The RNAs labeled with FAM on the gels were visual-
ized using the Amersham TYPHOON (Cytiva).

UV-visible spectral assays

RNA oligonucleotides (1.25, 2.5, 5 uM) were prepared in
10 mM Hepes/NaOH (pH 7.5) buffer containing 100 mM or
10 mM KCI. The RNA oligonucleotides were heated at 95 °C
and gradually cooled to room temperature over 1.5 h prior to
use. The absorbance of each RNA oligonucleotide at 260
[r(AAAAG),;, r(ACAGG);] or 295 nm [r(AAGGG),;] was
recorded using a V-750 spectrometer (JASCO) in a series of
cell cuvettes with path lengths of 10 mm. Temperature scans
were performed continuously from 20 °C to 95 °C at 1 °C/min,
and the T}, values were determined using a two-point method
in the melting analysis program of the Spectra Manager
(https://jascoinc.com/products/spectroscopy/circular-dichroism
/software/spectra-manager/) software (JASCO) (62).

Thermodynamic analysis

The thermodynamic parameters of the hairpin and G4
structures (2.5 uM) were determined according to a previously
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reported method (62, 63). The following methods all assume a
two-state transition from single-stranded (unfolding) to
folding. The folding (Ap(T) = Ap(0) + Sg.T) and unfolding
(Au(T) = Ay(0) + Sy.T) baselines were manually selected in
Excel (Microsoft), where T represents the temperature in de-
grees Celsius (Fig. S44).

Using the baselines, the equations representing the folded
fractions (Nt) from absorbance (A) are as follows (Fig. S4B):

Nr = [A(T)-Ap(T)] /[Au(T)- Ap(T)] - hairpin

Nr = [A(T)=Au(T)] /IAs(T)- Au(T)]-+ Ga

Under the two-transition state assumption, the equilibrium
constants (K,) are related to the folded fractions according to
the following equations:

Ka = (1-Nr)/Nr--- hairpin

1<ﬂ=NT/(1—NT)"' G4
By definition, the Gibbs free enthalpy may be written as:
AG® = AH°~(TAS°) = -RTIn(Ka)

where T, AH®, AS°, and R are the temperature in Kelvin,
standard enthalpy of the reaction, standard entropy, and ideal
gas constant, respectively.

The following van’t Hoff equation:

AH® AS°
In(Ka)=-=~(1/T)+ =

yields an van’t Hoff plot [In(Ka) versus 1/T] that displays a
straight line (Fig. S4C), with a respective slope and y-axis
intercept of -2 and 45", which afford AH® and AS°. AG® is
calculated at 37 °C.

For hairpin structures, thermodynamic parameters were
also calculated using MeltR to validate the above methods.

Molecular modeling

Molecular modeling was performed using the molecular
operating environment (https://www.chemcomp.com/) soft-
ware (Chemical Computing Group) and Amber94/99 force
field parameters and a distance-dependent dielectric constant
of € = 4r (where r is the distance between two atoms) (64, 65).
The initial structures of the d(AAGGG)4 and r(AAGGG)4 G4
conformations were constructed based on the crystal structure
of the hybrid-type G4 (PDB ID: 7DJU) and d(TGGGT)4 G4
(PDB ID: 6p45) (66), respectively. The AA residues at the 5
end of d(AAGGG), and r(AAGGG), were refined to be
stacked with each other, in accordance with the prevalent
stacking motif observed at the termini of G4 structures and
recent literature elucidating the solution structure of an
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AAGGG-derived G4 [ref]. These refinements were carried out
using a minimization program, with tether deviation set to 1
and RMSD set to 0.1. Distance and dihedral-angle constraints
were imposed on the guanine residues within the three G-
tetrads during the process; specifically, O-H and N-H distances
at the Hoogsteen hydrogen bonds were constrained to 2 to
2.5 A, and C-N-N-C and C-O-N-C dihedral angles at the
Hoogsteen hydrogen bonds were constrained to 0°.

For the hairpin conformations, 30 distinct hairpin confor-
mations derived from the r(ACAGG)11 were produced using
MC-Sym pipeline (University of Montreal) with default pa-
rameters (67). The most likely hairpin conformation was
selected and then further minimized to obtain the refined
structure for final minimization. Distance constraints were
imposed on the guanine and cytosine residues involved in
Watson-Crick GC base pairs during this process, with O-H
and N-H hydrogen bond distances for GC base pairing con-
strained to 1.7 to 2 A. The resulting structures were solvated
by adding H,O molecules and K* ions, and the systems were
minimized without constraints to the points where the RMS
gradients were <0.001 kcal/(mol A).

Data availability

All data needed to evaluate the conclusions in the paper are
present in the paper. Additional data related to this paper may
be requested from the corresponding author upon reasonable
request.
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information.
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