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regulation in neurons
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Autophagy-related genes
Gene Mouse Rat Human
Yeast Mammals Number of G4 Number of G4 Number of G4
Promoter* Gene Promoter* Gene Promoter* Gene
Atg1 ULK1/2 0/0 9/4 0/0 3/5 6/0 41/4
Atg2 ATG2A/B 01 15/7 1/0 7111 11 271
Atg3 ATG3 1 2 0 0 0 1
Atgd ATG4A/B/C/  0/2/0/0  28/3/3/1  **/2/0/0 **[2/3/2 1/2/0/3  7/9/1/5
D

Atg5 ATG5 3 10 0 9 0 16
Atg6 BECN1 1 2 0 2 2 4
Atg7 ATG7 0 19 0 27 2 34
Atg8 MAP1LC3B 0 5 2 4 0 5
Atg9 ATG9A/B 0/0 4/1 0 5/5 0/2 3/15
Atg10 ATG10 0 28 2 31 1 30
Atg12 ATG12 2 0 3 0 4 1
Atg13 ATG13 2 7 0 2 0 2
Atg14 ATG14 0 4 2 2 0 6
Atg16  Atg16L1/L2 2/1 3/3 0/0 2/3 0/1 6/10
Atg18 WIPI1/2 1/2 18/11 3/1 7/5 5/2 8/4

Figure 1. PQFS in the gene and the promoter sequence of autophagy genes. The number of PQFS in the listed
genes and their promoter were analyzed by using the QGRS mapper (http://bioinformatics.ramapo.edu/QGRS/
index.php). * 5000 nucleotides upstream the gene were considered as the promoter sequence; ** Data not
available.
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Figure 2. PDS downregulates ATG7 levels in primary neurons. (a) A scheme of the rat Atg7 gene and its promoter
showing putative G4-DNA locations. (b—d) Cultured primary neurons were treated with a vehicle (control, cont) or
with PDS (2 uM) overnight. Neurons were collected and processed to measure mRNA (b) and levels of ATG7 (c,d).
(b) Expression levels of Atg7 and Thp (housekeeping protein as control) were determined by gRT-PCR. ***p(Atg7)
=0.0001 (t-test). n.s., non-significant, p(Tbp)=0.426. Results were pooled from three independent experiments. (c)
The protein levels of ATG7 were determined by western blotting. Actin was used as a loading control. (d)
Quantification of ATG7 protein levels normalized to actin from (c). ***p=0.0001 (t-test). Results were pooled from
four independent experiments. (e-g) Cultured primary neurons were treated with a vehicle (control, cont) or with
BRACO19 (2 uM) overnight. Neurons were collected and processed to measure mRNA (e) and levels of ATG7 (f,g).
(e) The expression of Atg7 and Thp was determined by qRT-PCR. ***p(Atg7)=0.0001 (t-test). n.s., non-significant, p
(Tbp)=0.662. Results were pooled from three independent experiments. (f) Levels of ATG7 were determined by
western blotting. Actin was used as a loading control. (g) Quantification of ATG7 protein was normalized to actin
from (f). ***p=0.0001 (t-test). Results were pooled from four independent experiments.
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Figure 3. A PQFS in the Atg7 gene folds into a G4 structure in vitro. (a) Scheme of the rat Atg7 gene and its
promoter showing the sequence of the Atg7-32 and ATG2700 oligonucleotides that corresponds to a putative G4-

Figure 3 continued on next page
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Figure 3 continued

forming sequence. (b) Scheme of the G-rich sequence under its unfolded (left) and folded structures (G4-DNA,
right); guanines are shown as gray squares, with detailed chemical structures of guanine (left) and G-quartets
(right). Atg7-32 may fold into multiple conformations that include both 3- and 4-G-quartet G4s with both short (2-
nt) and long (9-nt) hairpin-forming loops. An equilibrium between all these various topologies is illustrated by the
complex signatures generated with CD, TDS and NMR (see c—e). (c) Circular dichroism (CD) generated from 3 uM
Atg7-32 (plain lines) and mutAtg7-32 (dotted lines) in 10 mM lithium cacodylate buffer plus 10 mM KCl and 90 mM
LiCl (Caco.K10) in absence (black lines) or presence dehydrating agent (PEG200, 20% v/v, brown line, or
acetonitrile, 50% v/v, red plain line and gray dotted line for Atg7-32 and mutAtg7-32, respectively). (d) Thermal
difference spectra (TDS) generated from 3 uM Atg7-32 (plain lines) and mutAtg7-32 (dotted lines) in Caco.K10 in
absence (black lines) or presence of acetonitrile (50% v/v, red plain line and gray dotted line for Atg7-32 and
mutAtg7-32, respectively). (e) Nuclear magnetic resonance (NMR) of 200 uM Atg7-32 (upper panel) and mutAtg7-
32 (lower panel) in Caco.K10. (f) Chemical structures of PDS and BRACO19. (g-h) FRET-melting curves (g) and
results (h) for experiments performed with 0.2 uM fam-Atg7-32-tamra (g,h) and fam-mutAtg7-32-tamra (h) in
absence (black line) or presence of increasing concentrations of PDS (0.2-1.0 uM, blue lines), (g,h) and BRACO19
(h) in CacoK.10.
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Figure 4. The HF2 antibody and PC4 bind to the ATG2700 oligonucleotide in vitro, and the N-TASQ probe
detects G4-DNA in vivo. (a-b) Cy5-conjugated ATG2700 and SS-DNA (a negative control) oligonucleotides were
heat-denatured and then slow-cooled in the presence of K (KCl) or Li* (LiCl) to allow the formation of a
secondary structure. 1.5 pmoles of each oligonucleotides (oligo) and 0 (a buffer alone), 10 or 20 ng of the HF2
antibody were incubated in a buffer, which contained 100 mM KCI (a) or 100 mM LiCl (b). Note in (a) that the
bands at the top of the gel correspond to the ATG2700 oligonucleotide bound to the HF2 antibody in samples
incubated with a buffer containing KCI. However, note in (b) that the gel lacks of bands at the top. (c—d) Yeast
were transformed with a DNA construct that express yeast Sub1-FLAG (c) or with a DNA construct that express
human PC4-HIS (d). Yeast were collected and lysed, and extracts were incubated with ATG2700 or SS-DNA
(negative control) oligonucleotides. Immunoprecipitates were immobilized with agarose beads, and protein
complexes were then run in a gel and analyzed by western blotting with antibodies against FLAG (c) or antibodies
against HIS (d). (e) Cultured primary neurons were treated with a vehicle (control, cont) or with PDS (2 uM)
overnight. Cells were fixed and stained with N-TASQ (50 uM), with antibodies against MAP2c, and with the nuclear
dye Hoechst (DAPI). White arrows depict N-TASQ-positive puncta. Scale bar, 10 um (f) N-TASQ fluorescence
intensities were analyzed from (e). ***p(cont vs PDS)=0.0001 (t-test). For each experiment, 200 neurons were
analyzed, and results were pooled from three independent experiments.
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Figure 4—figure supplement 1. BRACO19 changes a G4 landscape in cultured primary neurons. (a) Cultured
primary cortical neurons were treated with a vehicle (control, cont) or with BRACO19 (2 uM) overnight. Cells were
fixed and stained with N-TASQ (50 uM) with antibodies against MAP2c, and the nuclear dye Hoechst (DAPI). White
arrows depict N-TASQ-positive puncta in neurons treated with BRACO19. Scale bar, 20 um. (b) N-TASQ
fluorescence intensity was analyzed from (a). For each experiment, 200 neurons were analyzed, and results were
pooled from three independent experiments. ***p=0.0001 (t-test).
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Figure 5. PDS inhibits autophagy in cultured primary neurons. (a) The photoswitchable protein Dendra2 is
commonly used to measure the half-life of a protein of interest. A brief irradiation with short-wavelength visible
light induces an irreversible conformational change (‘photoswitch’, indicated by a blue arrow) in Dendra2.
Photoswitched Dendra2 emits red fluorescence that can be tracked overtime with an automated microscope.
Scale bar, 10 um. (b) Dendra2 was fused to LC3, an autophagy marker, to measure autophagy flux. Two cohorts of
primary neurons were co-transfected with Dendra2-LC3 and an empty plasmid, or with Dendra2-LC3 and
untagged beclin1 (Becn1, as a positive control). Neurons co-transfected with Dendra2-LC3 and an empty plasmid
were treated with a vehicle (control, cont), or with 0.1 uM PDS overnight. After treatment, neurons were
longitudinally imaged, and the decay of the red fluorescence over time was used to calculate the half-life of
Dendra2-LC3. The half-life of Dendra2-LC3 is normalized to one with respect to control neurons. *p(cont vs Becn1)
=0.02, **p(cont vs PDS)=0.001, **p(Becn1 vs PDS)=0.001 (one-way ANOVA). One hundred neurons per group were
analyzed from two independent experiments. (c) Cultured primary neurons were treated with a vehicle or with PDS
(2 uM), in combination with the autophagy enhancer 10-NCP (NCP, 1 uM) overnight. Neurons were collected, and
pellets were lysed and analyzed by western blotting with antibodies against LC3-Il and against actin. (d)
Quantification of LC3-II levels normalized to actin from (c). **p(cont vs NCP+PDS)=0.008, ***p(cont vs NCP)
=0.0001, ***p(NCP vs NCP+PDS)=0.0002 (one-way ANOVA). Results were pooled from four independent
experiments. (e) Dendra2 was fused to Htt®"-Qy,, an autophagy substrate, to measure autophagy flux. Two
cohorts of primary neurons were transfected with Dendra2- Htt®"-Qy,,. 24 hr after transfection, neurons were
treated with a vehicle (control, cont), or with PDS (0.1 uM), and longitudinally imaged. The decay of the red
fluorescence over time was used to calculate the half-life of Dendra2- Htt®'-Q,q4. The half-life of Dendra2- Htt®*'-
Qe is normalized to one with respect to control neurons. **p(cont vs PDS)=0.0064 (t-test). Fifty neurons per group
were analyzed from two independent experiments. (f) Fluorescence images of a neuron co-transfected with the
DNA constructs TagBFP and mito-Keima. Keima is a fluorescent pH-sensitive protein used as a reporter of
subcellular acidic environments. Keima emits green fluorescence in neutral environments, and emits red light in
acidic environments, such as lysosomes or autolysosomes. Targeting Keima to mitochondria has been used to
study a specific form of autophagy, mitophagy. Note that a white arrow depicts mitochondria in acidic
compartment (red channel). (g) Two cohorts of primary neurons were transfected with mito-Keima. 24 hr after
transfection, neurons were treated with a vehicle (control, cont) or with 0.1 uM PDS, and imaged 48 hr after
treatment. Quantification of red fluorescence intensity of mito-Keima indicates that mitophagy is reduced in PDS-
treated neurons. ***p(cont vs PDS)=0.0001, (t-test). One hundred neurons per group were analyzed from three
independent experiments.
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Figure 5—figure supplement 1. BRACO19 inhibits autophagy in cultured primary neurons. (a) Cultured primary
cortical neurons were treated with a vehicle or with BRACO19 (2 uM), in combination with the autophagy enhancer
10-NCP (NCP, 1 uM) overnight. Neurons were harvested and lysed, and lysates were analyzed by western blotting
with antibodies raised against LC3-Il and actin. (b) Quantification of LC3-Il levels normalized to actin from (a). **p
(cont vs NCP)=0.001, *p(NCP vs NCP+BRACO19)=0.017, n.s., non-significant, p(cont vs NCP+PDS)=0.186 (one-way
ANOVA). Results were pooled from three independent experiments. (c) Two cohorts of primary neurons were
transfected with the mito-Keima construct. At 24 hr after transfection, neurons were treated with vehicle (control,
cont) or 0.1 uM BRACO19, and imaged 48 hr after treatment. Note that mitophagy is reduced in neurons treated
with BRACO19. ***p(cont vs BRACO19)=0.0001 (t-test). For each experiments, 100 neurons per group were
analyzed. Results were pooled from three independent experiments.
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Figure 5—figure supplement 2. PDS induces accumulation of mutant huntingtin in cultured primary neurons from
Huntington disease mice. (a) Primary cortical neurons from newborn BACHD mouse pups were cultured and
treated with a vehicle or with PDS (2 uM) overnight. Neurons were collected and analyzed by western blotting with
antibodies against mutant huntingtin and actin. (b) Quantification of mutant huntingtin levels normalized to actin

from (a). **p(cont vs PDS)=0.001 (t-test).
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Figure 5—figure supplement 3. ATG7 mitigates autophagy impairment and neurotoxicity associated with PDS
treatment in neurons. (a) A cohort of primary cortical neurons was transfected with the p62-GFP and mApple
constructs. Two cohorts of neurons were transfected with the p62-GFP and ATG7-mApple constructs. One cohort
was treated with a vehicle, and the other cohort was treated with PDS (0.1 uM) overnight. Cells were then fixed
and stained with antibodies against MAP2c (a neuronal marker). Neurons were imaged using the GFP channel to
visualize p62-GFP and with the TxRed channel to visualize MAP2c. Scale bar, 10 um. (b) Quantification of p62-GFP
fluorescence intensity from (a). **p(cont vs PDS)=0.001, **p(PDS vs ATG7+PDS)=0.008, n.s., non-significant, p(cont
vs ATG7+PDS)=0.15 (one-way ANOVA). 50 neurons per group were analyzed per experiment. Results were pooled
from three independent experiments. (c) Two cohorts of cultured primary neurons were co-transfected with
mApple (as a control construct) and GFP (as a morphology and survival marker), and the third neuronal cohort was
co-transfected with ATG7-mApple (the Atg7 gene with no introns) and GFP. One cohort of neurons co-transfected
with mApple and GFP (red) and the cohort expressing ATG7-mApple and GFP (blue) were treated with 0.5 uM
PDS. Another cohort of neurons co-transfected with mApple and GFP was treated with a vehicle (green). Neurons
were longitudinally imaged for 4 days, and risk of death was analyzed. ***p<0.001 (log-rank test). Results were
pooled from three independent experiments.
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Figure 6. Mice treated with PDS develop memory deficits and aged-related symptoms. (a) 25-month-old male and
female mice were intraperitoneally injected with a solution of a vehicle in PBS (control, cont) or with a solution of
PDS in PBS (5 mg/kg, PDS) once a week for 8 weeks. After treatment, mice were tested for short-term memory in
the novel object recognition test and discrimination index (D) was calculated. *p-value(male-cont vs PDS)=0.0265,
*p-value(female-cont vs PDS)=0.0382, p-value(male vs female)=0.1029 (two-way ANOVA). Six mice per group were
analyzed. (b) Mice were sacrificed, and their brains were analyzed for the lipofuscin autofluorescent age pigment.
(c) Quantification of autofluorescence from (c). **p-value(male-cont vs PDS)=0.0043, ***p-value(female-cont vs
PDS)=0.0007, p-value(male vs female)=0.2121 (two-way ANOVA). Six mice per group were analyzed.
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Figure 7. Brain samples from aged mice exhibit elevated levels of G4-DNA. 3-month-old (young) and 25-month-
old (old) mice were sacrificed, and their brains were processed for RT-gPCR and immunohistochemistry analysis.
(a) Cortical brain samples from young and old mice were lysed, and mRNA was extracted. mRNA samples were
retro-transcribed and analyzed for expression of the Atg7 gene. **p(young vs old)=0.0011 (t-test). Six mice per
group were analyzed. (b) Brain samples from young and old mice were stained with antibodies against BG4 (green
channel) and the Hoechst dye (nuclei marker, blue channel), and imaged with a fluorescent microscope. In the
zoomed image, white arrows depict some G-quadruplex-positive structures in the nuclei. () Quantification of BG4
fluorescence intensity in the hippocampus (hip) and the cortex (cort) of young and old mice. ***p(hip-young vs old)
=0.0001; ***p(cor-young vs old)=0.0001. n.s., non-significant, p(young-hip vs cor)=0.35 (one-way ANOVA). Six mice
per group were analyzed.
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Figure 8. The helicase Pif1 restores autophagy in PDS-treated neurons. (a) An example of survival analysis.
Cultured primary neurons were transfected with the red fluorescent protein mApple as a marker of cell
morphology and viability. Neurons were longitudinally imaged each 24 hr for 6 days with an automated
microscope. Each image is a montage of 25 individual non-overlapping images. Scale bar is 400 um. (b) Zoomed
images from (a) at each time point. Images demonstrate the ability to track the same group of neurons over time,
and they show the progression of neuron development (note how neurites grow in the top-left neuron), and
neurodegeneration (two neurons to the right side of the images gradually lose their neurites until they die). Scale
bar is 40 um. (c) Zoomed image that shows the complex neurite arborization of a depicted neuron from (b) 144 hr
after transfection. Scale bar is 20 um. (d) An example of a neuron co-transfected with mApple (red) and Pif1-GFP
(green). Note that Pif1-GFP is mostly nuclear. (e) Two cohorts of cultured primary neurons were co-transfected with
mApple (as a morphology and survival marker) and GFP (as a control construct), and other two cohorts of neurons
were co-transfected with mApple and Pif1-GFP. One cohort of neurons co-transfected with mApple and GFP was
treated with a vehicle (Apple), and the second one with 0.5 uM PDS. Another cohort of neurons co-transfected
with mApple and Pif1-GFP was treated with a vehicle (Pif1), and the second one with 0.5 uM PDS (Pif1+PDS).
Neurons were longitudinally imaged during 4 days, and risks of death were analyzed. ***p=0.0001 (log-rank test).
Figure 8 continued on next page
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Figure 8 continued

Results were pooled from three independent experiments. (f) Two cohorts of cultured primary neurons were co-
transfected with Dendra2-LC3 and GFP (as a control construct), and other two cohorts of neurons were co-
transfected with Dendra2-LC3 and Pif1-GFP. One cohort of neurons co-transfected with Dendra2-LC3 and GFP
was treated with a vehicle (control, cont), and the second one with 0.1 uM PDS (PDS). Also, one cohort of neurons
co-transfected with mApple and Pif1-GFP was treated with a vehicle (Pif1), and the second one with 0.1 uM PDS
(Pif1+PDS). One last cohort of neurons was transfected with mApple and mutant Pif1-GFP and treated with PDS
(mPif1+PDS). Neurons were longitudinally imaged, and the half-life of Dendra2-LC3 of each group was analyzed,
and normalized to one with respect to the control group. **p(cont vs PDS)=0.001, **p(PDS vs Pif1+PDS)=0.001, p
(Pif1 vs Pif1+PDS)=0.001. n.s., non-significant, p(cont vs Pif1)=0.1726, p(cont vs Pif1+PDS)=0.3239, p(PDS vs mPif
+PDS)=0.4267 (one-way ANOVA). One hundred neurons per group were analyzed from two independent
experiments.
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