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Fragile X-related tremor/ataxia syndrome (FXTAS) is a neurodegenerative disease caused by CGG triplet repeat
expansions in FMR1, which elicit repeat-associated non-AUG (RAN) translation and produce the toxic protein
FMRpolyG. We show that FMRpolyG interacts with pathogenic CGG repeat-derived RNA G-quadruplexes (CGG-
G4RNA), propagates cell to cell, and induces neuronal dysfunction. The FMRpolyG polyglycine domain has a prion-like
property, preferentially binding to CGG-G4RNA. Treatment with 5-aminolevulinic acid, which is metabolized to
protoporphyrin IX, inhibited RAN translation of FMRpolyG and CGG-G4RNA-induced FMRpolyG aggregation,
ameliorating aberrant synaptic plasticity and behavior in FXTAS model mice. Thus, we present a novel therapeutic

strategy to target G4RNA prionoids.

INTRODUCTION
Fragile X-related tremor/ataxia syndrome (FXTAS) is a neurode-
generative disease caused by the expansion of CGG repeats in the
5’ untranslated region (5'-UTR) of FMRI (1). FXTAS clinically presents
with intention tremor, cerebellar gait ataxia, parkinsonism, and cognitive
decline (2). It is estimated that 1 in 403 men and 1 in 209 women
have 55 to 200 CGG repeats and might be “premutation carriers”; of these,
40% men and 16% women will be diagnosed with FXTAS (2). The
prevalence of FXTAS increases with age via unknown mechanisms (3).
Two major mechanisms have been proposed for FXTAS patho-
genesis. One is “RNA gain of function”; in this mechanism, the ex-
panded CGG repeat-derived RNA complex interacts with RNA
binding proteins (RBPs), such as heterogeneous nuclear ribonucle-
oprotein (hnRNP) A2B1 (4), src-associated substrate during mito-
sis of 68 kDa (Samé68) (5), DiGeorge syndrome critical region gene
8 (DGCRS) (6), and TAR DNA binding protein of 43 kDa (TDP-43)
(7), which sequestrate into inclusion bodies to form RNA foci. Ag-
gregated RNA foci are a hallmark neuropathological indicator of
EXTAS (8, 9), indicating cellular dysfunction by rendering the se-
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questrated RBPs unavailable for other substrates, such as specific
splicing defects (4, 5, 10).

The second pathogenic mechanism is “repeat-associated non-AUG
(RAN) translation,” wherein FMRI mRNA containing expanded
CGG repeats initiates translation outside the traditional AUG start
codon (11). RAN translation can occur with both sense and antisense
strand CGG repeat mRNA transcripts in vitro (12, 13). Of the RAN
translation products, a polyglycine-containing protein, FMRpolyG,
is critical for the formation of inclusions observed in the brains of
patients with FXTAS (14). FMRpolyG has been identified in CGG
knock-in (KI) mice (11, 15), postmortem human FXTAS brains
(11, 13, 15), and FXTAS peripheral tissues (16, 17). A recent study
suggested that the FMRpolyG C terminal region (Cterm) has a toxic
effect in neuronal cells, which disorganizes the nuclear lamina archi-
tecture through interaction with the nuclear lamina-associated
polypeptide 2 (15). However, a key question is whether FXTAS patho-
genesis occurs through the expansion of CGG repeats as RNA gain-
of-function, RAN translation, both, or neither. Here, we aimed to
investigate this aspect and identify agents that can interrupt the
pathogenic mechanism.

RESULTS
Liquid-to-liquid phase separation before liquid-to-solid
transition in FMRpolyG
We first investigated the molecular motifs of poly(99)-glycine
(polyglycine) in FMRpolyG using bioinformatics. The polyglycine re-
gion of FMRpolyG was predicted to have low-complexity disordered
domains with RNA binding ability using the predictor of naturally
disordered regions (PONDR) (18) method (Fig. 1A, blue) and prion-
like domains (PrLDs) using the prion-like amino acid composition
(PLAAC) (19) method (Fig. 1A, orange). Hydrophobic pattern
analysis revealed that the Cterm had high hydrophobicity (ExPASy
Molecular Biology Server) (Fig. 1A, green) (20).

Next, we examined whether FMRpolyG directly interacts with
CGG repeat-derived RNA using an electrophoresis mobility shift
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Fig. 1. FMRpolyG undergoes phase transition by CGG-G4RNA. (A) Bioinformatics analysis of FMRpolyG. Levels of protein disorder predicted by the PONDR (blue);
prion-likeness, by the PLAAC (orange); and hydrophobicity, by ExPASy (green). (B) Representative EMSA for FMRpolyG proteins using CGG17 or CGG99 RNA (left); quan-
tification of FMRpolyG-RNA complexes (right). **P < 0.01. (C) Schematic representation of the constructs of the FMRpolyG mutant (top). Representative immunoblot data
of GST-tagged FMRpolyG constructs using an anti-GST antibody (bottom). (D) Representative EMSA for GST-FMRpolyG mutant proteins using CGG99 RNA. (E) Confocal
images show aggregated GFP-positive inclusions (green, arrowheads) colocalized with fluorescent in situ hybridization-labeled CGG-RNA (red) in Neuro-2a cells. Nuclear
DNA was labeled with 4',6-diamidino-2-phenylindole (DAPI) (blue). Scale bars, 5 um. (F) Circular dichroism (CD) spectra of CGG17 and CGG99 RNA. (G) Representative EMSA
with the BG4 antibody using CGG17 or CGG99 RNA (left). Pathogenic CGG99 RNA forms rigid secondary structures, including G4 (right). (H) Confocal images of phase-
separated droplets formed by fluorescein-labeled FMRpolyG (FL, green) with or without CX rhodamine-labeled CGG99 RNA (red). Scale bars, 5 um. (I) Fluorescence recovery
after photobleaching experiments in fluorescein-labeled FMRpolyG (FL, green) without or with CGG99 RNA. **P < 0.01. Scale bars, 0.5 um (FL) and 1 um (FL + CGG99).
(J) Transmission electron microscopy images for CGG99 RNA (top) and FMRpolyG with CGG99 RNA (bottom). Scale bars, 100 nm. Source data are provided in table S3.

assay (EMSA) in normal range CGG17 RNA and pathogenic
range CGG99 RNA. When purified glutathione S-transferase (GST)-
tagged FMRpolyG with polyglycine (PolyG) was added to CGG
repeat RNAs, FMRpolyG significantly and preferentially formed a
complex with CGG99 RNA than with CGG17 RNA (Fig. 1B). To
identify the domain that binds to CGG repeat RNAs, we performed
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EMSA in CGG repeat RNAs with GST-tagged FMRpolyG mutant
proteins for amino acid 1 to 153 (full length; FL), amino acid 1 to
111 (PolyG), and amino acid 112 to 153 (Cterm) (Fig. 1C). Consist-
ent with the prediction algorithms (Fig. 1A), the CGG repeat RNAs
could bind to FL and PolyG but not to Cterm (Fig. 1D and fig. S1A).
We confirmed GST-tagged FMRpolyG amino acid 13 to 111
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[N terminus (N terminal region) deleted PolyG] could also bind
CGG99 RNA (fig. S1B), suggesting that the polyglycine domain is
critical for binding to CGG repeat RNAs, especially pathogenic
range CGG99 RNA. In green fluorescent protein (GFP)-tagged
FL- and PolyG-expressing cells, we observed strongly aggregated
GFP-positive inclusions that colocalized with RNA foci labeled with
a CCG8 antisense probe (Fig. 1E, arrowheads) and with transfected
CX rhodamine-labeled CGG99 RNA (fig. S1C).

Although substantial biophysical and biochemical evidence has
shown that short CGG repeat RNA oligoribonucleotides (<20 re-
peats) form hairpin or G-quadruplex (G4) structures (21), the fold-
ing structure in pathogenic CGG repeat RNA is unclear. To gain
deeper insights into the secondary structures of pathogenic CGG
repeat RNA, we measured the circular dichroism (CD) spectra in
CGGY9 RNA (Fig. 1F). In G4-nonstabilizing Li* conditions, positive
and negative CD absorption bands at 262 and 210 nm were detected,
which were characteristic of an A-form duplex RNA conformation.
However, in G4-stabilizing K" conditions, a negative band at 210 nm
was recovered toward the positive side, which is consistent with G4
conformation (22). In CGG17 RNA prepared with the same con-
centration as CGG99 RNA, CD measurements indicated lower ab-
sorptions at 262 and 210 nm compared with CGG99 RNA under Li*
and K" conditions, showing a smaller proportion of rigid secondary
structures than those of CGG99 RNA.

We next performed EMSA for CGG repeat RNAs using a G4-
specific antibody (BG4) (Fig. 1G, left, and fig. S1D). The CGG99
RNA produced smeared bands, indicative of the formation of vari-
ous higher-order structures, while the treatment with BG4 migrated
these RNA bands upward under Li*, Na¥, and K" conditions. By
contrast, with CGG17 RNA, the efficiency of BG4-bound migration
was much lower than that for CGG99 RNA, and CGG17 RNA was
detected as a single band, which was detected only slightly in the K"
condition. We confirmed that the GFP-positive inclusions colocal-
ized with BG4-positive foci in GFP-tagged FL and PolyG-expressing
cells (fig. S1E, arrowheads). Collectively, pathogenic CGG99 RNA
had a greater opportunity to form rigid secondary structures, in-
cluding G4, than CGG17 RNA did (Fig. 1G, right).

Proteins have PrLDs that drive their liquid-to-liquid phase sepa-
ration (LLPS) and can reversibly form intracellular membrane-less
droplets (23, 24). Thus, we hypothesized that FMRpolyG may un-
dergo LLPS. To test this hypothesis, we examined whether recombi-
nant FMRpolyG mutants could form liquid-like droplets. As we
expected, fluorescein-labeled FL and PolyG formed phase-separated
droplets, but the Cterm construct did not (Fig. 1H and fig. S1F). The
droplet formation of FL and PolyG disappeared by adding 1,6-
hexanediol, which disrupts weak hydrophobic interactions between
PrLDs (fig. S1F) (25). We found that CX rhodamine-labeled CGG99
RNA could form fibril-like assemblies on its own in the same phase
separation condition, but CGG17 RNA did not (Fig. 1H and fig. S1F).
We next investigated whether adding CGG99 RNA would influence
the ability of FMRpolyG to undergo LLPS. Fluorescein-FL and PolyG
could form droplets and colocalize with CX rhodamine-labeled CGG99
RNA (Fig. 1H and fig. S1G).

To characterize the dynamic nature of the droplets, we next per-
formed fluorescence recovery after photobleaching (FRAP) experi-
ments. FRAP studies revealed that fluorescence recovery of the
bleached region of FL and PolyG droplets was very rapid at the be-
ginning of their formation, significantly decreasing in the presence
of CGG99 RNA (Fig. 1I and fig. S1H), suggesting that CGG99 RNA
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accelerates the transition of FMRpolyG from a liquid state to an
aberrant gel-like state of aggregates. To investigate the importance
of the G4RNA for liquid-to-solid transition in FMRpolyG, FRAP
analysis of FMRpolyG was performed in the presence of a mutant
telomeric repeat-containing RNA (mTERRA) that is unable to form
G4 (fig. S1I). In the presence of mTERRA, the fluorescence recovery
of the bleached region of FL droplets was showed rapid as same as
FL alone, suggesting that the gel-like transition of FMRpolyG is ac-
celerated by G4RNA. Neuro-2a cells overexpressing GFP-tagged FL
had mobile intracellular droplets (arrows) and inclusion bodies that
were strongly aggregated (arrowheads) (fig. S1J). FRAP of droplet-
like foci revealed a fast recovery rate, while aggregated foci appeared
less mobile (fig. S1I). We also confirmed the hydrogel states of CGG99
RNA and amorphous aggregates of FMRpolyG and CGG99 RNA
by transmission electron microscopy (TEM) (Fig. 1]). These results
suggested that the polyglycine region within FMRpolyG was essen-
tial for phase separation and that the CGG repeat-derived G4RNA
(CGG-G4RNA) promoted the liquid-to-solid transition and aggre-
gate formation of FMRpolyG.

Complex formation with RBPs and exosomal proteins

To identify the endogenous expression of FMRpolyG, we developed
amonoclonal antibody (1C7) against its C-terminal peptide (Fig. 2A).
We confirmed the specificity of 1C7 in Neuro-2a cells expressing
FLAG-tagged FMRpolyG with the polyglycine domain by immuno-
blotting. Both 1C7 and a FLAG antibody recognized a protein band
at 15 kDa (Fig. 2B, left). The 1C7 antibody could also recognize
endogenous FMRpolyG in the hippocampal lysate of CGG-KI
but not in age-matched wild-type (WT) mice (Fig. 2B, right). In
CGG-KIT hippocampal slices, the 1C7 antibody labeled FMRpolyG
in cytoplasmic and nuclear granules (Fig. 2C), which were ubiquitin-
positive (Fig. 2D). In addition, FMRpolyG colocalized with RNA
foci labeled with a CCG8 antisense probe in CGG-KI hippocampal
cells (fig. S2A). FMRpolyG and CCG8-labeled RNA foci colocalized
with BG4 antibody-labeled G4 foci, which are significantly larger
compared to the other G4 foci in CGG-KI hippocampal cells, re-
spectively (fig. S2, B and C). We confirmed that BG4 immunoreac-
tivities were disappeared in the presence of ribonuclease A (RNase
A) in WT and CGG-KI hippocampal cells (fig. S2D). Endogenous
FMRpolyG foci were detected in NeuN-positive neurons and glial
fibrillary acidic protein (GFAP)-positive astrocytes (fig. S2E).

To determine FMRpolyG-interacting proteins, we performed
shotgun liquid chromatography coupled with tandem mass spec-
trometry (LC-MS/MS) on pull-down samples from CGG-KI hippo-
campal lysates using the 1C7 antibody. In total, 46 proteins that were
potentially components of an endogenous FMRpolyG complex were
identified (Fig. 2E and table S1). Notably, 39 proteins were included
in the exosomal proteins present in the ExoCarta database (26), and
18 were annotated as RBPs [Gene Ontology (GO): 0003723] in the
GO database. Furthermore, when we compared these proteins,
17 proteins overlapped, including hnRNP A2B1, which is a compo-
nent of pathological inclusions observed in the brains of patients
with FXTAS (10).

We used an immunoprecipitation assay to examine the interac-
tion of FMRpolyG with hnRNP A2B1 and the exosomal proteins
peptidylprolyl isomerase A (PPIA), eukaryotic translation elonga-
tion factor 1 alpha 1 (eEF1A1), and pyruvate kinase M1/2 (PKM)
from the top 100 proteins in the ExoCarta database (26) in vivo. These
proteins coprecipitated with FMRpolyG immunoprecipitated from

30f14



SCIENCE ADVANCES | RESEARCH ARTICLE

A
FMRpolyG (mouse)
1 N-term 1213 PolyG d11112 Cterm 153 AA
M) AAPLPGGVRQRIGGG--poly(99)glycine- { GG, WASSACSPPPGGGLPARGRTRRWRSWWWKCGAPMALSTRHL*
B % 1C7 DAPI iquiti
Neuro-2a cells Mouse hippocampus 1C7 ubiquitin DAPI
WB: FLAG 1C7  (kDa) WB: 1C7 (kDa) Kl hippocampus WT hippocampus KI hippocampus
- i o e —70
'.;l ———— —50 L 50
A =15
FMRpolyG _ o _ 4 —15 5 002
A WT KI gmg .
WB: B-tubulin WB: B-tubulin 2 20.01 .
——— s — 50 o
FMRpolyG _ o _ - - =
-FLAG 0
WT KiI WT KI
E &2 .8 o Exosomal T Input  IP:1C7 IP: IgG G 1C7K’|"r‘fNP A2B1 DAPI
«oa) € ¢ RNA binding 22 WrE T K K Ki ippocampus
250-1 1 = Tom2 Fint RNaseA — — — — + — (kDa)
1307 o ANRNP A2B1 e e e - 35
100- Pdiaé C3
75- Hnrnpa2b1 Hnrnpab Thbs1 Ackd
" Eeflal Lgals1 Pabpci PPIA SS e — —20
Cbop e s Sdf211 $100a11
50 - | Pas P9 sodt g2 Myle CEFIA] W o —45
| Rps16 Txn Pkm
Histthda Pdiad Sl (ehin Bl PKM e - 60
37- -— _
Fbl Sarnp Tp:zxn3|:n1 JL .
LC-MS/MS ! —
o Ddb1 Psap 1c7 - 15

Fig. 2. FMRpolyG forms a complex with RBPs and exosomal proteins via RNAs. (A) Schematic representation of the epitope of 1C7 antibody (green) in FMRpolyG. AA,
amino acid. (B) Immunoblotting using 1C7 and FLAG antibodies in Neuro-2a cells transfected with mock or FMRpolyG-FLAG. The arrow indicates the band corresponding
to FMRpolyG-FLAG (left). 1C7 antibody in hippocampal lysates from WT or CGG-KI (KI) mouse (right). WB, Western blot. (C) Representative confocal images of FMRpolyG
foci in the hippocampus of CGG-KI (left) and WT (right) mouse. The graph represents the number of FMRpolyG foci/um?; n = 9 mice each. Magnification of the white box
in the upper left (bottom left). Scale bars, 20 um (top) and 5 um (bottom). (D) Representative confocal images showing the colocalization of FMRpolyG with ubiquitin in
the hippocampus of CGG-KI mice. Scale bars, 5 um. (E) LC-MS/MS shotgun analysis of pull-down samples from CGG-KI hippocampal lysates using the 1C7 antibody. Silver-
stained SDS-polyacrylamide gel electrophoresis gel of eluates with mouse IgG or 1C7 antibodies (left). The annotations identified in the analysis (right). The proteins
shown in blue were investigated in this study. IP, immunoprecipitation. (F) Immunoprecipitation assay with the 1C7 antibody from hippocampal lysates. Aliquots of ex-
tracts (1% input) and eluates were immunoblotted with the indicated antibodies. (G) Representative confocal images showing the colocalization of FMRpolyG foci with
hnRNP A2B1 in the hippocampus from CGG-KI mouse. Magnification of the white box in the upper panel (bottom). Scale bar, 10 um. Source data are provided in table S3.

CGG-KI hippocampal lysates but not from WT lysates (Fig. 2F). Fur-
thermore, treatment with RNase A markedly reduced their interac-
tions, suggesting that these complexes were dependent on the presence
of RNAs (Fig. 2F). We also confirmed that FMRpolyG foci colocal-
ized with hnRNP A2B1-positive foci in CGG-KI hippocampal cells
(Fig. 2G).

FMRpolyG and neuronal dysfunction

Since FMRpolyG primarily interacted with exosomal proteins (Fig. 2E),
we asked whether FMRpolyG was contained in exosomes. We iso-
lated the exosome-containing fraction from the conditioned medium
of mouse primary cortical cultured neurons by high-speed centrifu-
gation (Fig. 3A, left) and performed ultrastructural analysis on this
fraction using electron microscopy. We observed cup-shaped vesi-
cles (arrowheads) with diameters of 30 to 200 nm, consistent with
exosomes. There were no differences in the size distribution between
the exosomes from WT- and CGG-KI-cultured neurons (Fig. 3A,
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right). We confirmed by immunoblot analysis that the isolated fraction
contained exosomes using the markers PPIA, eEF1A1, and PKM, as
well as hnRNP A2B1, whereas the Golgi apparatus marker GM130
was absent. FMRpolyG was detected in the exosome-containing frac-
tion from cultured neurons of CGG-KI mice (Fig. 3B). FMRpolyG
was observed in the exosomes from cultured neurons of CGG-KI
mice by electron microscopy using immunogold labeling with the
1C7 antibody (Fig. 3C).

Many neuropathogenic proteins—e.g., Tau, o-synuclein, and TDP-
43—undergo cell-to-cell transmission via exosomes (27). To exam-
ine whether FMRpolyG-carrying exosomes were absorbed by intact
cells, primary cultured neurons from WT mice were incubated with
PKH26-labeled exosomes purified from either CGG-KI- or WT-
cultured neurons. As expected, strong FMRpolyG immunoreactivity
was observed in all recipient neurons treated with CGG-KI exosomes
after 24 hours but not in cells treated with WT exosomes (Fig. 3D
and fig. S3A).
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Fig. 3. FMRpolyG can propagate via exosomes, eliciting neuronal dysfunction. (A

The exosome-containing fraction (EXO) was isolated from primary cultured neu-

rons using sequential centrifugation (left). Exosomes isolated by centrifugation were imaged to evaluate their morphologies (indicated by arrowheads; right). The size
distribution of these exosomes from WT and CGG-KI (KI) neurons was measured by electron microscopy (n =165 particles analyzed from each group). Scale bar, 100 nm.
(B) Whole-cell lysates and EXO were subjected to Western blotting with antibodies against the indicated proteins. The experiments were repeated thrice, with similar
results (left). Protein content was measured using densitometric analysis of FMRpolyG normalized to PPIA (AU, arbitrary units). **P < 0.01; n = 3 each (right). (C) Immuno-
gold labeling experiments using the 1C7 antibody detected FMRpolyG in the exosomes from CGG-KI (KI-EXO) but not WT (WT-EXO) primary cultured neurons. Scale bar,
100 nm. (D) Representative confocal images of FMRpolyG (green), PKH26-exosomes (red), and MAP2 (blue) in recipient neurons (Rec) treated with KI-EXO after 24 hours.
Scale bar, 10 um. (E and F) Amplitude and frequency of spontaneous excitatory postsynaptic currents (sEPSCs) and firing frequency in primary neurons from WT and CGG-KI
mice (E) and in recipient neurons (Rec) treated with WT-EXO and KI-EXO (F). **P < 0.01 and *P < 0.05; n = 6 cells from three mice each. Source data are provided in table S3.

Next, we investigated whether CGG-KI exosome recipient neu-
rons showed changes in neuronal function using electrophysiologi-
cal analysis. Consistent with previous electrophysiological studies
in primary cultured neurons from CGG-KI mice (28, 29), the am-
plitude and frequency in spontaneous excitatory postsynaptic cur-
rents (sEPSCs) and the firing frequency significantly increased in
CGG-KI compared with WT cultured donor neurons (Fig. 3E). In
recipient neurons treated with CGG-KI exosomes, the amplitude
and frequency in sEPSCs markedly increased compared with WT
exosome-treated neurons. Current steps of equal intensity also pro-
duced a higher number of spikes in CGG-KI exosome-treated neu-
rons than in WT exosome-treated neurons (Fig. 3F).

To investigate the sorting domain of FMRpolyG into exosomes,
we purified exosomes from the supernatant of Neuro-2a cells trans-
fected with various 3xFLAG-tagged FMRpolyG constructs; FL-FLAG,
PolyG-FLAG, and Cterm-FLAG were used for immunoblot analy-
sis. FL-FLAG and PolyG-FLAG but not Cterm-FLAG were detected
in the exosome-containing fraction (fig. S3B). FLAG immunoreac-
tivity was observed in recipient neurons treated with FL-FLAG and
PolyG-FLAG exosomes, after 24-hour incubation, but this FLAG sig-
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nal was not observed in cells that received Cterm-FLAG exosomes
(fig. S3C). Electrophysiological abnormalities were observed in FL-
FLAG- and PolyG-FLAG-expressing neurons compared with pcDNA3.1
vector-only (mock) cells; prominent effects were also observed in
Cterm-FLAG-expressing neurons (fig. S3D). The application of exo-
somes from FL-FLAG- and PolyG-FLAG-expressing cells to recip-
ient neurons significantly increased the amplitude and frequency of
sEPSCs and firing rate compared with those of mock and Cterm-
FLAG-expressing cells (fig. S3E). These results suggested that the
polyglycine domain is required for the sorting of FMRpolyG into
exosomes.

Inhibition of LLPS and RAN translation of FMRpolyG by PpIX

We previously discovered a novel G4-binding agent 5-aminolevulinic
acid (5-ALA), which produces porphyrins protoporphyrin IX (PpIX)
and hemin in cells (30, 31). Therefore, by measuring the spectral
transition of porphyrins, we examined whether PpIX and/or hemin
could interact with CGG-G4RNA. Optical properties in hyperchro-
micity and long-wavelength shifts after RNA addition were quanti-
fied by monitoring the Soret band derived from porphyrin (32).
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When PpIX was added to CGG7 and CGG17 RNA, little hyperchro-
micity was observed, whereas pronounced hyperchromicity was ob-
served in a dose-dependent fashion when PpIX was added to CGG99
RNA (Fig. 4A). We also observed a greater shift of the Soret band to
the long-wavelength side upon the addition of PpIX and CGG99

RNA when compared with CGG7 and CGG17 RNA (Fig. 4A). By
contrast, hemin yielded the opposite binding status, exhibited by a
higher hyperchromicity and long-wavelength shift upon CGG7 RNA
and CGG17 RNA addition compared with CGG99 RNA addition
(fig. S4A). To further confirm the repeat length-dependent interaction
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Fig. 4. 5-ALA metabolite PpIX inhibits LLPS-derived FMRpolyG aggregation and RAN translation by binding to CGG-G4RNA. (A) Representative ultraviolet-visible
spectra of PpIX upon CGG repeat RNA addition (top). Hyperchromicity and long-wavelength shift with two equivalents of PpIX (bottom). Experiments were repeated
thrice. (B) Representative EMSA of CGG17 and CGG99 RNA treated with PpIX (12.5, 25, 50, and 100 uM). Experiments were repeated thrice. DMSO, dimethyl sulfoxide.
(€) Confocal images of phase-separated droplets formed by fluorescein-labeled FMRpolyG (FL, green) and CX rhodamine-labeled CGG99 RNA (red) without (top) or with
(bottom) 50 uM PplX. Scale bars, 5 um. (D) PpIX inhibited RAN translation of FMRpolyG using an in vitro luciferase assay. *P < 0.05; experiments were repeated thrice.
(E) Representative immunoblot of CGG-KI primary neuron lysates probed with the indicated antibodies (left). Protein content was measured using densitometric analysis
of FMRpolyG normalized to B-tubulin (AU, arbitrary units). **P < 0.01, *P < 0.05; n =4 mice each (middle). Real-time RT-qPCR for Fmr1 mRNA expression in the primary cortical
neurons of CGG-KI mice; n=5 mice each (right). (F) Amplitude and frequency in sEPSCs and firing frequency in CGG-KI primary neurons following 7 days of 3 uM 5-ALA
treatment. ¥**P < 0.01 and *P < 0.05; n =6 cells from three mice each. Source data are provided in table S3.
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between PpIX and CGG RNA, we performed an EMSA of CGG17
and CGGY99 RNA treated with PpIX. The CGG99 RNA bands re-
duced as PpIX concentrations increased because of the quenching
of fluorescent dye by the close proximity of PpIX that interacts with
RNAs. However, the intensity of CGG17 RNA did not change follow-
ing PpIX treatment (Fig. 4B), consistent with the observation that PpIX
interacts with CGG99 RNA with a higher affinity than with CGG17
RNA. We next investigated whether PpIX affects the LLPS of FMRpolyG
in vitro. The phase-separated liquid droplets and hydrogels of com-
plexes of fluorescein-FMRpolyG and CX rhodamine-CGG99 formed
substantially smaller droplets after PpIX treatment compared to un-
treated controls (Fig. 4C). There were no differences in the droplet
formation of fluorescein-FMRpolyG with or without PpIX (fig. S4B).

PpIX is also a candidate agent used to inhibit RAN translation in
high-throughput in vitro screening assays (33). We confirmed that
PpIX inhibited RAN translation of FMRpolyG using an in vitro lu-
ciferase assay (Fig. 4D). Because PpIX is nonbioavailable, we next
investigated whether 5-ALA treatment could alter FMRpolyG ex-
pression in neurons. We treated primary cultured neurons from
CGG-KI mice with different concentrations of 5-ALA for 7 days
and found that 5-ALA reduced FMRpolyG protein expression in a
dose-dependent manner without affecting Frnrl mRNA levels (Fig. 4E).
Consistent with these results, the amplitude and frequency in sEPSCs
and firing rate were recovered in CGG-KI primary neurons follow-
ing 5-ALA treatment (Fig. 4F).

Amelioration of learning and motor dysfunction by

5-ALA treatment

Oral administration of 5-ALA improved cognitive dysfunction caused
by mutations in the G4-binding protein ATRX, which have been
observed in an o-thalassemia intellectual disability X-linked syn-
drome mouse model and human patients (30, 31). We previously
confirmed that 5-ALA [3 mg/kg, p.o. (per 0s)] is nontoxic and can
cross the blood-brain barrier (30). Accordingly, we administered
5-ALA (1 or 3 mg/kg, p.o.) daily for 1 month to 50- to 54-week-old
CGG-KI mice and then assessed memory-related and motor behavior.

We observed no difference in spontaneous locomotor activity
during a 48-hour period in any group (fig. S5A). To evaluate spatial
memory in CGG-KI mice, we performed Y-maze and Barnes-maze
tests. In the Y-maze test, impairment in CGG-KI mice was based on
the percentage of alternation behaviors compared with WT mice,
without changes in the total number of arm entries (Fig. 5A). 5-ALA
administration significantly increased the percentage of spontaneous
alternation behavior in CGG-KI mice in a dose-dependent manner
(Fig. 5A). In the Barnes-maze test, the latency time to enter the tar-
get hole significantly decreased after four training days in WT mice,
indicating normal improvement of cognitive performance (Fig. 5B).
By contrast, the cognitive performance of CGG-KI mice showed sig-
nificantly longer latency times than those seen in WT mice; however,
5-ALA administration significantly rescued this latency in CGG-KI
mice (Fig. 5B). To examine motor coordination and balance, we
performed a beam-walking test. The CGG-KI mice had a signifi-
cantly higher number of foot slips compared with WT mice, and
5-ALA administration reduced the number of foot slips in CGG-KI
mice in a dose-dependent manner (Fig. 5C).

We next administered 5-ALA (3 mg/kg) to CGG-KI mice and
assessed electrophysiology, immunohistochemistry, and compre-
hensive gene expression using hippocampal tissues. Hippocampal
long-term potentiation (LTP), which is critical for learning and mem-
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ory, shows that CGG-KI mice have impaired hippocampal synaptic
plasticity compared to WT mice (34). Consistent with this previous
study, we observed reduced high-frequency stimulation (HFS)-
induced LTP in CGG-KI mice compared with WT mice (Fig. 5D);
this reduced LTP in CGG-KI mice was significantly restored following
5-ALA treatment (Fig. 5D). Furthermore, the number of FMRpolyG
foci in the hippocampal CA1 region of CGG-KI mice was signifi-
cantly reduced following 5-ALA treatment compared with untreated
mice (Fig. 5E). PpIX increased the FMRP levels in the induced
pluripotent stem cells (iPSC)-derived neurons from patients with
fragile X syndrome (35). Furthermore, a recent study revealed that
noncleaving antisense oligonucleotides that selectively block RAN
translation of CGG repeats increased endogenous FMRP expression
in human iPSC-derived neurons (36). Thus, we examined whether
5-ALA treatment restored FMRP expression while reducing the
FMRpolyG expression in CGG-KI mouse hippocampus. FMRpolyG
expression was markedly decreased in 5-ALA-treated CGG-KI rel-
ative to vehicle-treated CGG-KI mice. Moreover, reduced FMRP ex-
pression of vehicle-treated CGG-KI mice was significantly rescued
in 5-ALA-treated CGG-KI mice (Fig. 5F). To investigate changes in
gene expression in response to CGG-KI expression and 5-ALA treat-
ment, we performed RNA sequencing analysis on extracted mRNA
from the hippocampi of WT and CGG-KI- or 5-ALA-treated CGG-
KI mice. In the hippocampal tissue of CGG-KI mice, limited changes
in mRNA expression were observed; however, 5-ALA treatment of
CGG-KI mice substantially blocked differential gene expression
(fig. S5B and table S2).

DISCUSSION
In this study, we showed that CGG-G4RNA directly binds to the
polyglycine region of FMRpolyG and promotes the formation of
LLPS-derived FMRpolyG aggregates. Furthermore, FMRpolyG was
sorted into exosomes, propagated cell-to-cell, and elicited neuronal
dysfunction. From a pharmacological perspective, the formation of
CGG-G4RNA-induced FMRpolyG aggregates was inhibited by the
binding of PpIX to G4RNA. Moreover, RAN translation of FMRpolyG
was also suppressed by PpIX. Oral administration of 5-ALA, which
is converted into PpIX, suppressed FMRpolyG expression and sig-
nificantly improved synaptic dysfunction and behavioral deficits in
CGG-KI mice. CGG repeat RNA is related to two main molecular
mechanisms in FXTAS pathogenesis: RNA gain of function and RAN
translation. We showed that these two pathogenic mechanisms are
not independent but instead mutually cause the formation of LLPS-
derived FMRpolyG aggregates by CGG-G4RNA. Our findings suggest
that FMRpolyG can form aggregates using CGG-G4RNA as a scaffold,
which may act as an initial step toward FXTAS pathogenesis (Fig. 5G).
LLPS occurs when two liquid phases coexist in one system; it has
been observed in membrane-less organelles and is responsible for
the organization of many biochemical reactions and signaling com-
plexes (23, 24). Some RBPs with PrLDs undergo LLPS, where they
function as scaffolds with distinctive short, linear motifs that partic-
ipate in multiple interactions with other proteins and RNAs (37, 38).
In addition, RNAs also undergo LLPS to form RNA tandem repeats
and homopolymers (39, 40). Furthermore, the liquid-to-solid tran-
sition of LLPS could be due to the entanglement of biopolymers
and/or the association of proteins and RNAs, leading to aggrega-
tions, as reported for many neuropathogenic proteins such as hnRNP
A2B1, fused in sarcoma, and Tau (38, 41-44).
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Fig. 5. Treatment with 5-ALA ameliorates learning and motor dysfunctions seen in CGG-KI mice. (A to C) 5-ALA treatment recovered learning and motor deficits in
CGG-KI mice based on the Y-maze test (A), Barnes-maze test (B), and beam-walking test (C). **P < 0.01, *P < 0.05; n = 10 mice each. (D) Representative fEPSPs recorded from
the hippocampal CA1 region (left). Changes in the fEPSP slope were recorded following HFS (middle). fEPSP slope changes following HFS at 1 or 60 min (right). **P < 0.01,
*P < 0.05. WT + vehicle, CGG-KI + vehicle, and CGG-KI + 5-ALA: n=7 mice; WT + 5-ALA: n =6 mice. (E) Representative confocal images of intracellular aggregates in the
hippocampal CA1 region of CGG-KI and 5-ALA-treated CGG-KI mice (top) and quantification of FMRpolyG aggregates (bottom). The graphs represent the number of
FMRpolyG foci/um?. **P < 0.01. CGG-KI + vehicle, n =6 mice; CGG-KI + 5-ALA, n=5 mice. Five hippocampal slices per mouse. Scale bars, 20 um. (F) Protein content was
measured using densitometric analysis of FMRpolyG and FMRP normalized to B-tubulin (arbitrary units). **P <0.01 and *P < 0.05; n =4 mice each. (G) CGG-G4RNA binds
to the polyglycine region of FMRpolyG, promoting liquid-to-solid transition and aggregation of FMRpolyG via LLPS. FMRpolyG propagated cell-to-cell through exosomes,
eliciting neuronal dysfunction. Source data are provided in table S3.

as a nucleation center for the subsequent seed-dependent aggrega-
tions of RBPs with PrLDs. Recently, noncoding CGG repeat expan-

Here, we showed that the polyglycine region of FMRpolyG is a
PrLD with low complexity that drives LLPS. This type of low com-

plexity shows a strong sequence similarity to yeast prions enriched
in polar uncharged amino acids (e.g., asparagine, glutamine, tyro-
sine, and glycine) (45). Furthermore, FMRpolyG droplets undergo
a liquid-to-solid transition in the presence of CGG-G4RNA and
transform into aggregates. We found that CGG-G4RNA itself could
produce solid-like aggregates, suggesting that CGG-G4RNA serves

Asamitsu et al., Sci. Adv. 2021; 7 : eabd9440 13 January 2021

sions in the 5'-UTR of NOTCH2NLC, LOC642361/NUTM2B-AS]1,
and LRP]2 were shown to cause neuronal intranuclear inclusion dis-
ease (NIID) and mimic FXTAS based on their clinical and neuroimaging
manifestations (46, 47). Clinical evidence of diseases caused by CGG
repeat expansions indicates a possibility that CGG-G4RNA-derived
RBP aggregation might be a molecular basis of NIID onset.
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Many studies have reported neuronal dysfunctions through the
cell-to-cell transmission of aggregated proteins, such as Tau and
o-synuclein (48, 49). These secreted proteins that are related to neu-
rological disorders are released from affected donor cells and are
transmitted to the recipient cells, where they act as templates to in-
duce the normal endogenous counterpart protein to misfold, lead-
ing to the amplification of pathogenic protein conformation (27). The
secretion of these pathogenic proteins into the extracellular space
can occur through multiple pathways, namely, via the secretion of
exosomes, through tunneling nanotubes and hemichannels between
cells, and via the exocytosis of proteins (27). RBPs with PrLDs in a
mammalian system that are similar to yeast prion domains appear
to be frequent constituents of exosomes (50). Of the human RBPs
with PrLDs, 71% have been reported in exosomal fractions that are
sorted into exosomes with RNAs (51). For example, SUMOylated
hnRNP A2B1 controls the sorting of microRNAs into exosomes (52),
indicating that RBPs with PrLDs can be actively involved in the
sorting of RNAs into exosomes. A study using a transgenic mouse
line selectively expressing a CGG99 repeat linked to a GFP reporter
in astroglia (Gfa2-CGG99 mouse) showed FMRpolyG expression in
both neurons and astrocytes, which indicated the cell-to-cell prop-
agation of FMRpolyG (53). In our study, FMRpolyG was sorted into
exosomes via its polyglycine domain, and FMRpolyG-containing
exosomes elicited neuronal dysfunctions in recipient cells. These
results suggested that exosomes could mediate FMRpolyG propagation
in FXTAS. However, we could not demonstrate whether FMRpolyG
aggregates induced the misfolding of the native protein. Further ex-
amination will be required to reveal the involvement of FMRpolyG
propagation in FXTAS pathogenesis.

We found that PpIX inhibited the RAN translation of FMRpolyG
and CGG-G4RNA-induced FMRpolyG aggregation. A recent study
revealed that G4RNA within an upstream open reading frame
(uORF) at 5'-UTR stimulates translation initiation at the alternative
translation initiation site and hinders the translation of the main
downstream coding sequence (CDS). Furthermore, G4RNA folding
within uORF stimulates 5'-UTR translation by pausing translating
ribosomes and inducing a queue of ribosomes stretching back to the
uOREF start codons (54). Our data suggest that PpIX may unfold
G4RNA within CGG repeats from FmrlI transcripts, thereby inhib-
iting RAN translation initiation at an ACG start codon located up-
stream of the repeats (15). In addition, the inhibition of ribosome
queuing on the uORF start codon by PpIX may lead to increased
translation of the downstream CDS. G4RNA folding/unfolding
within CGG repeats may contribute to FMRP production. We
also showed that the phase-separated hydrogels of complexes of
FMRpolyG and CGG-G4RNA formed substantially smaller drop-
lets after PpIX treatment compared to untreated controls. Thus,
PpIX may unfold CGG-G4RNA, a scaffold for phase transition pro-
cesses, thereby reducing FMRpolyG binding to CGG-G4RNA and
the phase transition.

Although many G4-binding molecules, including porphyrins,
are reported, none of these compounds have been shown to be bio-
available and safe, except for 5-ALA (55). The dysregulation of G4s
by the expansion of G-rich sequences has been observed in a large
hexanucleotide GGGGCC repeat with >1000 expansions in C9orf72-
mediated amyotrophic lateral sclerosis and frontotemporal dementia
(C9ALS/FTD) (56, 57). Despite differences in the repeat sequences,
RAN translation in FXTAS and C9ALS/FTD shares common mech-
anisms (33). Building on previous reports, we show that 5-ALA is a
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novel candidate agent for targeting G4-related neurological disor-
ders by inhibiting RAN translation and G4RNA/RBP aggregation.

In conclusion, FMRpolyG undergoes LLPS, liquid-to-solid tran-
sition, and aggregation by CGG-G4RNA. FMRpolyG propagates
from cell-to-cell through exosomes, thereby eliciting neuronal dys-
function. PpIX pharmacologically reduces FMRpolyG translation
and FMRpolyG aggregation by affecting the binding ability of
CGG-G4RNA. 5-ALA is converted into PpIX, which blocked FMR-
polyG expression and ameliorated aberrant neuronal phenotypes in
a FXTAS mouse model. Our findings suggest a novel therapeutic
strategy to target CGG-G4RNA in FXTAS pathology.

MATERIALS AND METHODS

Animals

We used 50- to 54-week-old male CGG-KI mice and WT littermates.
CGG-KI mice (58) were provided by R. Willemsen (Erasmus MC
Rotterdam, The Netherlands). Male CGG-KI mice harbored 120 to
150 CGG repeats and were genotyped for CGG-repeat lengths as pre-
viously described (59). Mice were housed under climate-controlled
conditions in a 12-hour light/12-hour dark cycle and were provided
standard food and water ad libitum. Animal studies were conducted
in accordance with the Kumamoto University institutional guide-
lines. Ethical approval was obtained from the Institutional Animal
Care and Use Committee of the Kumamoto University Environmen-
tal and Safety Committee.

Cell culture

The Neuro-2a mouse neuroblastoma cell line CCL-131 was authenti-
cated by the provider using short tandem repeat profiling (American
Type Culture Collection) and were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% exosome-depleted fetal bo-
vine serum (FBS) and penicillin/streptomycin in a 5% CO, incubator
at 37°C. FBS was centrifuged at 100,000g for 16 hours at 4°C, and the
supernatant was carefully collected to remove exosomes. Cells were
routinely tested for mycoplasma contamination. Transfection was
performed using the Lipofectamine 2000 (Invitrogen) transfection
reagent according to the manufacturer’s protocol. Primary cultures of
neurons were established using previously described methods (30).
Briefly, cortical tissue was dissected from 18-day-old embryonic mice
and dissociated with trypsin treatment and trituration through a
Pasteur pipette. Neurons were plated on coverslips coated with poly-
L-lysine in minimum essential medium (Invitrogen) supplemented
with 10% exosome-depleted FBS, 0.6% glucose (Wako), and 1 mM
pyruvate (Sigma-Aldrich). After cell attachment, coverslips were trans-
ferred to dishes containing a glial cell monolayer and maintained in
neurobasal medium (Invitrogen) containing 2% B27 supplement
(Invitrogen) and 1% GlutaMAX (Invitrogen). To inhibit glial prolif-
eration, 5 UM cytosine -p-arabinofuranoside (Sigma-Aldrich) was
added to cultures at 3 days in vitro (DIV3). Cortical neurons were
harvested at DIV21.

Plasmid constructs

The 5’-UTR-CGGx99-FMR1-EGFP (FMRpolyG-GFP, also termed
as FL-GFP) plasmid was obtained from Addgene (number 63091).
FMRpolyG-FLAG, PolyG-FLAG, PolyG-GFP, Cterm-FLAG, and
Cterm-GFP were generated using the KOD-Plus Mutagenesis Kit
(Toyobo) following the manufacturer’s protocol. GST-fused plas-
mids (e.g., FL-GST, PolyG-GST, and Cterm-GST) were inserted
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into pEX-C-GST (OriGene) using the in-fusion polymerase chain
reaction (PCR) cloning system (Clontech) according to the manu-
facturer’s protocol. The +1 (polyG) reading frames with nanoLuc
fusion (FMRpolyG-NL) and ATG-NL plasmids were provided by
P. K. Todd (University of Michigan Medical School, USA) (12).

Antibodies

The following primary antibodies were used in this study: anti-
FMRpolyG 1C7 (1:5000; generated commercially, Sigma-Aldrich)
against the CGAPMALSTRHL peptide, anti-GFP (1:1000; ab290,
Abcam), anti-FLAG (1:1000; clone M2, F1804, Sigma-Aldrich), anti-
DYKDDDDK tag (1:800; 147938, Cell Signaling Technology), anti-
B-tubulin (1:5000; clone AC-15, A5441, Sigma-Aldrich), BG4 (1:800,
1.0 ug/ml) (60), anti-hnRNP A2B1 (1:1000; ab31645, Abcam), anti-
PPIA (1:500; 10720-1-AP, Proteintech), anti-eEF1A1 (1:500; 11402-1-AP,
Proteintech), anti-PKM (1:500; 10078-2-AP, Proteintech), anti-
GM130 (1:200; clone 35/GM130, 610822, BD Transduction Labora-
tories), anti-NeuN (1:1000; 26975-1-AP, Proteintech), anti-GFAP
(1:1000; 23935-1-AP, Proteintech), anti-MAP2 (1:10,000; ab92434,
Abcam), anti-ubiquitin (1:1000; ZO458, Dako), anti-FMRP (1:1000;
clone 1C3; MAB2160, Millipore), and anti-GST (1:1000; MA4004,
Invitrogen). For immunoblotting, the following secondary antibodies
were used: horseradish peroxidase (HRP)-conjugated anti-mouse
immunoglobulin G (IgG) antibody (1:5000; 1031-05, SouthernBiotech)
and HRP-conjugated anti-rabbit IgG antibody (1:5000; 4050-05,
SouthernBiotech). For immunocytochemistry and immunohisto-
chemistry, the following secondary antibodies were used: Alexa 488-
conjugated donkey anti-rabbit (1:500; A-21206, Invitrogen), Alexa
594-conjugated donkey anti-rabbit (1:500; A-21207, Invitrogen), Alexa
488-conjugated donkey anti-mouse (1:500; A-21202, Invitrogen),
Alexa 594-conjugated donkey anti-mouse (1:500; A-21203, Invitrogen),
and DyLight 405-AffiniPure donkey anti-chicken IgY (1:500; 703-
475-155, Jackson ImmunoResearch).

Identification of FMRpolyG-interacting proteins by MS
Hippocampal tissues from 52-month-old CGG-KI mice were lysed
in a buffer containing 50 mM tris-HCI (pH 7.5), 0.15 M NaCl, 0.1%
Triton X-100, 4 mM EDTA, 4 mM EGTA, 1 mM NazVO, 50 mM
NaF, 1 mM dithiothreitol, and protease inhibitors (trypsin inhibitor,
pepstatin A, and leupeptin) and centrifuged at 15,000¢ for 10 min.
Supernatants were collected and incubated on a Protein A Sepharose
column (Protein A HP SpinTrap, GE Healthcare Life Sciences) with
Tris Buffered Saline (TBS) buffer [50 mM tris-HCl and 0.15 M NaCl
(pH 7.5)] containing 10 pg of 1C7 antibody at 4°C for 4 hours with
constant rotation. The bound proteins were then washed with TBS
and eluted with 2.5% acetic acid. To confirm specific binding,
samples were separated by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), and the gel was stained using a silver stain kit (Wako).
LC-MS/MS analysis of all samples was outsourced to Oncomics.
Proteins identified in control samples that were pulled down with
10 ug of mouse IgG were subtracted from the identified proteins.

Preparation of recombinant proteins

GST-tagged recombinant proteins were expressed in the Escherichia
coli BL21 (DE3) strain (Novagen) cultured in Luria broth medium
in the presence of ampicillin (100 mg/liter). The bacterial cultures
were grown at 37°C to an approximate optical density of ODggg (op-
tical density at 600) of 0.8. Protein expression was induced by the
addition of isopropyl-B-p-thiogalactopyranoside (100 mg/liter), and
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the cultures were incubated at 20°C overnight. Bacterial cultures
were harvested by centrifugation and lysed by sonication in buffer
A [25 mM tris, 300 mM NaCl, and 5 mM B-mercaptoethanol (pH 7.5)]
on ice. Lysates were then passed through a GST affinity column and
eluted with a linear gradient of buffer A containing 10 mM glutathione.
For the in vitro LLPS assay, the GST tag was removed in an over-
night dialysis step at 4°C against a 4 liter of buffer [10 mM tris (pH 7.5),
150 mM NaCl, and 2 mM dithiothreitol] in the presence of tobacco
etch virus protease.

Immunoprecipitation and immunoblotting
Immunoprecipitation and immunoblotting analyses were performed
as previously described (30). Briefly, tissues or cells were homoge-
nized in a buffer containing 50 mM tris-HCI (pH 7.5), 0.5% Triton
X-100, 0.15 M NaCl, 4 mM EDTA, 4 mM EGTA, 1 mM Naz;VOy,
50 mM NaF, 1 mM dithiothreitol, and protease inhibitors (trypsin
inhibitor, pepstatin A, and leupeptin). For immunoprecipitation,
lysates were incubated for 2 hours at 4°C with the indicated anti-
bodies on a Protein A Sepharose CL-4B column (GE Healthcare Life
Sciences) in homogenization buffer. The immunoprecipitates were
washed thrice with homogenization buffer; equivalent amounts of
protein were separated with SDS-PAGE, and proteins were then
transferred to an Immobilon polyvinylidene difluoride membrane.
Membranes were blocked with Tris Buffered Saline with Tween®20
(TBST) solution [50 mM tris-HCI (pH 7.5), 150 mM NacCl, and
0.1% Tween 20] containing 5% fat-free milk powder for 1 hour at room
temperature and then incubated overnight at 4°C with the indicated
primary antibodies. The membranes were then washed and incubated
with the appropriate HRP-conjugated secondary antibody diluted in
TBST. Blots were developed using an ECL immunoblotting detection
system (Amersham Biosciences). Immunoreactive bands were visual-
ized using the luminescent image analyzer LAS-4000 (Fujifilm).

Immunocytochemistry and immunohistochemistry
Immunocytochemistry and immunohistochemistry were performed
as previously described (30). Briefly, brain slices and cells were fixed
in 4% paraformaldehyde in phosphate-buffered saline (PBS) and then
treated with PBS containing 0.1% Triton X-100 for 10 min. Antigen
retrieval treated with 0.1 mM sodium citrate (pH 8.0, 10 min at
80°C) was performed to detect ubiquitin. Samples were incubated
overnight at 4°C with primary antibodies, washed in PBS, and incu-
bated with the appropriate secondary antibodies. For G4 foci stain-
ing, fixed brain slices and cells were incubated with an antibody that
recognized an anti-DYKDDDDK tag (1:800; 14793S, Cell Signaling
Technology) present on BG4 (1:800, 1.0 pug/ml) (60), followed by a
fluorochrome-labeled secondary antibody that bound to the FLAG
epitope tag. Determination of the size of G4 foci was performed using
Image] Software. To confirm if G4 foci is attributed to RNA, slices
were incubated with RNase A (20 pg/ml) in RNase buffer [10 mM
tris-HCI (pH 8.0), 1 mM EDTA, and 500 mM NaCl] for 30 min at
room temperature. Nuclei were stained with 4’,6-diamidino-2-
phenylindole (DAPI) (R37606; Thermo Fisher Scientific). The sam-
ples were mounted with VECTASHIELD (Vector Laboratories), and
fluorescence images were analyzed by confocal laser scanning mi-
croscopy (LSM780, Carl Zeiss).

Fluorescent in situ hybridization
Fixed brain slices and cells were washed with 1x diethylpyrocarbonate-
treated PBS (DPEC-PBS) thrice for 20 min each and then incubated
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with 0.3% Triton-X in 1x DPEC-PBS for 20 min. After several
washes, the slices and cells were blocked in hybridization solution
(50% formamide, 10% dextran sulfate, and yeast transfer RNA
(0.1 mg/ml) in 2x SSC (300 mM NaCl and 30 mM sodium citrate)
for 1 hour at 37°C and then incubated with 1 nM Cy5-(CCG)s DNA
probe in hybridization solution at 37°C overnight. After hybridization,
samples were washed twice for 20 min each with 50% formamide in
2x SSC at 37°C and then washed twice for 20 min each with 2x SSC
and 0.2x SSC at room temperature. Samples were rinsed with 1x PBS,
incubated with 1% bovine serum albumin and 0.3% Triton-X in
PBS (blocking solution) for 1 hour at room temperature, and then
treated with a primary antibody diluted in blocking solution over-
night at 4°C. Diluted secondary antibody was added, and the samples
were incubated for 3 hours at room temperature. DAPI was used as a
counterstain for visualizing nuclei. After mounting, immunofluores-
cent images of the samples were collected using a confocal laser-
scanning microscope (LSM780, Carl Zeiss).

Electrophoretic mobility shift assay

CGG17 or CGGY9 RNA was prepared using an in vitro transcrip-
tion T7 kit (Takara) or the HiScribe T7 Quick High Yield RNA
Synthesis Kit (BioLabs) following the manufacturer’s instructions,
respectively. The RNAs were dissolved in 10 mM tris-HCI buffers
(pH 7.5) containing 100 mM LiCl, NaCl, or KCI and were refolded
by a heating/cooling process (90°C for 3 min, followed by cooling
down to 10°C for 1.5 hours). The mixture was incubated with pro-
teins at specified concentrations for more than 30 min at room tem-
perature. For PpIX treatment, PpIX was added to the RNA solution
before the heating/cooling process. The resultant samples were
electrophoresed in a 6% polyacrylamide gel in 1x tris-borate EDTA
running buffer (100 V, 90 min). The gels were stained with SYBR
gold and visualized with Typhoon Trio equipment (GE Healthcare).

UV-vis spectral assays

One micromolar PpIX or hemin was prepared in 200-ul 10 mM
tris-HCI buffer (pH 7.5) containing 100 mM KCI. To the sample
solutions, aliquots of the master solutions of CGG7, CGG17, or
CGG99 RNA were added at the same repeat concentration, and
the mixtures were subjected to a heating/cooling process (90°C
for 3 min, followed by cooling down to 10°C for 1.5 hours). The
ultraviolet-visible (UV-vis) spectra of PpIX or hemin in the result-
ant solutions were recorded at 25°C over a range of 320 to 500 nm
using a spectrophotometer V-650 (JASCO) in a 1-cm path quartz
cuvette. The values of hyperchromicity and long-wavelength shift
upon two equivalents of porphyrins were calculated.

CD spectroscopy

A CGG17 or CGGY99 RNA oligomer was prepared in 10 mM
tris-HCI buffer (pH 7.5) containing 100 mM LiCl or KCI with the
same concentration. The oligomers were then refolded by a heating/
cooling process (90°C for 3 min, followed by cooling down to 10°C
for 1.5 hours) before measurement. The CD spectra were recorded
at room temperature over the range of 200 to 350 nm with a JASCO
J-805LST spectrometer in a 3-mm path length quartz cuvette.

FRAP assays

For fluorescence detection, recombinant proteins (FL, polyG, and
Cterm) were labeled with fluorescein using the Fluorescein Label-
ing Kit-NH, according to the manufacturer’s instructions (Dojindo
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Molecular Technologies Inc.). CGG99 RNA was labeled with CX
rhodamine using the Label IT Nucleic Acid Labeling Kit according
to the manufacturer’s instructions (Mirus Bio LLC). Recombinant
proteins (9 uM; 8 uM nonlabeled proteins and 1 uM fluorescently
labeled proteins) were prepared in 10 mM tris-HCI buffer (pH 7.5)
containing 25 mM NaCl, 10 mM MgCl,, and 12% (w/v) glycerol and
were then incubated for 1 hour at 23°C. Then, 10% (w/v) 1,6-
hexanediol (Sigma-Aldrich) was used to disturb weak interactions
that drive LLPS. Fluorescently labeled CGG99 RNA or mTERRA
(20 ng/ul) (5'-UUACCGUUACCGUUACCGUUACCG-3") was pre-
pared in the same buffer. For the preparation of protein/RNA com-
plex solutions, prefolded RNAs with or without 50 uM PpIX were
added to the protein solutions, which were then incubated for 1 hour
at 23°C. The resultant solutions were covered with coverslips using
a 0.12-mm spacer and sealed before measurement. Photobleaching
was done with 100% laser power to 50% intensity using the bleach-
ing program of the ZEN software on a Zeiss LSM780 machine.
Time-lapse images were recorded every 5 s using a Zeiss Objective
Plan-Apochromat 63x/1.4 oil DIC M27 for tracking photorecovery
behavior.

Exosome isolation

Exosome isolation from cell culture media was performed accord-
ing to a previously reported method (61) with slight modifications.
Culture media of Neuro-2a cells and primary cortical neurons at
DIV21 were harvested and spun at 10,000¢ for 10 min to remove
cell debris. The supernatants were then centrifuged at 100,000¢ for
90 min. The final pellets were resuspended with 3% SDS sample buf-
fer for whole-extract analysis. Fluorescence labeling of exosomes was
performed using a PKH26 Red Fluorescent Cell Linker Kit (Sigma-
Aldrich) according to the manufacturer’s instructions.

TEM analysis

TEM images for CGG99 RNA and FMRpolyG were collected with a
HT7700 system (Hitachi High-Tech Corporation, Tokyo, Japan)
operating at 80 kV. A 10 pl of sample was applied to a carbon-coated
colloid film coated on a copper mesh (400-mesh; Nisshin EM,
Tokyo, Japan) and incubated for 5 min. After a brief wash with 5 ul
of nuclease-free water, the sample was stained with 5 ul of 10% EM-
stain solution (Nisshin EM) for 2 min, rinsed briefly with 5 pl of
Milli-Q water, and air-dried overnight before imaging. For electron
microscopy analysis of exosome-containing fractions, samples were
fixed in 2% paraformaldehyde and adsorbed onto Formvar-coated
nickel grids. The 1C7 antibody (1:1000) solution of 1% bovine se-
rum albumin in PBS was applied to the grids for 2 hours at room
temperature, followed by incubation with 10-nm nanogold anti-
mouse IgG (1:100; Nanoprobes) for 1 hour at room temperature.
Samples were postfixed with 2% glutaraldehyde. For negative stain-
ing, exosome grids were transferred to a 50-ul drop of 2% phospho-
tungstic acid solution (pH 7.0). The samples were observed with a
TEM (JEM-1400Plus, JEOL Ltd., Tokyo, Japan) at 100 kV using a
charge-coupled device camera (EM-14830RUBY?2, JEOL Ltd.).

In vitro RAN translation

In vitro translation was performed as previously reported with some
modification (33). Briefly, RN As were transcribed in vitro by T7
RNA polymerase (BioLabs) using FMRpolyG-NL and ATG-NL lin-
earized by Xba I. The transcribed RNAs were capped and polyade-
nylated using the Vaccinia Capping System (BioLabs) and E. coli
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Poly(A) Polymerase (BioLabs), respectively. Then, 6 nM capped
and polyadenylated mRNAs were translated in a 20-ul reaction at
30°C for 60 min using the Flexi Rabbit Reticulocyte Lysate System
(Promega). The solutions contained 50% rabbit reticulocyte lysate,
10 uM amino acid mixture minus leucine, 10 uM amino acid mix-
ture minus methionine, RNasin ribonuclease inhibitor (0.8 U/pul),
and 1% dimethyl sulfoxide with or without PpIX and were supple-
mented with 100 mM KCl and 0.5 mM Mg(OAc),. Reactions were
diluted, and the translation efficiency was quantified by measuring
NL luminescence on a GloMax luminometer (Promega).

RT-qPCR analysis

Total RNA was purified from cells using the RNeasy Mini Kit (Qiagen)
according to the manufacturer’s protocol. The RNA was reverse-
transcribed into single-stranded complementary DNA (cDNA) using
an oligo(dT) primer (Promega) and Moloney murine leukemia vi-
rus reverse transcriptase (Invitrogen) and then used in reverse tran-
scription PCR (RT-PCR) with gene-specific primers. RT-quantitative
PCR (qPCR) was performed in 48-well plates (Mini Opticon Real-
Time PCR system, Bio-Rad) using iQ SYBR Green 2X Supermix
(Bio-Rad). Gene expression was assessed using the differences in
normalized Ct (cycle threshold) (AACt) method after normaliza-
tion to GAPDH expression. Fold change was calculated by 2-AACt.
The following primers were used for RT-qPCR: Gapdh (forward,
5-TGTGTCCGTCGTGGATCTGA-3'; reverse, 5'-CACCACCT-
TCTTGATGTCATCATAC-3’) and Fmrl (forward, 5'-AGAGGA-
GGAGGCTTCAAAGG-3'; reverse, 5-CTACGCTGTCTGGCTTTTCC-3).

RNA sequencing analysis

Total RNA was extracted from hippocampal slices from WT and
CGG-KI- and 5-ALA-treated CGG-KI mice using the RNeasy Mini
Kit according to the manufacturer’s instructions (Qiagen). The to-
tal RNAs were quantified with a Qubit fluorometer (Life Technolo-
gy) and Bioanalyzer (Agilent). A 100-ng aliquot of total RNA was
used to isolate mRNA and prepare cDNA libraries using the NEB-
Next Ultra II Directional RNA Library Prep Kit for Illumina (New
England BioLabs). The cDNA libraries from the samples (n = 3 for
each group) were sequenced on an Illumina NextSeq 500 with a single
75-base pair read. Base calling and demultiplexing were performed
using BaseSpaceONSITE. The adapter sequence and low-quality
ends were trimmed using Trim Galore! version 0.5.0. The remain-
ing reads were aligned to the mouse genome (UCSC mm10) using
STAR version 2.6.0a. Gene expression profiles for each sample were
measured as TPM using RSEM version 1.3.1. The scatter plots were
constructed in R version 3.6.2.

Electrophysiology

Hippocampal slices were prepared as described previously (30).
Briefly, brains were quickly removed from ether-anesthetized mice
and chilled in ice-cold oxygenated artificial cerebrospinal fluid (126 mM
NaCl, 5 mM KCI, 26 mM NaHCO3, 2.4 mM CaCl,, 1.3 mM MgSOy,
1.26 mM KH,POy, and 10 mM p-glucose). Transverse hippocampal
slices (400 um thickness) were cut using a vibratome (Microslicer
DTK-1000, Dosaka EM) and transferred to a recording chamber,
where they were allowed to recover for at least 1 hour at 34°C before
recording. Artificial cerebrospinal fluid maintained at 34°C was used
during the experiment. A concentric bipolar stimulating electrode
was placed in the stratum radiatum of CA1 to stimulate the Schaffer
collateral pathway. An HFS of 100 Hz with a 1-s duration was ap-
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plied twice with a 20-s interval. Traces were digitized with an A/D
converter (PowerLab 200, AD Instruments) and computer (Windows,
Measurement and Analysis System for LTP: FAL-3000). For whole-
cell patch clamp recording, SEPSCs were recorded at room tem-
perature (22° to 25°C) for cultured neurons on DIV21 using an
EPC10 amplifier (HEKA, Lambrecht/Pfalz, Germany). The follow-
ing buffers were used: extracellular buffer (143 mM NaCl, 5 mM
KCI, 2 mM CaCl,, 1 mM MgCl,, 10 mM glucose, and 10 mM Hepes
at pH 7.4 adjusted with NaOH) and intracellular buffer (135 mM
CsMeS, 5 mM CsCl, 10 mM Hepes, 0.5 mM EGTA, 1 mM MgCl,,
4 mM Mg,ATP, and 0.4 mM NaGTP at pH 7.4 adjusted with CsOH).
Recording pipettes were made of borosilicate glass (B150-86-10,
Sutter Instruments) and had a resistance of 3.5 to 4.5 megaohm
when filled with intracellular buffer. The sEPSCs were recorded for
2 min at a holding potential of =70 mV in the presence of 20 pM
bicuculline in the extracellular buffer to block y-aminobutyric acid
type A receptors. Recordings were filtered at 2 kHz and digitized at
10 kHz. Access resistances were monitored throughout the experi-
ment (<15 megohm) but not compensated. Data were collected and
initially analyzed using Patchmaster software (HEKA). Further
analysis was performed using IgorPRO version 6.3 (Wavemetrics,
Portland, OR, USA), Excel (Microsoft), and MiniAnalysis programs
version 6.0.7.

Drugs

5-ALA (Cosmo Bio) and sodium ferrous citrate were provided by SBI
Pharmaceuticals. PpIX was purchased from Sigma-Aldrich. CGG-KI
mice were randomized into three groups for drug administration. For
the 5-ALA treatment, 5-ALA [1 and 3 mg/kg, p.o. with sodium fer-
rous citrate (20:1 molar ratio) dissolved in distilled water] or vehicle
(sodium ferrous citrate dissolved in distilled water) was administered
daily when mice were 50 to 54 weeks old.

Behavioral analysis

Mice were subjected to behavioral tests, including the Y-maze, Barnes-
maze, and beam-walking tasks. All behavioral experiments were
conducted with the experimenter blinded to mouse genotype and treat-
ment. Behavioral tests were conducted in an isolated room under
dim light between 8:30 a.m. and 8:30 p.m. To measure locomotor
activity during a 24-hour period, mice were individually housed in
standard plastic cages positioned in an automated open-field activ-
ity monitor using digital counters with an infrared sensor (DAS sys-
tem, Neuroscience). In the Y-maze, spontaneous alternation behavior
was assessed as a task for spatial reference memory. The apparatus
consisted of three identical arms (50 cm by 16 cm by 32 cm) of black
plexiglass. Mice were placed at the end of one arm and allowed to
move freely through the maze for an 8-min session. The sequence of
arm entries was manually recorded. An alternation was defined as
entries into all three arms on consecutive choices. The maximum
number of alternations was defined as the total number of arms en-
tered minus two, and the percentage of alternations was calculated
as actual alternations/maximum alternations x 100. The total num-
ber of arms entered during the session was also determined. The
Barnes-maze task was designed to test spatial learning and memory
in rodents. It consists of a circular platform 92 cm in diameter with
20 5-cm holes along the perimeter. At the beginning of each trial,
the mouse is placed in the middle of the maze in a cylindrical 7.5-cm
start chamber. After 10 s, the chamber is lifted, and the mouse is free
to explore the maze. The test ends when the mouse enters the goal
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tunnel or after 3 min have elapsed. Immediately after the mouse en-
ters the tunnel, the mouse is allowed to stay in the tunnel for 1 min.
Mice were trained for two trials per day for 4 days. The search time
required to escape into the tunnel was recorded. In the beam-walking
task, the apparatus consisted of a rectangular beam (870 mm by
5 mm) and goal box (155 mm by 160 mm by 5 mm). Both ends of
the beam were fixed at 500 and 315 mm from the floor, and the goal
box was placed on the higher end of the beam. The number of foot
slips (i.e., missteps) from the end of the beam to the goal box was
recorded.

Statistical analysis

We followed the standard sample sizes used in similar experiments
in each of the relevant fields reported in the literature. All values are
expressed as means + SEM. Statistical significance for differences
among groups was tested by one-way or two-way analysis of vari-
ance (ANOVA) with post hoc Bonferroni’s multiple comparison test.
Comparisons between two experimental groups were made using
the two-sided, unpaired Student’s ¢ test. Comparisons between two
groups in distributions of SEPSCs amplitudes were made using the
Kolmogorov-Smirnov test. P < 0.05 was considered significant. All
the statistical analyses were performed using GraphPad Prism 7
(GraphPad Software). Source data are provided in table S3. Full-size
scans of Western blots are shown in fig. S6.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/3/eabd9440/DC1

View/request a protocol for this paper from Bio-protocol.
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