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RNA G-quadruplex organizes stress granule assembly
through DNAPTP6 in neurons
Sefan Asamitsu1,2†*, Yasushi Yabuki1,3†, Kazuya Matsuo1, Moe Kawasaki1,3, Yuki Hirose4,
Gengo Kashiwazaki5, Anandhakumar Chandran6‡, Toshikazu Bando4, Dan Ohtan Wang2,7,
Hiroshi Sugiyama4,8, Norifumi Shioda1,3*

Consecutive guanine RNA sequences can adopt quadruple-stranded structures, termed RNA G-quadruplexes
(rG4s). Although rG4-forming sequences are abundant in transcriptomes, the physiological roles of rG4s in
the central nervous system remain poorly understood. In the present study, proteomics analysis of the
mouse forebrain identified DNAPTP6 as an RNA binding protein with high affinity and selectivity for rG4s.
We found that DNAPTP6 coordinates the assembly of stress granules (SGs), cellular phase-separated compart-
ments, in an rG4-dependent manner. In neurons, the knockdown of DNAPTP6 diminishes the SG formation
under oxidative stress, leading to synaptic dysfunction and neuronal cell death. rG4s recruit their mRNAs into
SGs through DNAPTP6, promoting RNA self-assembly and DNAPTP6 phase separation. Together, we propose
that the rG4-dependent phase separation of DNAPTP6 plays a critical role in neuronal function through SG
assembly.
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INTRODUCTION
RNA secondary structures play multifaceted physiological func-
tions, including roles in translation processes, mRNA decay, inflam-
mation responses, and evolutionary survival of RNA viruses (1–4).
Consecutive guanine RNA sequences can adopt quadruple-strand-
ed structures, termed RNA G-quadruplexes (rG4s), particularly in
the presence of potassium cations. rG4s are considered to have pe-
culiar implications for RNAmetabolism (5, 6), owing to the unique
thermodynamic property (7), structural features (8), and interacting
biomolecules (9, 10). The number of rG4-forming sequences has
been predicted to be 3800 in about 2300 different gene transcripts
of HeLa cells (11). rG4-forming sequences within mRNAs are rel-
atively enriched in the 5′ untranslated region (5′UTR) and the
3′UTR compared with the coding sequence (CDS) (11). Cellular
G4 structures tend to be unfolded by RNA helicases or recognized
by rG4-binding proteins (rG4BPs) (12) and are transiently folded
by small molecules (13–15) or the reduction of RNA helicases
(16, 17). Some of the rG4s have been proven to be involved in in-
tracellular phenomena, including stress responses (16, 18, 19) and
the inhibition of ribosome scanning (13), and can be used as marks
for upstream open reading frames in certain sets of genes (17, 20).
However, the functions of most rG4s throughout the transcriptome
remain unknown.

Aberrant rG4 formation is associated with neurodegenerative
diseases (9, 21). rG4s formed by excessive GGGGCC repeat RNA
sequences in C9orf72 result in the formation of phase-separated ag-
gregates in neurons, which is considered a pathogenic factor in
C9orf72 amyotrophic lateral sclerosis and frontotemporal dementia
(18, 21–23). Recently, our group has reported that rG4s formed by
excessive CGG repeat RNA sequences at FMR1 induce liquid-to-
solid phase transition of condensates of FMRpolyG, a major path-
ogenic protein (24). This transition produces insoluble inclusions in
neurons and leads to neuronal dysfunction observed in fragile X-
related tremor/ataxia syndrome (24). Despite neuropathological
features of rG4s, the physiological roles of rG4s in the central
nervous system remain largely unclear.

In this study, we showed that rG4s and an rG4BP, DNAPTP6,
coordinate the assembly of stress granules (SGs), cytoplasmic mem-
brane-less compartments driven by liquid-liquid phase separation
(LLPS). DNAPTP6 can preferentially bind to rG4s and promote
SG assembly via rG4-dependent phase separation, in which rG4s
themselves have a strong ability to undergo RNA phase separation
and enhance DNAPTP6 phase separation. In biological analysis and
bioinformatics, we found that mRNAs containing multiple rG4s are
significantly enriched in SGs. Impairment of rG4-dependent phase
separation via DNAPTP6 knockdown perturbed SG formation,
which led to synaptic dysfunction and neuronal cell death. Our
findings provide an insight into the role of rG4-dependent phase
separation and functional SG assembly in neurons.

RESULTS
Identification of an rG4BP expressed in neurons, DNAPTP6
First, we performed proteomic screening to search for rG4BPs using
liquid chromatography–tandem mass spectrometry (LC-MS/MS)
on pulled-down samples from lysates of adult mouse forebrain
with a G4-specific antibody (BG4) (Fig. 1A) (25, 26). BG4 is a
single chain FV antibody specifically recognizing G4 structures in
DNAs and RNAs, and is used for biochemical studies including
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immunochemistry (26, 27) and immunoprecipitation experiments
(28, 29), to detect rG4s. LC-MS/MS analysis revealed that well-doc-
umented G4BPs, Nucleolin (30), hnRNPQ (31), DHX9 (17), and
YBOX1 (32), had high scores, confirming the successful enrichment
of G4BPs (Fig. 1B). Among the top 13 proteins, we focused on
DNAPTP6 because it had the highest score among proteins uniden-
tified as rG4BPs.

DNAPTP6 is reported to be involved in ribosomal biogenesis
and translation in response to oxidative stress in human skeletal
myoblasts (33). However, its cellular function in the central
nervous system remains unclear. We examined the distribution of
DNAPTP6 in the adult mouse brain via immunohistochemical

analysis. We found that DNAPTP6 was expressed in neuronal
marker NeuN-positive cells, as shown in the hippocampal CA1
region (Fig. 1C). DNAPTP6 was substantially observed as
granule-like structures in the cytoplasm and neuronal dendrites
and colocalized with BG4-positive foci and FMRP-positive granules
(Fig. 1D, arrowheads), suggesting that DNAPTP6 is a component of
RNA granules that contain rG4s in the brain.

DISOPRED3 (34) analysis predicted that DNAPTP6 has two in-
trinsically disordered regions (IDRs: IDR1 and IDR2), with a
coiled-coil domain (CCD) between them (Fig. 1E). To determine
the role of each domain of DNAPTP6 in subcellular granule forma-
tion, we transfected mouse neuroblastoma Neuro-2A cells with

Fig. 1. DNAPTP6 is a neuronal rG4-binding protein. (A) Schematic for immunoprecipitation by BG4 to identify G4BPs and rG4s in mouse forebrain tissue. (B) Proteins
obtained from the LC-MS/MS analysis. n.d., not determined. (C) Representative confocal images showing the distribution of endogenous DNAPTP6 in mouse hippocam-
pus (left) and a hippocampal CA1 region (right). NeuN was visualized as the neuronal marker. Scale bars, 250 μm (left) and 20 μm (right). (D) Representative confocal
images showing the subcellular distribution of DNAPTP6 in the hippocampal CA1 region. FMRP was visualized as the neuronal granule marker in the cytoplasm and
dendrites. Arrowheads point to regions of colocalization. Scale bars, 5 μm. (E) Characteristic domains of DNAPTP6. IDRs were predicted by DISOPRED3. AA, amino acid. (F)
EMSA for the interaction of each domain of DNAPTP6 with a typical rG4 oligomer (TERRA) labeled with FAM at the 5′ end. ns, not significant; **P < 0.01 (two-way ANOVA
with Bonferroni’smultiple comparison test); n = 2 from two independent experiments. (G) SPR sensorgrams for the interaction of recombinant DNAPTP6with rG4 (TERRA)
and its mutant that is unable to form rG4 (mTERRA, non-rG4). Error bars represent SD.
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plasmids encoding green fluorescent protein (GFP)–tagged full-
length DNAPTP6 (GFP-FL) and its deletion mutants, GFP-
ΔIDR1, GFP-ΔCCD, and GFP-ΔIDR2 (fig. S1A). We confirmed
that GFP-FL exists as granules in the cytoplasm in Neuro-2A cells
(fig. S1B), similar to that in adult mouse hippocampi (Fig. 1D). Al-
though GFP-ΔIDR1 was present in a granular form similar to GFP-
FL, GFP-ΔIDR2 and GFP-ΔCCD existed in a more diffused state, as
evidenced by the lower inhomogeneity of their cytoplasmic distri-
bution (fig. S1, C to F).

To identify the protein domains responsible for rG4-binding ca-
pability, we divided DNAPTP6 into three segments containing
IDR1, CCD, and IDR2 and then purified each SUMO-tagged
protein for an electrophoresis mobility shift assay (EMSA). All seg-
ments showed a binding affinity to a typical rG4 (TERRA, 5′-UUA
GGGUUAGGGUUAGGGUUAGGG-3′); especially, SUMO-CCD
and SUMO-IDR2 showed a significant rG4 affinity (Fig. 1F and
fig. S2).

To precisely determine whether DNAPTP6 selectively interacts
with rG4s, we performed quantitative surface plasmon resonance
(SPR)–binding assays using recombinant full-length DNAPTP6
and two RNA oligomers: TERRA (rG4) and its mutant that is
unable to form rG4s, mTERRA (non-rG4, 5′-UUACCGUUACCG
UUACCGUUACCG-3′). Biotinylated TERRA or mTERRAwas im-
mobilized onto a streptavidin-coated sensor chip, and solutions of
recombinant DNAPTP6 with a series of concentrations were inject-
ed. The SPR signals in the buffer containing 100 mMKCl were then
measured to obtain kinetic parameters (kon and koff ) and dissocia-
tion constants (Kd). We found that DNAPTP6 showed a much
higher selectivity (57-fold) to TERRA compared with mTERRA
(Fig. 1G and fig. S3). We also confirmed by EMSA that
DNAPTP6 has a preferential binding affinity to rG4s over other
characteristic secondary structures of nucleic acids (fig. S4). Collec-
tively, these findings suggest that DNAPTP6 is an rG4BPwith struc-
ture selectivity and its CCD and IDR2 domains are primarily
involved in the rG4 selectivity and intracellular granule formation.

Comprehensive analysis of rG4-forming mRNAs in mouse
forebrain
Next, we analyzed BG4-bound mRNAs via RNA immunoprecipita-
tion coupled with sequencing (BG4 RIP-seq) (Fig. 1A). We com-
pared fragments per kilobase of exon per million mapped reads
(FPKM) obtained from BG4-enriched fractions with those from im-
munoglobulin G (IgG)–treated fractions to identify mRNAs con-
taining G4 structures in adult mouse forebrain tissues (Fig. 2A).
In the prediction of quadruplex-forming guanine-rich sequences
(QGRS) mapper (35), all BG4-enriched mRNAs (P value cutoff:
0.05) were found to have putative rG4-forming sequences with
two or three G-tetrad layers (Fig. 2A, fig. S5A, and table S1). Suc-
cessful enrichment of rG4-forming RNAs was further confirmed by
the fact that the guanine-cytosine contents of the BG4-bound
mRNAs were significantly higher than those of randomly
sampled transcripts (fig. S5B). We found that relatively rigid rG4s
(which have three G-tetrads) were primarily distributed in the
3′UTR (fig. S5, C to E), in agreement with the previously reported
trend for the distribution of rG4-forming sequences in human tran-
scripts (11). Twenty-three percent and 9% of the BG4-enriched
mRNAs overlapped with rG4 transcriptomes identified in mouse
embryonic stem cells and Hela cells, respectively (fig. S5, F and G).

Among BG4-bound mRNAs in the forebrain, Mark2, Stxbp5,
Limd2, and Dazap1 have multiple rG4-forming sequences that
can likely form three G-tetrads in the 5′ and 3′UTRs (Fig. 2B and
fig. S5A). The Mark2 and Stxbp5 mRNAs that are the most G4-rich
mRNAs were further analyzed using other algorithms, such as con-
secutive G over consecutive C ratio (cGcC), G4Hunter (G4H), and
G4 Neural Network (G4NN), provided by the G4RNA screener
(36). We confirmed that the region of rG4-forming sequences pre-
dicted by the QGRS mapper also displayed high G4 scores with the
G4RNA screener (Fig. 2C and fig. S6).

To investigate whether these predicted rG4-forming sequences
are truly folded into G4 structures, we performed a series of bio-
physical assays using Mark2 RNA oligomers (M1, M2, M3, and
M4) and Stxbp5 RNA oligomers (S1, S2, and S3). In G4-stabilizing
100mMKCl conditions, the circular dichroism (CD) spectra of M1,
M2, andM4 gave a substantial positive absorption band at 262 nm, a
shallow negative band at 240 nm, and a positive band at 210 nm,
which are typical features of parallel type G4 structures (Fig. 2D
and fig. S7, A and B). Conversely, under G4-nonstabilizing 100
mM LiCl conditions, the entire spectral status changed, and the
typical features were not observed, suggesting the conversion into
unstructured forms (Fig. 2D and fig. S7, A and B). To further
confirmG4 folding on these RNA oligomers, we assessed cation-de-
pendent RNA thermal denaturing property by measuring the RNA
melting temperature (Tm). M1, M2, and M4 exhibited much higher
thermal stability under KCl conditions than under LiCl conditions
(Fig. 2E and fig. S7, C and D), indicating specific thermal stabiliza-
tion of G4 structures by K+ cations.

To determine which guanine residues participate in G-tetrads,
we performed ribonuclease (RNase) T1 footprinting assays. When
an RNA sequence is folded into a G4 structure, RNase T1 cleaves
selectively free guanine residues or ones situated at the loop
region, whereas guanine residues participating in G-tetrads are par-
tially protected from RNase T1 cleavage (23). For M2 under 100
mM KCl conditions, the entire RNase T1 cleavage pattern was
weaker than that under 100 mM LiCl conditions (Fig. 2F). The
cleaved and protected status relative to that under 100mMLiCl pro-
vided some detailed structural information (Fig. 2G). The same ex-
periments were performed for M1 and M4, and we were able to
determine guanine residues participating in G-tetrads (fig. S7, E
and F).

Conversely, the CD spectrum of M3 under 100 mM KCl condi-
tion showed a negative band at 210 nm, a feature of A-form hairpin
conformation (fig. S8A). The thermal denaturing assay showed a
moderate stabilization effect by K+ cations (ΔTm = 6.3°C), implying
a mixture of the A-form hairpin and G4 structure in M3 (fig. S8B).
The RNase T1 footprinting assays of M3 under 100 mM KCl and
LiCl conditions revealed that guanine residues on a stem-loop
region of the predicted A-form hairpin structure were substantially
cleaved, whereas they were not cleaved under 100 mMKCl. Instead,
pronounced cleavages of loop guanines of predicted G4 structure
were detected only under 100 mM KCl (fig. S8, C and D). These
results suggested that M3 adopts both conformations, but preferen-
tially forms G4 structures in the presence of K+ cations (fig. S8D).
We also characterized the G4 structures of S1, S2, and S3 and re-
vealed that two of the three putative rG4-forming sequences
could fold into rigid G4 structures (fig. S9).

On the basis of these biophysical data, we predicted the RNA sec-
ondary structure of Mark2 or Stxbp5 mRNAs using the
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RNAstructure package (37). For calculation, the G4 structures iden-
tified were reflected by imposing single-stranded constraints on the
rG4-forming sequences. We found that the G4 formation induced
widespread changes in the secondary structures of both Mark2 and
Stxbp5 mRNA (Fig. 2H and fig. S10).

Binding of DNAPTP6 with rG4-forming mRNAs in vitro and
in cells
Next, we examined whether DNAPTP6 directly interacts with these
rG4-forming mRNAs using an EMSA. As expected, purified
DNAPTP6 protein preferentially bound Mark2 and Stxbp5 rG4s
compared to non-rG4s (Fig. 3, A to E, and fig. S11). As the band
showing the DNAPTP6-RNA complex was not fully detected on

Fig. 2. Comprehensive analysis of
rG4-forming mRNAs in mouse
brain tissue. (A) Scatterplots of BG4-
enriched RNAs versus control RNAs
(IgG). Dot plots with P values < 0.05 or
false discovery rate (FDR) < 0.05 are
colored in blue or red, respectively.
(B) List of the top 11 mRNAs having
putative rG4-forming sequences with
three G-tetrads (fig. S5A), predicted
by the QGRSmapper. (C) Visualization
of G4 distribution throughout Mark2
mRNA, which was predicted by
several different algorithms: QGRS
mapper (top), cGcC (middle), G4NN
(middle), and G4H (bottom). The as-
terisk (*) indicates a polyadenine/
uridine region that does not contain
any cytosines. This region is overesti-
mated by the cGcC algorithm re-
gardless of the guanine composition.
(D) CD spectra of M2 (5′-GAAGGGGA
GGGGGCUGGGGGGGGGCAGGG-3′)
under KCl or LiCl conditions. (E)
Thermal denaturing profiles of M2
under KCl or LiCl conditions detected
by monitoring CD signals at 260 nm.
The values of Tm and differences in Tm
values relative to those under LiCl
conditions (ΔTm) are listed. (F) RNase
T1 footprinting assays of M2 under
KCl or LiCl conditions. Arrowheads
point to cleavage sites and nucleo-
tides. The length of the arrow repre-
sents the extent of cleavage.
Underlined guanines can participate
in G-tetrads. (G) Differential cleavage
profiles of M2 between KCl and LiCl
conditions, together with CD analy-
ses, determined a three-dimensional
structure of M2. (H) Schematic for the
base-pair probability of the Mark2
3′UTR RNA, calculated using a “parti-
tion” algorithm provided with the
RNAstructure package. The G4 struc-
tures identified were reflected by im-
posing single-stranded constraints on
the rG4-forming sequences: Mark2
3′UTR_rG4. The arcs represent the
connection of base pairs, and the
colors represent probability. Second-
ary structures of the representative
part of the Mark2 3′ UTR mRNA with
or without the constraints are shown
below (143 to 348 nucleotides).
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the gel because of its large molecular size, half-maximum binding
concentration (C50) calculated from the gel band showing only
RNAwas used for quantification.We confirmed that DNAPTP6 ex-
hibited submicromolar binding affinities to Mark2 and Stxbp5
rG4s. The physical interaction between DNAPTP6 and Mark2
rG4 was further confirmed by CD spectroscopic analysis; the addi-
tion of purified DNAPTP6 protein revealed substantial changes in
the CD spectrum of M2 (Fig. 3F). To obtain an insight into the in-
teraction of endogenous DNAPTP6 with Mark2 mRNA, we per-
formed in situ hybridization together with immunostaining in
mouse cortical neurons. We observed high colocalization between
DNAPTP6 and Mark2 mRNA in the cytoplasm (Pearson’s rank
correlation coefficient of 0.61) (Fig. 3G). Experiments using the

cells expressing the deletion mutants showed that expressed GFP-
ΔIDR1 was more likely colocalized with Mark2 and Stxbp5
mRNAs compared with GFP-ΔCCD and GFP-ΔIDR2, suggesting
a prime role of CCD and IDR2 in interacting with Mark2 and
Stxbp5 mRNAs (fig. S12). RNA immunoprecipitation coupled
with quantitative polymerase chain reaction (RIP-qPCR) also vali-
dated the in-cell interaction of DNAPTP6 with Mark2 mRNA in
cells expressing GFP-FL (Fig. 3H).

Boosting DNAPTP6 phase separation by self-assembly
of rG4s
Proteins with large IDRs such as prion-like domains and low com-
plexity domains can drive protein LLPS and reversibly form

Fig. 3. DNAPTP6 can interact with Mark2 mRNA in vitro and in cells. (A to D) EMSA for the interaction of recombinant DNAPTP6 with FAM-labeled Mark2 RNA
oligomers under 100 mM KCl conditions; M1 (5′-CGGGGGUCGGGGGGGGGGGUGCGG-3′) (A), M2 (B), M3 (5′-UGUGGGGCUCCUGGGAGGGUGGCUCAGGG-3′) (C), M4 (-
5′-AGAGGGGAGGGGAAUGGGCCAUGGG-3′) (D), and Mark2 Ctrl (non-rG4, 5′-CACCUUUCCUCCCUGCCCCAUUG-3′) (E). (F) CD spectra of M2 only, DNAPTP6 only, and
M2 with DNAPTP6. The sum of the respective spectra of M2 only and DNAPTP6 only is also represented. (G) Representative confocal images of endogenous
DNAPTP6 and Mark2 mRNA in a mouse cortical neuron (DIV3). DNAPTP6 is substantially colocalized with Mark2 mRNA. Scale bars, 5 μm. (H) RIP-qPCR by anti-GFP an-
tibody using Neuro-2A cells transiently expressing GFP-tagged DNAPTP6 or GFP (mock). ****P < 0.0001 (two-sided, unpaired Student’s t test); n = 4 samples from two
independent experiments. Error bars represent SD.
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intracellular membrane-less droplets, including SGs (38). As ex-
pected, purified full-length DNAPTP6 protein formed spherical
phase-separating droplets under physiological conditions in vitro,
which were attenuated by adding a hydrophobic disruptor, 1,6-hex-
anediol (Fig. 4A). Phase separation of DNAPTP6 was dependent on
protein concentration and inversely proportional to sodium ion
concentration (fig. S13A), and DNAPTP6 droplets can fuse with
each other (fig. S13B). In fluorescence recovery after

photobleaching (FRAP) assays, the fluorescence from fluorescein-
labeled DNAPTP6 droplets was rapidly recovered after photo-
bleaching (Fig. 4B). These results indicated that DNAPTP6 can
undergo LLPS. Further analysis for recombinant proteins of each
domain of DNAPTP6 revealed that the phase-separating property
is derived from IDR1 and IDR2 (fig. S13C). DNAPTP6 droplets
grew with the addition of rG4 oligomers (TERRA) but not with
non-rG4 oligomers (mTERRA) (Fig. 4A), and the dynamic nature

Fig. 4. Self-assembly of rG4s boosts DNAPTP6 phase separation. (A) Fluorescence images of droplets formed by 29 μM nonlabeled and 1 μM fluorescein-labeled
DNAPTP6 with or without 1,6-hexanediol, rG4 oligomer (TERRA), or non-rG4 oligomer (mTERRA) treatment. Scale bars, 5 μm. (B) FRAP assays of droplets formed by
DNAPTP6, DNAPTP6 + rG4, and DNAPTP6 + non-rG4. Scale bars, 1 μm. n = 4 droplets. (C) Schematic for Mark2 3′UTR mRNA and its mutants. 7-Deazaguanosine sub-
stitution can impair G-tetrad formation. (D) Fluorescence images of droplets formed by Mark2 3′UTR mRNA and its mutants, detected with SYBR Gold. Scale bars, 5 μm.
****P < 0.0001; n = 7 to 11 imaging areas. (E) Fluorescence images of droplets formed byMark2 FL and ΔM234, detected with 3 μM ThT. Scale bars, 2 μm. ****P < 0.0001;
n = 22 (Mark2 FL) and 12 (ΔM234) droplets. (F) Fluorescence images of droplets formed by 14 μM nonlabeled and 1 μM fluorescein-labeled DNAPTP6 with or without CX-
rhodamine–labeledMark2 FL and 7-deazaG FL. Scale bars, 5 μm. ****P < 0.0001; n = 25 (DNAPTP6), 158 (DNAPTP6 +Mark2 FL), and 74 (DNAPTP6 + 7-deazaG FL) droplets.
(G) Fluorescence images of droplets formed by 1 μM fluorescein-labeled DNAPTP6 proteins with or without Mark2 FL or 7-deazaG FL. Scale bars, 5 μm. **P < 0.01,
****P < 0.0001; n = 10 (DNAPTP6), 24 (DNAPTP6 + Mark2 FL), and 21 (DNAPTP6 + 7-deazaG FL) imaging areas. (H) Schematic for rG4-associated phase separation. All
quantification was done from two independent experiments. Statistical significance was tested by one-way ANOVA Bonferroni’s multiple comparison test (B, D, F, and G)
or two-sided, unpaired Student’s t test (E). Error bars represent SD. Boxes in (E) range from lower to upper quartiles with line at median; whiskers show range of data.
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Fig. 5. rG4-associated phase separation contributes to SG organization. (A) Representative confocal images of Neuro-2A cells treated with NaAsO2 using anti-
DNAPTP6 and anti-G3BP1 antibodies. Scale bars, 10 μm. (B) In-cell FRAP assays of DNAPTP6- and G3BP1-positive SGs. Scale bars, 1 μm. ****P < 0.0001 (two-way
ANOVA with Bonferroni’s multiple comparison test); n = 6 measurements from three independent experiments. (C) Ratio of cells recovered from G3BP1-positive SGs
after the depletion of NaAsO2 in Neuro-2A cells transiently expressing GFP or GFP-FL. The percentage of cells with SGs was calculated from three independent exper-
iments. The number of total counted cells for each time point is indicated in the graph. ***P < 0.001 and ****P < 0.0001 (two-way ANOVA with Bonferroni’s multiple
comparison test). (D) In situ hybridization and immunostaining of Neuro-2A cells transiently expressing GFP-FL with NaAsO2 treatment for detecting DNAPTP6 and
endogenous Mark2 mRNA. Scale bars, 10 μm. (E) Representative fluorescence images of Neuro-2A cells transiently expressing GFP-FL, which was transfected with
Mark2 FL or 7-deazaG FL labeled with CX-rhodamine 6 hours before cell fixation with or without NaAsO2 treatment. Scale bars, 5 μm. (F) Representative confocal
images of Neuro-2A cell transiently expressing mCherry-G3BP1 with NaAsO2 treatment. G4 was visualized with BG4 and anti-FLAG. Scale bars, 5 μm. (G) Cumulative
distribution of mRNA enrichment in SGs for mRNAs classified by the number of rG4-forming sequences per transcript. ***P < 0.001 and ****P < 0.0001 (Kolmogorov-
Smirnov test). (H) Comparison of reverse transcription stop (RTS) values between SG-depleted and SG-enriched rG4s. *P < 0.05 (two-sided, unpaired Student’s t test). (I)
Cumulative distribution of mRNA enrichment in SGs for mRNAs classified by the location of rG4-forming sequences. ****P < 0.0001 (Kolmogorov-Smirnov test). Error bars
represent SD. Boxes in (H) range from lower to upper quartiles with line at median; whiskers show range of data.
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of DNAPTP6 droplets was maintained under all conditions
(Fig. 4B), suggesting promoting effects of rG4s on DNAPTP6
phase separation.

An rG4 itself is considered to have the potential to trigger RNA
phase separation (39–41). Thus, we investigated whether Mark2
rG4s exhibit phase-separating potential. We observed that M1,
M2, and M4 formed phase-separating condensates on their own
(fig. S14A). Particularly, M4 formed larger spherical droplets than
the others, and the fluorescence was largely recovered after 230 s,
thus indicating the dynamic property inside the droplets (fig. S14,
A and B). The droplet formation of M4 relied on Mg2+ and RNA
concentrations (fig. S14C), suggesting that intermolecular interac-
tion is essential for efficient phase separation of this RNA (40). By
contrast, mTERRA and M3, which are predominantly folded into a
hairpin form, did not cause any phase-separating condensates (fig.
S14A). These findings suggest that the intermolecular interaction of
G4 structures serves as phase-separating self-assembly RNAs.

To further explore rG4 phase separation, we synthesized a 1695–
base pair (bp) full-length Mark2 3′UTR mRNA (Mark2 FL) by in
vitro transcription (Fig. 4C). Mark2 FL showed phase separation
that was similar to that of artificial synthetic oligomers (Fig. 4D).
Furthermore, the deletion mutant mRNAs (ΔM234), which lack
rG4-forming sequences, significantly weakened the formation of
droplets (Fig. 4D). To precisely evaluate the need for the structure
of rG4s, we also prepared a Mark2 FL counterpart in which guano-
sines were fully substituted with 7-deazaguanosines (7-deazaG FL).
7-Deazaguanosine substitution can impair G4 formation without
influencing Watson-Crick base pairing capability (Fig. 4C) (42).
7-deazaG FL completely inhibited the droplet formation
(Fig. 4D), indicating that G4 structures are essential for RNA self-
assembly in Mark2 FL. We confirmed that Mark2 FL inside the
droplets adopted G4 structures compared with ΔM234, as evi-
denced with the G4-specific fluorescent dyes thioflavin T (ThT)
(Fig. 4E) (43) and N-methyl mesoporphyrin IX (NMM) (fig. S15)
(44). These findings indicated that the rG4-forming capabilities,
rather than the sequences themselves, play a substantial role in
RNA phase separation.

Next, we investigated whether rG4-forming mRNAs influence
DNAPTP6 phase separation. We found thatMark2 FL significantly
increased the size of the DNAPTP6 droplets, thereby promoting
DNAPTP6 phase separation (Fig. 4F). This promotion of
DNAPTP6 phase separation was not observed in the case of 7-
deazaG FL (Fig. 4F). Moreover, G4 structures can catalyze the for-
mation of DNAPTP6 droplets; the DNAPTP6 solution with a low
concentration (1 μM) under 150 mM NaCl remained almost in
aqueous form (fig. S13A), whereas the addition ofMark2 FL signif-
icantly induced the formation of DNAPTP6 droplets compared
with the addition of 7-deazaG FL (Fig. 4G). Cumulatively, these
findings indicate that the phase-separating ability of rG4s serves
to boost the droplet formation driven by DNAPTP6 phase separa-
tion (Fig. 4H).

Contribution of rG4-associated phase separation to SG
organization
To explore the phase-separating property of DNAPTP6 in cells, we
focused on SGs, cytoplasmic membrane-less compartments driven
by LLPS, as DNAPTP6 was known to be an SG component in mam-
malian cell lines (33, 45). Treatment of Neuro-2A cells with sodium
arsenite (NaAsO2) confirmed that DNAPTP6 localized with SGs

positive for G3BP1, a commonly used SG marker (Fig. 5A). Next,
we coexpressed GFP-FL and mCherry-tagged G3BP1 (mCherry-
G3BP1) in Neuro-2A cells and measured the dynamics of these pro-
teins in NaAsO2-induced SGs using FRAP. Although mCherry-
G3BP1 fluorescence was largely recovered within 100 s, GFP-FL
fluorescence was not fully recovered (Fig. 5B). To eliminate artifacts
from overexpressed GFP-tagged DNAPTP6, we tagged endogenous
DNAPTP6 with mNeonGreen via the CRISPR-Cas9 system. We
confirmed that endogenous DNAPTP6 was recruited into SGs
and had a high motility inside SGs (fig. S16). We next asked
whether DNAPTP6 was involved in the formation and/or mainte-
nance of SG (45). Expression of GFP-FL significantly retained
mCherry-G3BP1–positive SGs after the depletion of NaAsO2 com-
pared to that of GFP (Fig. 5C), suggesting that DNAPTP6 plays a
role in the maintenance for SGs. In addition, GFP-ΔCCD and
GFP-ΔIDR2 were less colocalized with G3BP1-positive SGs and
showed diffused localization compared with GFP-FL and GFP-
ΔIDR1 (fig. S17A), indicating that CCD and IDR2 are critical for
DNAPTP6 participating in SGs.

As we have figured out the phase-separating property of
DNAPTP6 to maintain SGs, we next test whether organizing SGs
is mediated by rG4s. We first observed the cellular behavior of
Mark2 mRNA under NaAsO2-stressed condition. In NaAsO2-
stressed cells, the accumulation of endogenous Mark2 mRNAs
into SGs was observed, as evidenced by colocalization with
DNAPTP6 (Fig. 5D). To evaluate the role of G4 structures within
Mark2 mRNA on recruitment into SGs, CX-rhodamine–labeled
Mark2 FL and 7-deazaG FL were transfected into cells. In un-
stressed cells, transfected Mark2 FL and 7-deazaG FL were evenly
distributed throughout the cytoplasm (Fig. 5E). In contrast, in
NaAsO2-stressed cells, Mark2 FL was colocalized with
DNAPTP6-positive SGs, but 7-deazaG FL was not (Fig. 5E).
These results suggest that rG4s are required for efficient recruitment
ofMark2 mRNAs into DNAPTP6-positive SGs. To further validate
the role of rG4s in recruiting mRNAs into SGs, we investigated
NaAsO2-induced SG formation in Neuro-2A cells expressing
mCherry-G3BP1 and found that BG4 signals accumulated within
G3BP1-positive SGs (Fig. 5F).

To support these experimental data, we assessed whether there is
a correlation between mRNA enrichment in SGs and rG4s by using
data sources from the comprehensive analysis of rG4 and SG tran-
scriptomes (11, 46). The comparison revealed that mRNAs contain-
ing a single rG4-forming sequence are more enriched in SGs than
non-rG4 mRNAs (Fig. 5G). mRNAs containing multiple rG4-
forming sequences are more significantly enriched in SGs com-
pared with those containing a single rG4-forming sequence, regard-
less of the length of the transcripts (Fig. 5G and fig. S17, B and C).
Considering that rG4s enriched in SGs tend to be more stable
(Fig. 5H), G4 structures themselves appear to mark mRNAs to be
recruited to SGs and regulate the SG transcriptome. Furthermore,
we found that the location of G4 structures in mRNAs influenced
the SG enrichment of the mRNAs; the mRNA that contained G4
structures at the CDS and the 3′UTR, not the 5′UTR, were signifi-
cantly enriched in SGs (Fig. 5I). Together with our finding that
RNA self-assembly driven by G4 structures promotes DNAPTP6
phase separation, these results suggest that rG4-associated phase
separation organizes SG assembly through DNAPTP6.
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Neuronal dysfunction induced by impaired rG4-associated
SG assembly
Last, to explore the phenotypic impact of rG4-associated SG orga-
nization by DNAPTP6 on neurons, we down-regulated the expres-
sion of DNAPTP6 via RNA interference using short hairpin RNA
(shRNA; shDNAPTP6) and assessed the neuronal function using
mouse cortical neurons. We validated that DNAPTP6 expression
declined by 45% in mouse cortical neurons using shDNAPTP6
compared with negative control (shCtrl) (fig. S18A). DNAPTP6
down-regulation did not showmarked cell death, as assessed by im-
munoreactivity for cleaved caspase-3 (an apoptosis marker) (fig.

S18B). In addition, endogenous DNAPTP6 was recruited into
SGs in neurons following NaAsO2 treatment (fig. S18C). In electro-
physiological experiments, we measured the effect of DNAPTP6
knockdown in NaAsO2-stressed neurons on spontaneous excitatory
postsynaptic currents (sEPSCs) using whole-cell patch-clamp re-
cordings (Fig. 6A). In shCtrl neurons, NaAsO2 treatment caused
a significant decrease of sEPSC amplitude and frequency compared
with vehicle-treated (nonstress) condition (Fig. 6B). DNAPTP6–
down-regulated neurons exhibited a significant decrease of sEPSC
frequency compared with shCtrl neurons under NaAsO2-stressed
condition, but no significant differences under nonstress condition

Fig. 6. Impaired rG4-associated SG assembly induces neuronal dysfunction. (A) Measurements of sEPSCs using shRNA-expressing mouse cortical neurons (DIV14)
with or without NaAsO2 treatment. (B) Analysis of amplitude (top) and frequency (bottom) from sEPSCs. n = 7 to 9 cells from two independent experiments. **P < 0.01
[two-way (left) or one-way (right) ANOVA with Bonferroni’s multiple comparison test]. shDP6: shDNAPTP6. (C) Representative confocal images of shRNA-expressing
mouse cortical neurons (DIV7) treated with NaAsO2. HuR and MAP2 were visualized as the SG and neuronal markers, respectively. Quantification was conducted
from 66 neurons positive for MAP2 and cotransfected GFP in three independent experiments. Arrowheads point to SGs. Scale bars, 5 μm. **P < 0.01 (two-sided, unpaired
Student’s t test). (D) Representative confocal images of shRNA-expressing mouse cortical neurons (DIV7) treated with NaAsO2. Cleaved caspase-3 was visualized as a
marker for the activation of the apoptotic pathway. A GFP-expressing plasmid was cotransfected to probe shRNA-expressing neurons. Quantification was conducted with
50 neurons positive for cotransfected GFP in two independent experiments. Scale bars, 50 μm. ****P < 0.0001 (two-sided, unpaired Student’s t test). Error bars in (B) or (C)
represent SEM or SD, respectively. Boxes in (D) range from lower to upper quartiles with line at median; whiskers show range of data.
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(Fig. 6B). Furthermore, we found that DNAPTP6 knockdown sig-
nificantly reduced the number of SGs following NaAsO2 treatment
(Fig. 6C). Consistent with the electrophysiological results,
DNAPTP6–down-regulated neurons showed significantly in-
creased levels of cleaved caspase-3 immunoreactivity compared
with shCtrl neurons under NaAsO2-stressed condition (Fig. 6D).
Down-regulation of G3BP1, a major and functional SG component,
recapitulated phenotypic changes induced by DNAPTP6 knock-
down (fig. S19).

To examine which domain of DNAPTP6 is responsible for the
SG-associated phenotype, we expressed GFP-FL, GFP-ΔIDR1,
GFP-ΔCCD, and GFP-ΔIDR2 in DNAPTP6–down-regulated
neurons under NaAsO2-stressed condition. Expression of GFP-FL
and GFP-ΔIDR1 restored the decreased sEPSC frequency, reduced
the number of SGs, and increased cleaved caspase-3 immunoreac-
tivity, but GFP-ΔCCD and GFP-ΔIDR2 did not (fig. S20). These
data support our idea that rG4-associated phase separation
derived from CCD and IDR2 domains of DNAPTP6 are required
for proper SG organization. Together, these findings suggest that
neurons in which rG4-associated SG assembly are impaired
became sensitized to oxidative stress, thus causing neuronal
dysfunction.

DISCUSSION
In this research, we demonstrate that an rG4BP, DNAPTP6, under-
goes phase separation, which is specifically enhanced by G4 struc-
tures in vitro and in cells. In neurons, the cellular phase-separating
DNAPTP6/rG4 complexes organize SG that is required to maintain
neuronal function under oxidative stress condition. Our findings
provide insight into the mechanism underlying SG biology for neu-
ronal homeostasis.

We performed a comprehensive analysis of rG4BPs and rG4-
containing mRNAs expressed in mouse forebrain (Figs. 1 and 2).
We newly identified DNAPTP6 as an rG4BP with high rG4 selec-
tivity and characterizedMark2 and Stxbp5mRNAs as mRNAs con-
taining multiple G4 structures. In vitro, DNAPTP6 directly
interacts with Mark2 and Stxbp5 mRNAs through G4 structures
(Fig. 3). In cells, DNAPTP6 is recruited into SGs with rG4-contain-
ing mRNAs to physically maintain SGs (Fig. 5). Down-regulation of
DNAPTP6 partially impaired SG formation and displayed neuronal
dysfunction under oxidative stress condition, including synaptic
transmission defects and neuronal cell death (Fig. 6). This neuronal
dysfunction caused by the DNAPTP6 down-regulation was similar
to that caused by down-regulation of G3BP1, a prime SG regulator
(fig. S19). As G3BP1 was recently reported to be an rG4BP (47),
rG4-dependent molecular mechanism is involved in neuronal
SG biology.

Using a reconstituted system, we could consider the molecular
mechanism underlying SG assembly critical for neuronal function
(Fig. 4). We found that recombinant DNAPTP6 formed dynamic
self-assembly droplets through two IDRs. Synthetic Mark2 3′UTR
mRNAs also formed liquid-like droplets using G4 structures as scaf-
folds. The phase-separating capability of rG4s enhances DNAPTP6
phase separation. The fine tuning of DNAPTP6 assembly via rG4
phase separation may contribute to organizing functional SG as-
sembly in neurons.

The mechanism in SG assembly initiation at the 5′UTR is rela-
tively well understood; the phosphorylation of eIF2α inhibits the

binding of translation initiation complex, and the incomplete pre-
initiation complex contributes to the recruitment of SG compo-
nents (48). However, what occurs in the 3′UTR and CDS and
how this contributes to the initiation of SG assembly after polysome
detachment have not been fully elucidated. Our data suggest a cis-
regulatory role of rG4s at the 3′UTR and CDS of mRNAs upon SG
nucleation and assembly, in which the rG4s likely serve as structural
basis to assemble rG4BPs and properly augment cellular RNA
granule formation. Furthermore, we reveal that the presence of
rG4s enhances the partitioning into SGs (Fig. 5, G to I) and influ-
ences the entire RNA secondary structure (Fig. 2H and fig. S10).
rG4s may be critical factors to regulate mRNA composition and co-
ordinate proper SG transcriptomes.

rG4BPs behave as trans-acting factors for translation and local-
ization of rG4-formingmRNAs. For example, eIF4A recognizes and
unfolds G4 structures at the 5′UTR of mRNAs, leading to transla-
tional initiation (49). Similarly, hnRNAP A2/B1 unwinds G4s,
thereby enhancing translational activity probably by promoting ri-
bosome scanning at the 5′UTR (50). FMRP, an rG4BP associated
with fragile X syndrome, likely recognizes rG4s at the 5′UTR or
the 3′UTR of several mRNAs and engages in translational repres-
sion or activity-dependent localization of mRNAs (51, 52). These
rG4BPs have the propensity to assemble into RNA granules in
common, and their mutations and the abnormality of the phase-
separating property are often associated with neuronal diseases
(41, 53, 54). rG4-dependent neuronal dysfunction caused by
reduced expression of DNAPTP6 likely depends on stress stimuli,
considering that expression patterns of Mark2, Stxbp5 mRNAs,
and rG4s were not markedly altered upon DNAPTP6 knockdown
in unstressed neurons (fig. S21). Although the neuropathogenic fea-
tures of DNAPTP6 in human SG-associated diseases have not been
reported to date, DNAPTP6 may play a requisite role in managing
stress stimuli through proper RNA granule formation to prevent
pathological consequences in the central nervous system (48).

In conclusion, this work provides a previously unknown insight
into the physiological roles of rG4s in neurons and mechanistic ad-
vances in SG biology, in a way that mediates the rG4-associated
phase separation. Considering recent perspectives for potential
roles of rG4s in RNA granules (41, 55, 56), rG4-dependent phase
separation may have the more global impact on cellular physiolog-
ical homeostasis.

MATERIALS AND METHODS
Animals
C57BL/6J mice purchased from Japan SLC Inc. were used for all ex-
periments. Mice were housed under climate-controlled conditions
in a 12-hour light/12-hour dark cycle and were provided with stan-
dard food and water ad libitum. Animal studies were conducted in
accordance with the institutional guidelines of Kumamoto Univer-
sity, Kumamoto, Japan. Ethical approval was obtained from the
Animal Care and Use Committee of Kumamoto University.

Reagents
The DNA primers and RNA oligomers used here were purchased
from Hokkaido System Science Co. Ltd. NaAsO2 was purchased
from Sigma-Aldrich. 1,6-Hexanediol was purchased from Nacalai
Tesque. SYBR Gold (SYBR Gold Nucleic Acid Gel Stain) was pur-
chased from Thermo Fisher Scientific. NMM was purchased from
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Santa Cruz Biotechnology. ThT was purchased from AnaSpec Inc.
Isopropyl-β-D-thiogalactopyranoside (IPTG) was purchased from
Protein Ark. 4′,6-Diamidino-2-phenylindole (DAPI; NucBlue
Fixed Cell ReadyProbes Reagent) was purchased from Thermo
Fisher Scientific.

Antibodies
The following primary antibodies were used: anti-GFP (1:500;
632380, Clontech), anti-HuR (1:200; 11910-1-AP, Proteintech),
anti-DNAPTP6 (1:300; 16938-1-AP, Proteintech), anti-MAP2
(1:1000; ab5392, Abcam), anti-G3BP1 (1:300; 13057-2-AP, Protein-
tech), recombinant BG4 (anti-G4, manually prepared, used at 1 μg/
ml), anti-6×His (1:1000; ab18184, Abcam), anti-TIA1 (1:1000; sc-
1751, Santa Cruz Biotechnology), anti-Tuj1 (tubulin β-3) (1:1000;
802001, BioLegend), anti–cleaved caspase-3 (1:200; ab2302,
Abcam), anti-DYKDDDDK tag (1:800; 14793S, Cell Signaling
Technology), anti-FLAG (1:1000; F1804, Sigma-Aldrich), anti-
FMRP (1:1000; MAB2160, Millipore), and anti-digoxigenin
(1:1000; ab76907, Abcam). For immunocytochemistry and immu-
nohistochemistry, the following secondary antibodies were used:
Alexa Fluor 488–conjugated donkey anti-rabbit (1:500; A-21206,
Thermo Fisher Scientific), Alexa Fluor 594–conjugated donkey
anti-rabbit (1:500; A-21207, Thermo Fisher Scientific), Alexa
Fluor 488–conjugated donkey anti-mouse (1:500; A-21202,
Thermo Fisher Scientific), Alexa Fluor 594–conjugated donkey
anti-mouse (1:500; A-21203, Thermo Fisher Scientific), Alexa
Fluor 594–conjugated donkey anti-goat (1:500; A-11058, Thermo
Fisher Scientific), and DyLight 405–AffiniPure donkey anti-
chicken IgY (1:500; 703-475-155, Jackson ImmunoResearch).

Plasmids
The mammalian expression plasmid of GFP-tagged DNAPTP6
(pCAG-GFP-DNAPTP6) was prepared from the pCAG neo
vector (Fujifilm) by In-Fusion HD cloning (Takara Bio) using
GFP and DNAPTP6 inserts. The DNAPTP6-coding insert was gen-
erated from the pFN21A-HaloTag-DNAPTP6 plasmid (Kazusa
DNA Research) by standard PCR method. Plasmids for deletion
mutants were generated using the KOD-Plus Mutagenesis Kit
(Toyobo). The mammalian expression plasmid of mCherry-
tagged G3BP1 (pCAG-mCherry-G3BP1) was prepared from the
pCAG neo vector (FujiFilm) by In-Fusion HD cloning (Takara
Bio) using an mCherry/G3BP1 insert. The G3BP1 insert was
adapted from pEGFP-C1-G3BP1-WT (deposited from A. Leung
laboratory; Addgene, plasmid no. 135997). The Escherichia coli
(E. coli) expression plasmids of SUMO-tagged DNAPTP6 and de-
letion mutants were prepared from the pET-SUMO Expression
System (Thermo Fisher Scientific). pSANG10-3F-BG4 (deposited
from S. Balasubramanian laboratory; Addgene, plasmid no.
55756) was used to prepare recombinant BG4. A series of
DNAPTP6 shRNA plasmids were purchased from Sigma-Aldrich
(MISSION TRCN0000263403, TRCN0000263404,
TRCN0000263405, TRCN0000282603, and TRCN0000282607).
After validation of DNAPTP6 knockdown efficiency, we chose to
use TRCN0000263405 (shDNAPTP6). G3BP1 shRNA plasmid
was purchased from Sigma-Aldrich (MISSION
TRCN0000279148). The nontargeting hairpin control, SHC002
(Sigma-Aldrich), which contains a sequence that does not target
any known human or mouse gene, was used as a negative control
(shCtrl). Plasmids containing Mark2 3′UTR complementary DNA

(cDNA; pCAG-Mark2 3′UTR) were prepared from the pCAG neo
vector (Fujifilm) by In-Fusion HD cloning (Takara Bio) using
Mark2 3′UTR cDNA inserts obtained from Neuro-2A total
RNAs. Plasmids for G4 deletion mutants were generated using
the KOD-Plus Mutagenesis Kit (Toyobo) from the pCAG-Mark2
3′UTR plasmid.

Cell culture
TheNeuro-2Amouse neuroblastoma cell line CCL-131 was authen-
ticated by the provider using short tandem repeat profiling (Amer-
ican Type Culture Collection). Neuro-2A cells were routinely
cultured on Dulbecco’s modified Eagle’s medium (Sigma-Aldrich)
supplemented with 10% fetal bovine serum (FBS; Gibco) and 1×
penicillin/streptomycin (Gibco) at 37°C in a humidified atmo-
sphere of 5% CO2. HepG2 cells were cultured using the same
growth medium. Neuro-2A cells were transfected with protein ex-
pression vectors using Lipofectamine 2000 transfection reagents or
with mRNAs using TransIT-mRNA transfection reagents (Mirus).
Primary culture of the mouse cortical neurons was conducted as de-
scribed previously (57). Briefly, cortical tissue from embryonic day
18 C57BL/6J mice (Japan SLC Inc.) was dissected and dispersed.
Cells were seeded on coverslips coated with poly-L-lysine (PLL) in
minimum essential medium (Thermo Fisher Scientific) supple-
mented with 10% FBS, 0.6% glucose (Wako), and 1 mM pyruvate
(Sigma-Aldrich). After cell attachment, cells were cultured in
neuron culture medium (Wako) at 37°C in a humidified atmo-
sphere of 5% CO2. Cells were transfected with expression vectors
using electroporation on a NEPA21 electroporator (NEPAGENE)
at 0 day in vitro (DIV0) and collected at DIV3 or DIV7 for subse-
quent biochemical experiments.

BG4 RIP-seq
Mouse forebrain tissues were lysed and precleared using the Protein
G HP SpinTrap Kit (GE Healthcare). The precleared samples were
incubated at 4°C overnight in a Protein GHP SpinTrap column that
had been treated with His-tagged BG4 (or normal rabbit IgG for
control) and anti-6×His. The resultant solution was washed three
times with wash buffer and eluted with elution buffer. Wash
buffer and elution buffer were provided with the RiboCluster Pro-
filer RIP-Assay Kit (MBL). The BG4-bound RNA fraction was pu-
rified using the RNeasy Mini Kit (Qiagen) and subjected to RNA-
sequencing library preparation using the Ion Total RNA-Seq Kit v2
(Thermo Fisher Scientific). The cDNA libraries obtained were se-
quenced on an Ion Proton sequencer (Thermo Fisher Scientific).
Data were processed using the Torrent Suite Software v.5.2.2
(Thermo Fisher Scientific) to remove adapter sequences and low-
quality ends. The Cufflinks software package was used to analyze
BG4-enriched mRNAs compared with IgG-treated samples. Puta-
tive rG4-forming motifs of mRNAs were predicted using the
QGRS mapper (http://bioinformatics.ramapo.edu/QGRS/index.
php) and QuadBase2 (http://quadbase.igib.res.in/).

Identification of BG4-interacting proteins by LC-MS/MS
Mouse forebrain tissues were lysed in a buffer containing 50 mM
tris-HCl (pH 7.5), 0.15 M NaCl, 0.1% Triton X-100, 4 mM
EDTA, 4 mM EGTA, 1 mM Na3VO4, 50 mM NaF, 1 mM dithio-
threitol, and protease inhibitors (trypsin inhibitor, pepstatin A,
and leupeptin) and centrifuged at 15,000g for 10 min. Supernatants
were collected and incubated at 4°C for 4 hours with constant
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rotation on a Protein A Sepharose Column (GE Healthcare) that
had been prebound with His-tagged BG4 (or normal rabbit IgG
for control) and anti-6×His. The bound proteins were then
washed with tris-buffered saline and eluted with 2.5% acetic acid.
The solution was exchanged and concentrated with 50 mM triethy-
lammonium bicarbonate using Amicon Ultra-0.5 and then electro-
phoresed. The protein samples obtained from the gels were reduced
and alkylated and then digested with trypsin. LC-MS/MS analysis of
all samples was outsourced to Oncomics Co. Ltd. Proteins identified
in the control samples that were pulled down with 10 μg of mouse
IgG were subtracted from the identified proteins.

Protein expression and purification
SUMO-tagged proteins were expressed in E. coli strain Rosetta2
pLysS (DE3) (Novagen) by adding 0.5 mM IPTG and incubating
for 20 hours at 16°C. Cells were pelleted and resuspended in 20
mM Hepes-KOH buffer (pH 7.5) containing 500 mM KCl, 1×
protein inhibitor cocktail (Nacalai Tesque), and RNase A (0.1 mg/
ml; Qiagen). Cell suspensions were sonicated, and the filtered su-
pernatant was subjected to HisPur Cobalt Resin (Thermo Fisher
Scientific). The proteins eluted with imidazole solution were
further purified in a HiTrap SP HP column in 50 mM Hepes-
KOH (pH 7.5) buffer at a flow rate of 1.0 ml/min with a linear gra-
dient elution of 0 to 100% of 1 M NaCl. The fractions were checked
by SDS–polyacrylamide gel electrophoresis, and the target fractions
were concentrated using an Amicon Ultra-15 or Ultra-4 centrifugal
filter unit (Millipore). After dialysis in 20mMHepes-KOH (pH 7.5)
buffer containing 200 mM NaCl, 10% glycerol, and 3 mM dithio-
threitol, purified SUMO-tagged proteins were quantified by the bi-
cinchoninic acid method and stored below −80°C.

Electrophoresis mobility shift assay
Fluorescein phosphoramidite (FAM)–labeled RNAs (20 nM) in 10
mM tris-HCl (pH 7.5) containing 100 mM KCl or LiCl were heated
at 95°C and gradually cooled to room temperature over 1.5 hours. A
recombinant DNAPTP6 and its mutants with specified concentra-
tions were added to the folded RNA samples and then incubated at
room temperature for a minimum of 30min. The resultingmixtures
were analyzed by gel electrophoresis [6% native tris-borate EDTA
(TBE) polyacrylamide, 90 min, 100 V, 4°C]. RNAs on the gels
were visualized with Typhoon Trio equipment (GE Healthcare).
For Kd determination for the interaction of RNA with DNAPTP6
and its mutants, the band shift data were fitted by a nonlinear
least square method using the following equation

Bapp ¼ 2� 1½RNA�� 1fðKd þ ½RNA� þ ½Protein�Þ � ½ðKd þ ½RNA�þ
½Protein�Þ � 4½RNA�½Protein��1=2g

where Bapp is the ratio of the intensity of RNA-protein complex
bands to the intensity of an RNA band of a lane without proteins;
Kd is the dissociation constant; [RNA] is the total RNA concentra-
tion; and [Protein] is the total protein concentration.

C50 was calculated from fitting by a nonlinear least square
method using the following equation

Y ¼ Amin þ fðAmax � AminÞ=½1þ 10nðlog10C50� log10CÞ�g

where Y is the intensity of a band showing an RNA only in no
protein condition subtracted from the intensity of a band

showing an RNA only in each condition of the protein concentra-
tion, Amin is the minimum intensity of a band showing an RNA
only, Amax is the maximum intensity of a band showing an RNA
only, and C is the total protein concentration in each condition.

SPR-binding assays
SPR experiments were performed on a Biacore X instrument (GE
Healthcare) according to a previous report, with some modifica-
tions (58). Biotinylated RNAwas immobilized to streptavidin-func-
tionalized sensor chips to obtain the desired immobilization level
(approximately 10 to 14 response units). SPR measurements were
performed using degassed and filtered HBS buffer [10 mM Hepes
(pH 7.4), 150 mM NaCl, 3 mM EDTA, and 0.005% surfactant P20]
with 100 mM KCl at 25°C. A series of sample solutions with a wide
range of concentrations were prepared in the same buffer and inject-
ed at a flow rate of 50 μl/min. After each cycle, the samples remain-
ing on the RNA were detached with 10 mM glycine (pH 2.0) until
the baseline of the sensorgrams was restored. The resulting sensor-
grams were fitted with a model for 1:1 Langmuir binding on the
BIAevaluation v.4.1 program.

CD spectroscopy
RNA oligomers (2.5 μM) were prepared in 10mM tris-HCl (pH 7.5)
buffer containing KCl (100 and 10 mM) or LiCl (100 mM), and all
RNA oligomers were refolded by a heat/cooling process before the
experiments were conducted. CD spectra were recorded at 25°C and
200 to 350 nm on a JASCO J-805LST spectrometer in a 3-mm path-
length quartz cuvette. For the RNA denaturing assays, the
maximum CD signals of each RNA at 262 nm were monitored.
Temperature scans were performed continuously from 25° to
95°C at a rate of 1°C/min. Tm values were determined as the tem-
perature at half of the maximum signal increase.

RNase T1 footprinting
Footprinting experiments were performed according to a previous
report, with some modifications (59). FAM-labeled RNA oligomers
(1.5 μM) were prepared in 10 mM tris-HCl (pH 7.5) buffer contain-
ing 100 mM KCl or LiCl, and all RNA oligomers were refolded by a
heat/cooling process before the experiments were conducted. RNA
was treated with RNase T1 (Thermo Fisher Scientific) at room tem-
perature for 3 min, and then a urea-based buffer was added to ter-
minate the reaction. Aliquots of the resultant solution were loaded
onto a 15% TBE–urea polyacrylamide (acrylamide:bis-acrylamide,
19:1) gel and electrophoresed at 1500 V for 2 hours in 1× TBE
running buffer. The RNAs on the gels were visualized using
Typhoon Trio equipment (GE Healthcare).

Immunocytochemistry and immunohistochemistry
For immunocytochemistry, primary cultured neurons, Neuro-2A
cells, and HepG2 cells were fixed with 4% paraformaldehyde
(PFA) in 1× phosphate-buffered saline (PBS) and permeabilized
with 0.3% Triton X-100 in PBS. Primary cultured neurons were pre-
treated with cold methanol for 1 min on ice before the Triton X-100
treatment to efficiently permeabilize neurites. After blocking with
3% bovine serum albumin in PBS, cells were incubated with
primary antibodies overnight at 4°C and with secondary antibodies
for 3 hours at room temperature. Nuclei were stained with DAPI.
Samples were mounted on glass slides using VECTASHIELD
Mounting Medium (Vector Laboratories). For rG4 staining with
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BG4, we used diethyl phosphorocyanidate (DEPC) treated with PBS
throughout the process in an RNase-free environment. Fluores-
cence images were obtained using an LSM780 microscopy system
(Carl Zeiss). For immunohistochemistry, brain slices were fixed
with 4% PFA in PBS and permeabilized with 0.3% Triton X-100
in PBS.

Live-cell imaging and FRAP assays
Cells were grown on PLL-coated coverslips in 12-well plates for
48 hours and treated with 0.5 mM NaAsO2 1 to 1.5 hours before
measurement. The coverslip was placed in an imaging chamber
(Chamlide), and fluorescence images were obtained using the
LSM780 microscopy system (Carl Zeiss). Photobleaching was per-
formed with 100% laser power to 50% intensity using the bleaching
program in ZEN software. Time-lapse images were recorded every 5
s using a Zeiss Objective Plan-Apochromat 63×/1.4 oil differential
interference contrast (DIC) M27 to track photorecovery.

CRISPR-Cas9 knock-in
Knock-in by CRISPR-Cas9 was performed as described previously
(60). A single-stranded homology-directed repair DNA template
containing 800–nucleotide (nt)–long homology arms flanking an
mNeonGreen CDS was designed to be located immediately before
the stop codon of DNAPTP6. The donor single-stranded DNA
(ssDNA) was prepared using the Long ssDNA Preparation Kit (Bi-
oDynamics Laboratory Inc.). Transfection was performed using
Lipofectamine CRISPRMAX according to the manufacturer’s pro-
tocol. The mixture of three single-guide RNAs targeted across the
stop codon of DNAPTP6 and a Cas9 protein (HiFi Cas9 Nuclease
V3) was used for the efficient double-strand break and knock-in.
HepG2 cell lines were used because DNAPTP6 is strongly expressed
in this cell lines, thus allowing live-cell imaging and FRAP experi-
ments of endogenous DNAPTP6.

In situ hybridization
For RNA probe preparation, total RNAs were extracted from adult
mouse cortex tissues and purified using the RNeasy Mini Kit
(Qiagen) according to the manufacturer’s instructions. cDNA was
obtained via reverse transcription using the PrimeScript RT
Reagent Kit with gDNA Eraser (Takara Bio). cDNAs corresponding
to Mark2 and Stxbp5 mRNA probes were then amplified using the
PrimeStar Max DNA Polymerase (Takara Bio) with a standard PCR
protocol to obtain 586- and 860-bp DNA templates with T7 pro-
moter at the 5′ end, respectively. T7 promoter–containing DNA
templates for Mark2 and Stxbp5 mRNA probes were transcribed
by T7 RNA polymerase (Roche) in an appended transcription
buffer (Roche) using the DIG RNA Labeling Mix (Roche) to yield
a 559- and 833-nt digoxigenin-labeled RNA probes, respectively,
which were purified in gel filtration spin columns (NucleoSEQ,
MACHEREY-NAGEL). For the hybridization process, cells were
fixed with 4% PFA in DEPC-treated PBS (DEPC-PBS) and permea-
bilized with cold methanol (1 min, 4°C) and 0.2% Triton X-100 in
DEPC-PBS with 2 mM ribonucleoside vanadyl complexes (10 min,
room temperature). After washing with 2× SSC buffer twice for 5
min, cells were incubated at 55°C for 15 hours with an RNA
probe predenatured in hybridization buffer [2× SSC buffer contain-
ing 50% formamide, 10% (w/v) dextran sulfate, and yeast tRNA (0.1
mg/ml)]. Cells were washed three times with 2× SSC buffer contain-
ing 50% formamide, 2× SSC buffer, and 0.2× SSC buffer at 55°C and

then washed three times with PBS at room temperature. The subse-
quent immunochemical staining process was performed according
to the standardmethod described in the Immunocytochemistry and
immunohistochemistry section.

DNAPTP6 RIP-qPCR
RIP was performed using the RiboCluster Profiler RIP-Assay Kit
(MBL) according to the manufacturer’s protocol, as reported previ-
ously (57). Immunoprecipitated RNA was reverse-transcribed into
single-stranded cDNA using the PrimeScript RT Reagent Kit with
gDNA Eraser (Takara Bio). qPCR was performed using the follow-
ing gene-specific primers: Mark2, GGCACCGTTCTCATCTCACA
(forward) and CCTTGGTCTGAGCCATAGCC (reverse).

Preparation of Mark2 3′UTR mRNA and its mutants
The cDNA library was prepared using SuperScript III reverse tran-
scriptase (Thermo Fisher Scientific) and an oligo(dT) primer from
total RNAs extracted from the Neuro-2A cells. The Mark2 3′UTR
cDNA insert was ligated to a pCAG neo vector by In-Fusion HD
cloning (Takara Bio) and amplified in E. coli strain DH5α to
obtain a pCAG-Mark2 3′UTR plasmid. Plasmids containing G4 de-
letionmutants were generated using the KOD-PlusMutagenesis Kit
(Toyobo) from the pCAG-Mark2 3′ UTR plasmid. T7 promoter–
containing DNA templates were prepared by a standard PCR
method using the PrimeSTAR Max DNA Polymerase (Takara
Bio). In vitro transcription was performed using T7 RNA polymer-
ase (Roche) in appended transcription buffer (Roche) supplement-
ed with 2.5 mM nucleotide triphosphates (Takara Bio), RNasin
Ribonuclease Inhibitor (1 U/μl; Promega), and an 800-ng DNA
template at 37°C for 6 to 8 hours. For the synthesis of 7-deazagua-
nosine–substituted RNA, 7-deazaguanosine-5′-triphosphate
(TriLink BioTechnologies) was added to the reaction instead of gua-
nosine 5′-triphosphate (GTP) and the Ribo m7G Cap Analog
(Promega). The reaction solution was treated with deoxyribonu-
clease I (0.08 U/μl; Thermo Fisher Scientific) at 37°C for 15 min
and purified using the RNeasy Mini Kit (Qiagen). The purified
Mark2 3′UTR RNAwas capped and polyadenylated using the Vac-
cinia Capping System (BioLabs) and E. coli Poly(A) Polymerase
(BioLabs), respectively, and then labeled with CX-rhodamine
using the Label IT Nucleic Acid Labeling Kit (Mirus).

In vitro phase separation and FRAP assays
Nonlabeled proteins with specified concentrations containing 1 μM
fluorescein-labeled proteins were prepared in 10 mM tris-HCl
buffer (pH 7.5) containing 20 to 150 mM NaCl and 2% glycerol.
RNAs with specified concentrations were refolded in 10 mM tris-
HCl buffer (pH 7.5) containing 25 mM NaCl and 0 to 250 mM
MgCl2. For the preparation of protein/RNA complex solutions, pre-
folded RNAs were added to the protein solutions, which were then
incubated for 10 to 30 min at room temperature. The resultant so-
lutions were mounted on glass slides using a 0.12-nm spacer
(Sigma-Aldrich) and a coverslip. Photobleaching was performed
with 100% laser power to 50% intensity using the bleaching
program of the ZEN software on a Zeiss LSM780 machine. Time-
lapse images were recorded every 5 s using a Zeiss Objective Plan-
Apochromat 63×/1.4 oil DICM27 to track photorecovery. The fluo-
rescent and DIC images were analyzed using the ZEN software and
ImageJ. The extent to which RNAs or proteins were assembled was
assessed by calculating the index of dispersion (σ2/μ), a statistical
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measure of inhomogeneity in a population, where σ2 is the variance
of the population distribution and μ is the mean value. The index of
dispersion of particles in an aqueous solution should ideally be 1 if
the particles follow a Poisson distribution. Biased distribution
created by RNA or protein assembly exhibits a dispersion index
of >1, and higher values indicate the higher rate at which RNAs
or proteins are assembled and sequestered into RNA or protein con-
densates (40, 61). In an imaging area, fluorescence intensity per
pixel was considered as the number of particles per microarea.

Patch-clamp electrophysiology
Whole-cell patch-clamp recordings were performed as previously
described (24). Briefly, sEPSCs were recorded at room temperature
for cultured neurons treated with or without 0.5 mM NaArs on
DIV14 using an EPC10 amplifier (HEKA, Lambrecht/Pfalz,
Germany). The following buffers were used: extracellular buffer
(143 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM
glucose, and 10 mM Hepes at pH 7.4 adjusted with NaOH) and in-
tracellular buffer (135 mM CsMeS, 5 mM CsCl, 10 mM Hepes, 0.5
mM EGTA, 1 mM MgCl2, 4 mM Mg2ATP, 0.4 mM NaGTP, and 5
mM QX-314 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 megohms when filled with intra-
cellular buffer. sEPSCs were recorded for 2 min at a holding poten-
tial of −70 mV in the presence of 20 μM bicuculline in the
extracellular buffer to block γ-aminobutyric acid type A receptors.
Recordings were filtered at 2 kHz and digitized at 10 kHz. Access
resistances were monitored throughout the experiment (<15
megohms) but not compensated. Data were collected and initially
analyzed using Patchmaster software (HEKA). Further analysis was
performed using SutterPatch version 2.2 (Sutter Instru-
ment Company).

Secondary RNA structure prediction
Secondary structures of the 5′UTR or 3′UTR of Mark2 mRNA and
the 3′UTR of Stxbp5mRNAwere predicted using the RNAstructure
package (https://rna.urmc.rochester.edu/RNAstructure.html) (37).
The base-pair probabilities for each RNA were calculated using
the “partition” algorithm with or without single-stranded con-
straints at the G4 core sequences determined by the RNase T1 foot-
printing analysis, and the maximum pairing distance was restricted
to 250 nt. Dot plot files were generated by running the “Probabili-
tyPlot” algorithm. Schematic RNA structure models were visualized
using the Integrative Genomics Viewer (62) and forna (http://rna.
tbi.univie.ac.at/forna/).

Statistical analysis
Comparisons between two experimental groups were made using
two-sided, unpaired Student’s t test. Statistical significance for dif-
ferences among groups was tested by one-way or two-way analysis
of variance (ANOVA) with post hoc Bonferroni’s multiple compar-
ison or Kolmogorov-Smirnov test. A P value of <0.05 was consid-
ered significant. All statistical analyses were performed using
GraphPad Prism 7 (GraphPad Software).

Supplementary Materials
This PDF file includes:
Figs. S1 to S21
Table S1

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