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activates ATG5-dependent autophagy to suppress Tau
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Intraneuronal neuroﬁbrillary tangles composed of Tau aggregates have been widely accepted as an important pathological hallmark of Alzheimer’s disease. A current therapeutic
avenue for treating Alzheimer’s disease is aimed at inhibiting
Tau accumulation with small molecules such as natural ﬂavonoids. Liquid–liquid phase separation (LLPS) of Tau can lead
to its aggregation, and Tau aggregates can then be degraded by
autophagy. However, it is unclear whether natural ﬂavonoids
modulate the formation of phase-separated Tau droplets or
promote autophagy and Tau clearance. Here, using confocal
microscopy and ﬂuorescence recovery after photobleaching
assays, we report that a natural antioxidant ﬂavonoid compound myricetin slows LLPS of full-length human Tau, shifting
the equilibrium phase boundary to a higher protein concentration. This natural ﬂavonoid also signiﬁcantly inhibits pathological phosphorylation and abnormal aggregation of Tau in
neuronal cells and blocks mitochondrial damage and apoptosis
induced by Tau aggregation. Importantly, using coimmunoprecipitation and Western blotting, we show that treatment of
cells with myricetin stabilizes the interaction between Tau and
autophagy-related protein 5 (ATG5) to promote clearance of
phosphorylated Tau to indirectly limit its aggregation.
Consistently, this natural ﬂavonoid inhibits mTOR pathway,
activates ATG5-dependent Tau autophagy, and almost
completely suppresses Tau toxicity in neuronal cells. Collectively, these results demonstrate how LLPS and abnormal aggregation of Tau are inhibited by natural ﬂavonoids, bridging
the gap between Tau LLPS and aggregation in neuronal cells,
and also establish that myricetin could act as an ATG5dependent autophagic activator to ameliorate the pathogenesis of Alzheimer’s disease.

The major physiological function of Tau, a microtubuleassociated protein, is the stabilization of neuronal microtubules through the microtubule-binding region of Tau protein
(1–6). Under pathological conditions, Tau detaches from microtubules and folds into amyloid ﬁbrils, which leads to several
neurodegenerative diseases known as tauopathies, including
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Alzheimer’s disease (1, 7, 8). The abnormal aggregates of Tau
are often severely modiﬁed, most commonly through hyperphosphorylation, and regulated by several factors (8–11). A
current therapeutic strategy for treating tauopathies is aimed
at inhibiting Tau accumulation with small molecules such as
natural ﬂavonoids.
Cells have evolved liquid–liquid phase separation (LLPS) of
proteins with natively unfolded and/or low-complexity domains for liquid-phase condensation that generates
membrane-less organelles to perform key functions such as
stress granule formation (12–17). Because of its natively
unfolded structure and inhomogeneous charge distribution,
Tau undergoes LLPS, which leads to the aggregation of the
protein (12–21). Tau liquid-phase condensation is modulated
by disease-associated modiﬁcations and other factors (12–21).
However, it is unclear whether natural ﬂavonoids modulate the
formation of phase-separated Tau droplets.
Although efforts have been dedicated to unravel the pathogenic mechanisms of neurodegenerative diseases, there are
no effective therapeutic approaches to prevent or cure such
diseases so far (22–25). Several organic molecules have shown
their ability to inhibit ﬁbril formation in vitro and thus
represent an increasing list of potential antiamyloid compounds (22–26). Polyphenols including myricetin have been
proposed to be active in many pathways mostly centered on
their antioxidative properties (27–29). Autophagy is a conservative catabolic pathway through lysosomal degradation of
intracellular components (30–32) and appears to degrade
aggregate-prone proteins that link to a range of neurodegenerative diseases (33–35). At least 35 genes coding autophagyrelated (ATG) proteins, including autophagy-related protein
5 (ATG5) and microtubule-associated protein 1 light chain 3
(LC3), were identiﬁed, in which LLPS plays an important role
in autophagosome formation (36–40). ATG5, having a molecular weight of 32 kDa, is an E3 ubiquitin ligase essential for
autophagosome elongation and consists of two ubiquitin-fold
domains 1 and 2 linked by a helix-rich domain (36, 37, 39).
Currently, most aggregate-prone proteins have been shown to
be autophagy substrates (41, 42), and Tau aggregates can be
degraded by autophagy. However, it is unclear whether natural
ﬂavonoids promote autophagy and Tau clearance.
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Myricetin suppresses Tau phase separation and toxicity
In order to bridge the gap between Tau LLPS and aggregation in neuronal cells, we used myricetin, a natural antioxidant ﬂavonoid compound, to link Tau LLPS, Tau aggregation,
and Tau autophagy. Our results indicate that myricetin slowed
LLPS of full-length human Tau, signiﬁcantly decreased pathological phosphorylation of Tau, and blocked mitochondrial
damage induced by Tau aggregation. We chose full-length
human Tau because studies with the full-length protein
would be far more signiﬁcant (12, 14–16, 20, 21). What is
more, we demonstrated that myricetin cleared phosphorylated
Tau and ameliorated Tau toxicity via activating ATG5dependent Tau autophagy in neuronal cells. Our results provide direct evidence that myricetin could become a potential
drug candidate for Alzheimer’s disease and other tauopathies.

Results
Myricetin slows down LLPS of full-length Tau protein
Studies with full-length Tau would be much more meaningful and informative, as the latter protein undergoes LLPS in
the absence of any polyanions and at physiologically relevant
concentrations (12, 14–16, 20, 21). In this article, we observed
LLPS of full-length human Tau in HEPES buffer upon the
addition of a crowding agent, polyethylene glycol (PEG) 4000,
to mimic cellular crowded environments accurately, and
studied the inﬂuence of myricetin on the formation of phaseseparated Tau droplets in the presence of a reducing agent βmercaptoethanol using confocal microscopy (Fig. 1). In total, 5
(Fig. 1, A and E), 10 (Fig. 1, B and F), 15 (Fig. 1, C, G, I, and K)
or 20 (Fig. 1, D, H, J, and L) μM full-length Tau protein was
labeled by 5(6)-carboxy-tetramethylrhodamine N-succinimidyl
ester (TAMRA, red ﬂuorescence) and incubated with 10 mM
HEPES buffer (pH 7.4) containing 10% (w/v) PEG 4000 and
2 mM β-mercaptoethanol or incubated with the same buffer
further containing 10 μM myricetin at 25  C to induce LLPS
for 5 min. Liquid droplets of Tau were observed by confocal
microscopy, with excitation at 546 nm (Fig. 1, A–H). The
enlarged regions show the brightﬁeld images for Tau LLPS
(Fig. 1, I, J, K, and L). In total, 10 μM full-length Tau did form a
few liquid droplets, and 15 or 20 μM full-length Tau formed
abundant liquid droplets in HEPES buffer containing 10% PEG
4000, the reducing agent, and no myricetin (Fig. 1, B–
D). However, 10 μM full-length Tau did not form any liquid
droplets, 15 μM full-length Tau did produce a few liquid
droplets, and 20 μM full-length Tau formed abundant
liquid droplets in the same buffer coincubated with 10 μM
myricetin (Fig. 1, F–H). A generally accepted measure of
protein propensity for LLPS is the saturation concentration
(16, 19, 43). To assess the effect of myricetin on Tau propensity for LLPS, we determined saturation concentrations of
full-length Tau without or with the compound by measuring
the turbidity of Tau condensates at 400 nm (in the presence of
10% PEG 4000 and 2 mM β-mercaptoethanol) as a function of
the concentration of Tau protein (Fig. 1M). These data clearly
demonstrate that the saturation concentration, the concentration above which full-length Tau starts to form liquid
droplets, was 7.54 μM in the absence of myricetin and 12.1 μM
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in the presence of 10 μM myricetin (Fig. 1M). We found that
under reducing conditions, 10 μM myricetin did signiﬁcantly
decrease the turbidity of liquid droplets formed by 15 μM (p =
0.0032), 17.5 μM (p = 0.00059), or 20 μM (p = 0.0039) fulllength Tau (Fig. 1M). Together, the data showed that myricetin slows down LLPS of full-length Tau protein, shifting the
equilibrium phase boundary to a higher protein concentration.
We then investigated and evaluated the dynamics of phaseseparated droplets of full-length human Tau in the presence of
10% PEG 4000 and 2 mM β-mercaptoethanol by ﬂuorescence
recovery after photobleaching (FRAP) (Fig. 2, A–H). After
photobleaching of liquid droplets of 20 μM full-length Tau
protein without myricetin, a (30.7 ± 1.0)% recovery of the Tau
ﬂuorescence was observed with a ﬂuorescence recovery rate of
(1.66 ± 0.22) × 10−2 s−1 within 210 s (Fig. 2, A–C, and G). After
photobleaching of liquid droplets of 20 μM full-length Tau
formed in the same buffer with 10 μM myricetin, however, a
(52.4 ± 1.4)% recovery of the Tau ﬂuorescence was observed
with a ﬂuorescence recovery rate of (1.13 ± 0.08) × 10−2 s−1
within 210 s (Fig. 2, D–F, and H). The above experiments help
drive the narrative that myricetin enhances ﬂuorescence recovery and modulates LLPS of full-length Tau protein under
reducing conditions.
Myricetin slows down the formation of stress granules
containing Tau in cells
Cells use LLPS to reversibly assemble stress granules and
other membrane-less organelles (12–17). We have shown that
myricetin acts as a mild inhibitor for the formation of phaseseparated Tau droplets via increasing the saturation concentration for Tau LLPS. We wanted to know whether myricetin
could suppress stress granule formation of Tau in neuronal
cells. G3BP1, a molecular switch, triggers phase separation to
assemble stress granules (44). Congo red, an anionic dye that is
able to overcome the energy barrier for Tau aggregation and
penetrate the cell membrane (11, 17, 45, 46), was used as a
modulator for Tau LLPS in cells. SH-SY5Y cells overexpressing Tau-EGFP (or FLAG-tagged Tau) with endogenous
G3BP1 were incubated with 10 μM Congo red for 2 days,
cultured without myricetin (Fig. 3, A–D) (or Fig. S1, A-D) or
with 10 μM myricetin (Fig. 3, E–H) (or Fig. S1, E-H) for 2 days,
then incubated 500 μM sodium arsenite for 45 min, ﬁxed,
permeabilized, immunostained with the anti-G3BP1 (red)
antibody, and observed by Zeiss LSM 880 with Airyscan
confocal microscopy or immunostained with mouse antiFLAG antibody (green) and the anti-G3BP1 (red) antibody
and observed by confocal microscopy. Under stress conditions,
the colocalization of Tau and G3BP1 was clearly observed in
SH-SY5Y cells when treated without myricetin (Fig. 3, A–D,
and Fig. S1, A–D). The abundant yellow dots observed in 3D
images represented the colocalization of Tau-GFP and G3BP1
(Figs. 3D and S1D); however, yellow dots were not observed
when cells were treated with myricetin (Figs. 3H and S1H),
indicating that myricetin signiﬁcantly reduces the colocalization of Tau and stress granules in two cells (Fig. 3, A–H) and in
a much larger number of cells (Fig. S1, A–H). Furthermore,
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Figure 1. Myricetin slows down liquid–liquid phase separation of full-length Tau protein. 5 (A and E), 10 (B and F), 15 (C, G, I, and K), or 20 (D, H, J, and
L) μM full-length human Tau was labeled by TAMRA (red ﬂuorescence) and incubated with 10 mM HEPES buffer (pH 7.4) containing 10% (w/v) polyethylene
glycol (PEG) 4000 and 2 mM β-mercaptoethanol or incubated with the same buffer further containing 10 μM myricetin at 25  C to induce LLPS for 5 min.
A–H, liquid droplets of Tau were observed by confocal microscopy, with excitation at 546 nm. The enlarged regions I, J, K, and L show 4-fold enlarged
images from C, D, G, and H, respectively, and display the brightﬁeld images for Tau LLPS. The scale bars represent 5 μm (A−L). M, the dependence of
turbidity changes for LLPS of full-length Tau in the presence of 10 μM myricetin on the concentration of Tau protein ([Tau]) was expressed as mean ± S.D.
(with error bars) of values obtained in three independent experiments. Representative calculation based on turbidity measurements to determine saturation
concentration in the absence of myricetin (open circle) or in the presence of 10 μM myricetin (open square). The orange line is drawn through data points
indicating the absence of LLPS, while the cyan line is drawn through data points in which robust LLPS occurs in the absence of myricetin. The red line is
drawn through data points indicating the absence of LLPS, while the blue line is drawn through data points in which robust LLPS occurs in the presence of
10 μM myricetin. The concentration of protein at which these two lines intersect is an estimation of the saturation concentration. Saturation concentration
was 7.54 μM in the absence of myricetin and 12.1 μM in the presence of 10 μM myricetin. 10 μM myricetin signiﬁcantly decreased the turbidity of liquid
droplets formed by 15 μM full-length Tau (0.256 ± 0.043 for Tau + myricetin versus 0.469 ± 0.039 for Tau alone), 17.5 μM full-length Tau (0.369 ± 0.032 for
Tau + myricetin versus 0.640 ± 0.035 for Tau alone), or 20 μM full-length Tau (0.465 ± 0.061 for Tau + myricetin versus 0.729 ± 0.045 for Tau alone). The
turbidity of Tau condensates was measured at 400 nm and 25  C, and turbidity changes for Tau LLPS in the absence of myricetin were used as controls.
Statistical analyses were performed using the Student’s t test. Values of p < 0.05 indicate statistically signiﬁcant differences. The following notation is used
throughout: *p < 0.05; **p < 0.01; and ***p < 0.001 relative to controls.

these experiments were repeated under stress conditions (i.e.,
arsenite) without overexpression of Tau to test if myricetin
inhibits stress granule formation independent of the protein
(Fig. 3, I–P, and Fig. S1, I–P). SH-SY5Y cells without overexpressing Tau-EGFP and FLAG-tagged Tau but with
endogenous G3BP1 were treated and observed in the same way
as above. Comparison of untreated and myricetin-treated cells

under stress conditions without overexpression of Tau showed
few changes (Fig. 3, I–P, and Fig. S1, I–P), indicating that
myricetin inhibits stress granule formation dependent of Tau.
We then evaluated and quantiﬁed such a much larger number
of cells (Fig. S2). Quantiﬁcation of images of G3BP1-positive
stress granules performed on three biological replicates
shows that myricetin signiﬁcantly reduces the number of stress
J. Biol. Chem. (2021) 297(4) 101222
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Figure 2. Myricetin enhances ﬂuorescence recovery and modulates liquid–liquid phase separation of full-length Tau protein. A−F, FRAP analysis on
the selected liquid droplets of 20 μM full-length human Tau labeled by TAMRA (red ﬂuorescence) before (prebleach, A and D), during (0 s, B and E), and after
photobleaching (200 s, C and F). The internal photobleaching is marked by a black square. Full-length Tau was incubated with 10 mM HEPES buffer (pH 7.4)
containing 10% (w/v) PEG 4000 and 2 mM β-mercaptoethanol (A−C) or incubated with the same buffer further containing 10 μM myricetin (D−F) at 25  C to
induce LLPS for 30 min, and liquid droplets were observed by confocal microscopy, with excitation at 546 nm. The scale bars represent 1 μm. G and H,
normalized kinetics of ﬂuorescence recovery data of Tau (open blue circle) and Tau + myricetin (open red square) obtained from FRAP intensity. The
normalized ﬂuorescence intensity is expressed as the mean ± SD of the values obtained in three independent experiments. The solid blue (G) or red (H) lines
show the best single exponential ﬁt for the ﬂuorescence intensity–time curves. FRAP of phase-separated droplets of full-length Tau incubated with HEPES
(G) or incubated with myricetin (H) revealed a ﬂuorescence recovery rate of (1.66 ± 0.22) × 10−2 s−1 or (1.13 ± 0.08) × 10−2 s−1 with a (30.7 ± 1.0)% or (52.4 ±
1.4)% ﬂuorescence recovery within 210 s. All FRAP experiments were repeated three times and the results were reproducible.

granules containing Tau in 70 cells stably overexpressing
Tau (1.18 ± 1.01 stress granules per cell for Tau + myricetin
versus 2.69 ± 1.40 stress granules per cell for Tau alone, p =
7.3 × 10−11; Fig. S2, A and B) but has no impact on the number
of stress granules in 70 cells with empty vector (2.60 ± 1.43
stress granules per cell for control + myricetin versus 2.71 ±
1.44 stress granules per cell for control, p = 0.66; Fig. S2, C and
D). Together, these results demonstrate that myricetin slows
down the formation of stress granules containing Tau in
neuronal cells.
Myricetin signiﬁcantly inhibits pathological phosphorylation
and aggregation of Tau protein in cells
Cells also use LLPS to irreversibly assemble phosphorylated
Tau aggregates (12–21). We have shown that myricetin acts as
a strong inhibitor for the formation of stress granules containing Tau in neuronal cells. We wanted to know whether
myricetin could suppress the aggregation of phosphorylated
Tau protein in neuronal cells. Congo red was used as an
inducer for Tau aggregation in cells (11, 17, 45, 46). SH-SY5Y
cells stably expressing full-length human Tau formed phosphorylated Tau aggregates when incubated with 10 μM Congo
red for 2 days and then treated with 0, 5, or 10 μM myricetin
for 2 days (Fig. 4, A and C, and Fig. S3). The cells treated with
10 μM myricetin produced much fewer phosphorylated Tau
aggregates than those treated without myricetin (Fig. 4, B and
D). To gain a quantitative understanding of how myricetin
modulates pathological phosphorylation and aggregation of
Tau in cells, we detected phosphorylated Tau and β-actin in
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cell lysates by using the anti-pS396 antibody and anti-β-actin
antibody, respectively (Figs. 4A and S3, A–C). The normalized
amount of pS396 Tau in the cell lysates treated with an
increased concentration of myricetin was signiﬁcantly lower
than that in the control cell lysates (0.618 ± 0.063 for
Tau +5 μM myricetin and 0.505 ± 0.015 for Tau +10 μM
myricetin versus 1.000 ± 0.032 for Tau alone, p = 0.00075 and
0.000017, respectively) (Fig. 4B). We then detected insoluble
Tau aggregates in the sarkosyl-insoluble ultracentrifugation
pellets using anti-FLAG antibody (Figs. 4C and S3, D–F). We
found that 10% of total Tau ended up in the pellet when the
cells were treated without myricetin. There is a decrease in
pellet size when myricetin is employed; however, the amount
of Tau in the cell lysates does not seem to be affected (Figs. 4C
and S3, D–F). The normalized amount of Tau aggregates in
the detergent-insoluble pellets treated with an increased concentration of myricetin was also signiﬁcantly lower than that in
the control pellets (p = 0.020 and 0.003) (Fig. 4D). Our
immunoblotting data demonstrated that myricetin ameliorated pathological phosphorylation and aggregation of Tau in
SH-SY5Y cells, depending on the concentration of myricetin,
but had no impact on the expression level of Tau. Furthermore, we performed control experiments that monitor Tau in
the absence of Congo red. In the absence of Congo red, we did
not observe Tau aggregates in the detergent-insoluble pellets
when the cells were treated with 10 μM myricetin or treated
without myricetin (Fig. S4). Together, these results demonstrate that myricetin signiﬁcantly inhibits pathological phosphorylation and aggregation of Tau in neuronal cells.
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Figure 3. Myricetin slows down the formation of stress granules containing Tau in cells. SH-SY5Y cells overexpressing Tau-EGFP (green) with
endogenous G3BP1 were incubated with 10 μM Congo red for 2 days, cultured without myricetin (A−D) or with 10 μM myricetin (E−H) for 2 days, then
incubated 500 μM sodium arsenite for 45 min, ﬁxed, permeabilized, immunostained with the anti-G3BP1 (red) antibody, and observed by Zeiss LSM 880
with Airyscan confocal microscopy. The confocal microscopy (Zeiss) images (B, C, F, and G) show that myricetin signiﬁcantly inhibits the formation of stress
granules containing Tau in cells. 3D images (D and H) display that myricetin signiﬁcantly reduces colocalization of Tau and stress granules in SH-SY5Y cells.
SH-SY5Y cells with empty vector and endogenous G3BP1 were incubated with 10 μM Congo red for 2 days, cultured without myricetin (I−L) or with 10 μM
myricetin (M−P) for 2 days, then incubated 500 μM sodium arsenite for 45 min, ﬁxed, permeabilized, immunostained with the anti-G3BP1 (red) antibody,
and observed by Zeiss LSM 880 with Airyscan confocal microscopy. The confocal microscopy (Zeiss) images (J and N) and 3D images (L and P) show that
myricetin has no impact on stress granule formation in SH-SY5Y cells with empty vector. The scale bars represent 10 μm.

Myricetin inhibits mTOR pathway and activates ATG5dependent Tau autophagy
Next, we wonder whether the autophagy/lysosomal degradation pathway could participate in the reduction of pathological phosphorylation and aggregation of Tau. The formation
of autophagosomes can be conveniently assayed in cells by
detecting the subcellular distribution of LC3 (38). In the
presence of myricetin, Tau did form abundant LC3B-positive
puncta (green dots, Fig. 5E; and yellow dots, Fig. 5G) in cells;

however, Tau produced much fewer LC3B-positive puncta
when incubated without myricetin (green dots, Fig. 5A; and
orange red dots, Fig. 5C), as detected by immunoﬂuorescence
using anti-LC3B antibody (red) and anti-FLAG antibody
(green). Interestingly, we observed the colocalization of Tau
and LC3B is strongly enhanced by myricetin (Fig. 5, A–H),
suggesting that treatment of cells with myricetin stabilizes the
interaction between Tau and LC3B. To gain a quantitative
understanding of how myricetin activates Tau autophagy in
J. Biol. Chem. (2021) 297(4) 101222
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Figure 4. Myricetin signiﬁcantly inhibits pathological phosphorylation and aggregation of Tau protein in cells. SH-SY5Y neuroblastoma cells stably
overexpressing full-length human Tau were incubated with 10 μM Congo red for 2 days and then cultured with 0 or 10 μM myricetin for 2 days. A, the cell
lysates from the above cells were probed by the anti-pS396 antibody and anti-β-actin antibody, respectively. B, the normalized amount of pS396 Tau in SHSY5Y cells overexpressing Tau (open red circles shown in scatter plots) was determined as a ratio of the density of pS396 Tau bands over the density of
β-actin band in cell lysates and expressed as the mean ± S.D. (with error bars) of values obtained in three independent experiments. C, the sarkosylinsoluble pellets from the above cells were probed using anti-FLAG antibody, and the corresponding cell lysates were probed using anti-FLAG antibody
and anti-β-actin antibody, respectively. All blots also show the position of the molecular-weight markers. D, the normalized amount of insoluble Tau
aggregates in SH-SY5Y cells overexpressing Tau (open red circles shown in scatter plots) was determined as a ratio of the density of insoluble Tau aggregate
bands over that of the total Tau bands in cell lysates and expressed as mean ± S.D. (with error bars) of values obtained in three independent experiments.
The normalized amount of Tau aggregates in the detergent-insoluble pellets treated with an increased concentration of myricetin was signiﬁcantly lower
than that in the control pellets (0.786 ± 0.036 for Tau +5 μM myricetin and 0.296 ± 0.174 for Tau +10 μM myricetin versus 1.000 ± 0.094 for Tau alone). SHSY5Y cells overexpressing Tau treated without myricetin were used as a control. Statistical analyses were performed using the Student’s t test. Values of
p < 0.05 indicate statistically signiﬁcant differences. The following notation is used throughout: *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001
relative to control.

cells, we detected three autophagy-related proteins ATG5,
LC3B, and p-mTOR from the above cells using anti-ATG5,
anti-LC3B, and anti-p-mTOR antibodies, respectively
(Figs. 5, I and K, and S5, A and B). The normalized amounts of
ATG5 and LC3B-II in the cell lysates treated with 10 μM
myricetin were signiﬁcantly higher than those in the control
cell lysates treated without myricetin (p = 0.00012 and 0.003)
(Fig. 5, I and J). The normalized amount of p-mTOR/mTOR in
the cell lysates treated with 10 μM myricetin was signiﬁcantly
lower than that in the control cell lysates (p = 0.019) (Fig. 5, K
and L). Thus, myricetin inhibits mTOR pathway, enhances the
levels of ATG5 and LC3B-II, and activates ATG5-dependent
and LC3B-dependent autophagy of Tau.
Treatment of cells with myricetin stabilizes the interaction
between Tau and ATG5
We have shown that myricetin acts as both an mTOR inhibitor and an ATG5-dependent autophagic activator. We
next used co-IP to check whether ATG5 directly interacts with
Tau protein to form a complex. The anti-FLAG antibody was
used to IP the complex, followed by immunoblotting for
ATG5. Notably, our co-IP experiments visualized by antiATG5 antibody show that endogenous ATG5 directly
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interacts with Tau protein in SH-SY5Y cells (Figs. 6A and S6,
A–C). More importantly, we show that treatment of cells with
myricetin stabilizes the interaction between Tau and ATG5
(Fig. 6, A and B; 1.55 ± 0.25 for ATG5−Tau complex + myricetin versus 1.00 ± 0.05 for ATG5−Tau complex alone, p =
0.021). Our data once again demonstrated that myricetin
activated ATG5-dependent Tau autophagy.
Myricetin activates LC3B-dependent and ATG5-dependent Tau
autophagy to promote clearance of phosphorylated Tau
Finally, we used RNAi to knock down ATG5, an important
gene in the autophagic machinery, in SH-SY5Y cells stably
expressing Tau. The cells were cultured with 10 μM Congo red
for 2 days, then transiently expressed a control sequence,
ATG5 RNAi #1 or ATG5 RNAi #2, and incubated without or
with 10 μM myricetin for 2 days. To gain a quantitative understanding of how myricetin activates Tau autophagy and
clears phosphorylated Tau in cells, we detected two
autophagy-related proteins ATG5 and LC3B from the above
cells using anti-ATG5 antibody and anti-LC3B antibody,
respectively, and probed the phosphorylated Tau using antipS396 antibody (Figs. 7A and S7, A–C). The normalized
amount of pS396 Tau in the cell lysates treated with 10 μM
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Figure 5. Myricetin inhibits mTOR pathway and activates ATG5-dependent Tau autophagy. A−H, SH-SY5Y cells stably overexpressing full-length
human Tau were incubated with 10 μM Congo red for 2 days and then incubated with 0 μM myricetin (A–D) or 10 μM myricetin (E−H) for 2 days. SHSY5Y cells were coimmunostained with anti-LC3B antibody (green) and anti-FLAG antibody (red) and visualized by confocal microscopy. The scale bar
represents 10 μm. I, the cell lysates from the above cells were probed by the anti-ATG5 antibody, anti-LC3B antibody, and anti-β-actin antibody, respectively.
J, the normalized amount of ATG5 and LC3B-II in SH-SY5Y cells stably overexpressing Tau (open red circles shown in scatter plots) was determined as a ratio
of the density of ATG5 or LC3B-II bands over the density of β-actin band in cell lysates and expressed as the mean ± S.D. (with error bars) of values obtained
in three independent experiments. The normalized amounts of ATG5 and LC3B-II in the cell lysates treated with 10 μM myricetin were signiﬁcantly higher
than those in the control cell lysates treated without myricetin (2.41 ± 0.15 for ATG5 + myricetin versus 1.00 ± 0.07 for ATG5 alone; and 1.93 ± 0.19 for LC3BII + myricetin versus 1.00 ± 0.18 for LC3B-II alone). K, the cell lysates from the above cells were probed by the anti-mTOR antibody, anti-p-mTOR antibody,
and anti-β-actin antibody, respectively. L, the normalized amount of mTOR/p-mTOR in SH-SY5Y cells overexpressing Tau (open red circles shown in scatter
plots) was determined as a ratio of the density of mTOR bands over the density of p-mTOR band in cell lysates and expressed as the mean ± S.D. (with error
bars) of values obtained in three independent experiments. The normalized amount of p-mTOR/mTOR in the cell lysates treated with 10 μM myricetin was
signiﬁcantly lower than that in the control cell lysates (0.67 ± 0.05 for p-mTOR/mTOR + myricetin versus 1.00 ± 0.14 for p-mTOR/mTOR alone). SH-SY5Y cells
overexpressing Tau treated without myricetin were used as controls (J and L). Statistical analyses were performed using the Student’s t test. Values of p <
0.05 indicate statistically signiﬁcant differences. The following notation is used throughout: *p < 0.05; **p < 0.01; and ***p < 0.001 relative to control.
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Figure 6. Treatment of cells with myricetin stabilizes the interaction between Tau and ATG5. A, SH-SY5Y cells stably overexpressing Tau were
incubated with 10 μM Congo red for 2 days and incubated with 0 μM myricetin or 10 μM myricetin for 2 days. Anti-FLAG binding beads were used for co-IP
experiments and then detected by Western blot with anti-ATG5, anti-FLAG, and anti-β-actin antibodies, respectively. B, the normalized amount of
immunoprecipitated ATG5 in SH-SY5Y cells stably overexpressing Tau (open red circles shown in scatter plots) was determined as a ratio of the density of
IP:ATG5 bands over the density of β-actin band in cell lysates and expressed as the mean ± S.D. (with error bars) of values obtained in three independent
experiments. Control + myricetin, p = 0.021. SH-SY5Y cells overexpressing Tau treated without myricetin were used as a control. Statistical analyses were
performed using the Student’s t test. Values of p < 0.05 indicate statistically signiﬁcant differences. The following notation is used throughout: *p < 0.05;
**p < 0.01; and ***p < 0.001 relative to control.

myricetin was signiﬁcantly lower than that in the control cell
lysates treated without myricetin (p = 0.00089) (Fig. 7B).
Knockdown of ATG5 using RNAi #1 and RNAi #2, however,
signiﬁcantly enhanced the levels of the phosphorylated Tau in
the cell lysates (p = 0.00030 and 0.0016) (Fig. 7B). More
importantly, myricetin did not signiﬁcantly ameliorate pathological phosphorylation of Tau in ATG5 knockdown SH-SY5Y
cells (p = 0.61 and 0.91) (Fig. 7B). Thus, treatment of cells with
the compound helps clear phosphorylated Tau mainly via
ATG5-dependent autophagy pathway. The normalized
amounts of ATG5 and LC3B-II in the cell lysates treated with
10 μM myricetin were signiﬁcantly higher than those in the
control cell lysates (p = 0.00021 and 0.000029) (Fig. 7, C and
D). Knockdown of ATG5 using RNAi #1 and RNAi #2, however, signiﬁcantly reduced the levels of ATG5 and LC3B-II in
the cell lysates (Fig. 5, C and D). More importantly, myricetin
did not signiﬁcantly activate ATG5-dependent and LC3Bdependent Tau autophagy when ATG5 gene was knocked
down by RNAi (Fig. 7, C and D). Our immunoblotting data
demonstrated that ATG5 knockdown in SH-SY5Y cells
blocked the inhibitory effect of myricetin on pathological
phosphorylation of Tau, suggesting that myricetin regulates
degradation of the phosphorylated Tau mainly via ATG5dependent autophagy pathway.
Treatment of cells with myricetin blocks mitochondrial
damage resulting from Tau aggregation
Autophagy plays an essential role in protecting cells from
mitochondrial damage and cytotoxicity to avoid the development of neurodegenerative diseases (30–32). We have
demonstrated that treatment of cells with myricetin stabilizes
the interaction between Tau and ATG5 to promote clearance
of phosphorylated Tau to indirectly limit its aggregation. We
wonder whether myricetin could block Tau aggregationinduced mitochondrial damage via activation of autophagy
in tauopathy cells. SH-SY5Y cells stably expressing Tau were
cultured with 0 or 10 μM Congo red for 2 days, then incubated
with 0 or 10 μM myricetin for 2 days, and investigated by
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transmission electron microscopy (TEM) (Fig. 8, A–F). The
morphology of normal mitochondria in cells incubated with
PBS buffer, highlighted by blue arrows, was tubular or round
(Fig. 8, A and D). Treatment of Congo red alone caused serious
mitochondrial damage in cells stably expressing Tau, half of
the mitochondria in the cells became swollen and vacuolized,
and cristae rupturing and disappearance were observed, which
is highlighted by red arrows (Fig. 8, B and E). A signiﬁcantly
lower number of normal mitochondria was observed in Congo
red-treated cells than did in control cells treated by PBS (p =
0.000015) (Fig. 8G). In contrast, treatment of Congo red and
myricetin together did not cause serious mitochondrial
impairment in cells stably expressing Tau and most of the
mitochondria were normal in appearance (highlighted by blue
arrows) (Fig. 8, C and F). A signiﬁcantly higher number of
normal mitochondria was observed in Congo red- and
myricetin-treated cells than did in control cells treated by
Congo red alone (p = 0.00000098) (Fig. 8G). Therefore,
treatment of cells with myricetin blocks mitochondrial damage
caused by Tau aggregation and induced by Congo red, possibly
via activation of autophagy in tauopathy cells.
Treatment of cells with myricetin suppresses Tau toxicity
SH-SY5Y cells stably expressing Tau were cultured with 0 or
10 μM Congo red for 2 days, then incubated with 0 or 10 μM
myricetin for 2 days, and further investigated by MTT
reduction assay, CCK8 reduction assay, and ﬂow cytometry
with annexin V-FITC and propidium iodide (PI) staining (17,
45, 47) (Fig. 9, A–F). Treatment of Congo red alone signiﬁcantly increased Tau toxicity in Congo red cultured SH-SY5Y
cells stably expressing Tau (from 0 to 46.1% or from 0 to
17.8%; p = 0.0000058 or 0.00000049) (Fig. 9, A or B). In
contrast, treatment of Congo red and myricetin together did
not signiﬁcantly increase Tau toxicity in cells stably expressing
Tau (from 0 to 2.0% or from 0 to 1.7%; p = 0.52 or 0.39) (Fig. 9,
A or B). Myricetin signiﬁcantly decreased Tau toxicity in SHSY5Y cells induced by Congo red (p = 0.0000015 or 0.0020)
(Fig. 9, A or B). Treatment of Congo red alone also
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Figure 7. Myricetin activates LC3B-dependent and ATG5-dependent Tau autophagy to promote clearance of phosphorylated Tau. A, SH-SY5Y cells
stably overexpressing full-length human Tau were incubated with 10 μM Congo red for 2 days and then incubated with 0 μM myricetin or 10 μM myricetin
for 2 days. SH-SY5Y cells stably overexpressing Tau were transfected with ATG5 RNAi #1 and ATG5 RNAi #2, and then the cells were incubated with 0 μM
myricetin or 10 μM myricetin for 2 days. The cell lysates were probed with the anti-pS396 antibody, anti-ATG5 antibody, anti-LC3B antibody, and anti-β-actin
antibody, respectively. B−D, the normalized amount of pS396 Tau (B), ATG5 (C), and LC3B-II (D) in SH-SY5Y cells stably overexpressing Tau (open red circles
shown in scatter plots) was determined as a ratio of the density of pS396 Tau, ATG5, and LC3B-II bands over the density of β-actin band in cell lysates,
respectively, and expressed as the mean ± S.D. (with error bars) of values obtained in three independent experiments. B, the normalized amount of pS396
Tau in the cell lysates treated with 10 μM myricetin was signiﬁcantly lower than that in the control cell lysates treated without myricetin (0.539 ± 0.023 for
pS396 Tau + myricetin versus 1.000 ± 0.087 for pS396 Tau alone). Knockdown of ATG5 using RNAi #1 and RNAi #2 signiﬁcantly enhanced the levels of the
phosphorylated Tau in the cell lysates (2.32 ± 0.17 for pS396 Tau + RNAi #1 and 2.93 ± 0.43 for pS396 Tau + RNAi #2 versus 1.00 ± 0.09 for pS396 Tau +
control). Myricetin did not signiﬁcantly ameliorate pathological phosphorylation of Tau in ATG5 knockdown SH-SY5Y cells (2.47 ± 0.45 for pS396 Tau + ATG5
RNAi #1 + myricetin versus 2.32 ± 0.17 for pS396 Tau + ATG5 RNAi #1; and 2.71 ± 0.35 for pS396 Tau + ATG5 RNAi #2 + myricetin versus 2.93 ± 0.43 for pS396
Tau + ATG5 RNAi #2). C and D, the normalized amounts of ATG5 and LC3B-II in the cell lysates treated with 10 μM myricetin were signiﬁcantly higher than
those in the control cell lysates (1.671 ± 0.075 for ATG5 + myricetin versus 1.000 ± 0.050 for ATG5 alone; and 1.368 ± 0.018 for LC3B-II + myricetin versus
1.000 ± 0.024 for LC3B-II alone). Knockdown of ATG5 using RNAi #1 and RNAi #2 signiﬁcantly reduced the levels of ATG5 and LC3B-II in the cell lysates
(0.63 ± 0.15 for ATG5 + RNAi #1 and 0.57 ± 0.14 for ATG5 + RNAi #2 versus 1.00 ± 0.05 for ATG5 + control; and 0.66 ± 0.09 for LC3B-II + RNAi #1 and 0.63 ±
0.14 for LC3B-II + RNAi #2 versus 1.00 ± 0.02 for LC3B-II + control). Myricetin did not signiﬁcantly activate ATG5-dependent and LC3B-dependent Tau
autophagy when ATG5 gene was knocked down by RNAi (0.65 ± 0.13 for ATG5 RNAi #1 + myricetin versus 0.63 ± 0.15 for ATG5 RNAi #1 alone; 0.54 ± 0.17 for
ATG5 RNAi #2 + myricetin versus 0.57 ± 0.14 for ATG5 RNAi #2 alone; 0.68 ± 0.07 for LC3B-II RNAi #1 + myricetin versus 0.66 ± 0.09 for LC3B-II RNAi #1 alone;
and 0.65 ± 0.10 for LC3B-II RNAi #2 + myricetin versus 0.63 ± 0.14 for LC3B-II RNAi #2 alone). SH-SY5Y cells overexpressing Tau treated without myricetin
were used as a control for (B−D), and those treated RNAi were used as a control for (C and D). Statistical analyses were performed using the Student’s t test.
Values of p < 0.05 indicate statistically signiﬁcant differences. The following notation is used throughout: *p < 0.05; **p < 0.01; ***p < 0.001; and ****p <
0.0001 relative to control. n.s., no signiﬁcance.

signiﬁcantly increased the percentage of early apoptotic cells in
Congo red cultured SH-SY5Y cells stably expressing Tau (from
2.16% to 11.64%) (Fig. 9, C and E). However, myricetin
signiﬁcantly decreased the percentage of early apoptotic cells
in Congo red cultured SH-SY5Y cells stably expressing Tau
(from 11.64% to 2.3%) (Fig. 9, E and F). Furthermore, our
control experiments demonstrated that 10 μM myricetin alone
had no obvious toxicity to SH-SY5Y cells stably expressing
Tau (Fig. 9, A, B, and D). Together, these results demonstrate
that treatment of cells with myricetin almost completely suppresses Tau toxicity induced by Congo red, possibly via activation of autophagy in tauopathy cells.

Discussion
Recently, various in vitro assays have conﬁrmed that certain
polyphenols have the ability to inhibit amyloid ﬁbril formation

of some key proteins linked to neurodegenerative diseases
such as tauopathies (22–26, 48), but the mechanisms behind
the phenomenon are still not clear. We now show that myricetin slows LLPS of full-length Tau protein and signiﬁcantly
inhibits the subsequent Tau aggregation. One striking observation is that myricetin modulates material properties of fulllength Tau protein from liquid droplets to solid aggregates
during the conversion of Tau LLPS into aggregation. Accumulating evidences point to a crucial role of phase transitions
in neurodegenerative diseases associated with protein aggregation and misregulation of membrane-less organelles
(49–54). Liquid-phase condensation of some key proteins
linked to neurodegenerative diseases is modulated by diseaseassociated modiﬁcations, molecular chaperones, and other
factors (12–21, 55). Therefore, we studied the role of myricetin
in regulating the formation of stress granules containing Tau
in neuronal cells. Notably, we show that myricetin reduces the
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Figure 8. Treatment of cells with myricetin blocks mitochondrial damage resulting from Tau aggregation. A−F, SH-SY5Y cell stably overexpressing
full-length human Tau were cultured without Congo red (A and D) or with 10 μM Congo red (B and E) for 2 days and then incubated with 0 μM myricetin (A,
B, D, and E) or 10 μM myricetin (C and F) for 2 days. The enlarged regions (D) and (F) show 16-fold enlarged images from (A) and (C), respectively, the
enlarged region (E) shows 25-fold enlarged image from (B), and display the detailed structures of mitochondria in SH-SY5Y cells. Nuclei are highlighted
using black arrows (A−C). The morphology of normal mitochondria in SH-SY5Y cells incubated with PBS buffer (D) or in SH-SY5Y cells overexpressing Tau
incubated with 10 μM Congo red and 10 μM myricetin (F), which are highlighted by blue arrows, was tubular or round. 10 μM Congo red treatment caused
severe mitochondrial impairment in SH-SY5Y cells expressing Tau (E). Most of the mitochondria in the cells (50%) became swollen and vacuolized, which is
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colocalization of Tau and stress granules and prevents the
accumulation of Tau in stress granules. Furthermore, myricetin inhibits pathological phosphorylation and aggregation of
Tau protein in neuronal cells. Intriguingly, the interaction of
Tau protein with TIA1 has been found to regulate stress
granule formation as well as misfolding and aggregation of Tau
(53, 54).
In the present study, we described the inﬂuences of the
natural antioxidant ﬂavonoid compound myricetin on the
concentration dependence of droplet formation of full-length
Tau protein in vitro as well as stress granule formation by
Tau, treatment studies of Tau expressing cells that model
mitochondrial damage, and Congo-red-induced Tau phosphorylation and toxicity. We demonstrated that myricetin
clears phosphorylated Tau aggregates and reduces Tau toxicity
via activating ATG5-dependent Tau autophagy in cells. We
also observed that myricetin slows down LLPS of full-length
Tau in vitro and stress granule formation of Tau in cells.
The phase separation and turbidity measurements were performed under reducing conditions to ensure that the protein
did not form disulﬁde-linked oligomers. Myricetin slows down
LLPS and enhances ﬂuorescence recovery of full-length Tau
protein under reducing conditions, possibly via interaction
with the protein to lessen intermolecular interactions in Tau
condensates.
One of the challenging problems is to understand how
myricetin promotes degradation of intracellular Tau aggregates. Autophagy is thought to play an important role in the
catabolism of pathological Tau, which has aroused interest in
developing autophagy-based therapeutics in tauopathies
(56, 57). Autophagy stimulation could be performed either
using small-molecule enhancers of autophagy or via gene
therapy approaches (39, 58–60). We observed decreased levels
of phosphorylated mTOR, an indicator of repressive mTOR
signaling, and increased levels of LC3B-II and ATG5-ATG12
complex upon myricetin treatment, indicating that treatment
of cells with the compound triggers mTOR inhibition and
autophagic activation. More importantly, we show that Tau is
as an interacting partner of ATG5, and treatment of cells with
myricetin stabilizes intermolecular electrostatic interactions
between the positively charged middle/C-terminal regions of
Tau and the negatively charged ATG5. It is well known that
ATG5 is required for autophagosome formation and is
essential for autophagy (30, 36). Intriguingly, we observed that
the autophagy level was decreased in ATG5 RNAi cells, which
blocked the inhibitory effect of pathologically phosphorylated
Tau upon myricetin treatment. These cumulative results point
to a critical role of mTOR pathway and ATG5-dependent Tau

autophagy in the cellular mechanisms through which myricetin could trigger degradation of Tau aggregates.
In summary, we report a natural ﬂavonoid (antioxidant
compound) myricetin that slows LLPS of full-length Tau
protein in vitro. In particular, our results show a mild effect of
myricetin on Tau LLPS, so one is left to wonder if the observed
data add much to the cellular story that is provided next. How
does the fact that LLPS of full-length Tau protein is mildly
shifted by myricetin impact on the cellular assays that follow?
To address this question, we suggest that the retardation of
Tau LLPS under reducing conditions might lead to inhibition
of stress granule formation, activation of autophagy function,
and less Tau ﬁbril formation in cells. Our data generally
supports the claims and are sufﬁcient to show that Tau LLPS
and aggregation are slowed down by the compound. Our results describe a model to underpin molecular hypotheses of
how myricetin can slow down Tau LLPS (Tau liquid phase
condensation) and ameliorate Tau toxicity via activating
ATG5-dependent Tau autophagy (Fig. 9G). Importantly, we
show that treatment of cells with myricetin stabilizes the
interaction between Tau and ATG5 to promote clearance of
phosphorylated Tau aggregates to limit its aggregation and
association with stress granules and that the effect of the
compound is indirect. This natural ﬂavonoid inhibits mTOR
pathway, activates LC3B-dependent and ATG5-dependent
Tau autophagy, and almost completely suppresses Tau
toxicity in neuronal cells (Fig. 9G). These results are of interest
to the protein folding community as it attempts to bridge the
gap between Tau LLPS and aggregation in neuronal cells.
Furthermore, we could search for therapeutic targets of
neurodegenerative diseases through the combination of amyloid ﬁbril structures (61–63) and natural ﬂavonoids. Very
recently, phase-separated droplets have been found to be
speciﬁc autophagy substrates in cells, which are modulated by
the interplay between liquid droplets and membrane sheets of
autophagosomes (64). Future research on catabolism stress
granules with aberrant Tau through myricetin-modulated
autophagy pathway to test whether Tau mediates the interplay between stress granules and autophagosomes will highlight an innovative and facile strategy against Alzheimer’s
disease and the related tauopathies.

Experimental procedures
Materials
Congo red (fresh molecular weight of 696.67), DAPI, the
mouse anti-FLAG antibody (F1804), mouse anti-β-actin antibody (A1978), rabbit anti-ATG5 antibody (SAB5700062),

highlighted by red arrows. Samples were negatively stained using 2% uranyl acetate and lead citrate. The scale bars represent 1 μm. G, quantiﬁcation of TEM
images performed on biological replicates shows that myricetin signiﬁcantly decreases mitochondrial damage resulting from Tau aggregation. The relative
number of mitochondria (normal/total) (open red circles shown in scatter plots) is expressed as mean ± S.D. (with error bars) of values obtained in three
biological replicates. About 30 cells were counted in each group. Tau + Congo red, p = 0.000015. SH-SY5Y cells stably overexpressing full-length human Tau
treated without Congo red were used as a control. Tau + Congo red + myricetin, p = 0.00000098. SH-SY5Y cells stably overexpressing full-length human Tau
treated with 10 μM Congo red for 4 days were used as a control. A signiﬁcantly lower number of normal mitochondria was observed in Congo red-treated
cells than did in control cells treated by PBS (0.478 ± 0.011 for Tau + Congo red versus 0.859 ± 0.022 for Tau alone). In contrast, a signiﬁcantly higher number
of normal mitochondria was observed in Congo red- and myricetin-treated cells than did in control cells treated by Congo red alone (0.897 ± 0.009 for Tau +
Congo red + myricetin versus 0.478 ± 0.011 for Tau + Congo red). Statistical analyses were performed using the Student’s t test. Values of p < 0.05 indicate
statistically signiﬁcant differences. The following notation is used throughout: *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001 relative to control.
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Figure 9. Myricetin slows down Tau LLPS and suppresses Tau toxicity via activating ATG5-dependent Tau autophagy. A−F, myricetin signiﬁcantly
decreases Tau toxicity in cells. SH-SY5Y cell stably overexpressing Tau were cultured without Congo red or with 10 μM Congo red for 2 days, then incubated
with 0 μM or 10 μM myricetin for 2 days and detected by MTT (A) and CCK8 (B) assays. The cell viability (%) (open red circles shown in scatter plots) is
expressed as the mean ± S.D. (with error bars) of values obtained in ﬁve independent experiments, respectively. Tau + Congo red, p = 0.0000058 (A) or
0.00000049 (B). SH-SY5Y cells stably overexpressing full-length human Tau treated without Congo red were used as a control. Tau + Congo red + myricetin,
p = 0.0000015 (A) or 0.0020 (B). SH-SY5Y cells stably overexpressing full-length human Tau treated with 10 μM Congo red for 4 days were used as a control.
A or B, treatment of Congo red alone signiﬁcantly increased Tau toxicity in Congo red cultured SH-SY5Y cells stably overexpressing Tau (Cell viability:
53.9% ± 7.3% or 82.2% ± 1.5% for Tau + Congo red versus 100% ± 6.4% or 100% ± 2.2% for Tau alone). In contrast, treatment of Congo red and myricetin
together did not signiﬁcantly increase Tau toxicity in cells stably overexpressing Tau (Cell viability: 98.0% ± 2.3% or 98.3% ± 3.6% for Tau + Congo red +
myricetin versus 100% ± 6.4% or 100% ± 2.2% for Tau alone). Myricetin signiﬁcantly decreased Tau toxicity in SH-SY5Y cells induced by Congo red (Cell
viability: 98.0% ± 2.3% or 98.3% ± 3.6% for Tau + Congo red + myricetin versus 53.9% ± 7.3% or 82.2% ± 1.5% for Tau + Congo red). Statistical analyses were
performed using the Student’s t test. Values of p < 0.05 indicate statistically signiﬁcant differences. The following notation is used throughout: *p < 0.05;
**p < 0.01; ***p < 0.001; and ****p < 0.0001 relative to control. SH-SY5Y cell stably overexpressing Tau were cultured without Congo red (C, D) or with
10 μM Congo red (E, F) for 2 days and then incubated with 0 μM myricetin (C, E) or 10 μM myricetin (D, F) for 2 days. Treatment of 10 μM Congo red (E) for
2 days did induce early apoptosis of living Tau stable cells, but no apoptosis of living Tau stable cells was observed when treated with 10 μM Congo red for
2 days and then incubated with 10 μM myricetin (F) for 2 days. The percentage of apoptotic cells was determined by ﬂow cytometry. The four quadrants
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rabbit anti-LC3B antibody (SAB1306269), rabbit anti-mTOR
antibody (SAB4501038), and rabbit anti-p-mTOR antibody
(SAB5700327) were purchased from Sigma-Aldrich, rabbit
anti-pS396 polyclonal antibody (ab32057) was purchased from
Abcam, and rabbit/mouse Anti-G3BP1 polyclonal antibody
was purchased from Proteintech (13057-2-AP/66486-1-Ig). All
Alexa-conjugated ﬂuorescent secondary antibodies (rabbit
A0208; mouse A0216) and cell lysis buffer for western and IP
were purchased from Beyotime. SP Sepharose Fast Flow was
purchased from GE Company. All other chemicals used in this
study were of analytical grade and were produced in China. A
plasmid-encoding human Tau40 was a kind gift from Dr
Michel Goedert (University of Cambridge), and a plasmidencoding G3BP1 was a kind gift from Dr Liu Yong (Wuhan
University).
Tau protein expression and puriﬁcation
A prokaryotic expression vector pRK172-encoding human
Tau40 was a kind gift from Dr Michel Goedert (University of
Cambridge). The construction of prokaryotic plasmids
expressing full-length human Tau and Tau protein puriﬁcation
were carried as described (10, 11, 17, 45). Puriﬁed Tau protein
was analyzed by SDS-PAGE with one band. The concentration
of human Tau was determined according to its absorbance at
214 nm with a standard calibration curve drawn by BSA.
Liquid-droplet formation
The freshly puriﬁed full-length human Tau protein was
incubated with TAMRA (red ﬂuorescence, excitation at
546 nm) at a Tau: TAMRA molar ratio of 1:3 for 1 h. These
labeled proteins were ﬁltered and freeze-dried. In total, 5.0,
10.0, 15.0, and 20.0 μM Tau protein labeled by TAMRA were
incubated with 10 mM HEPES buffer (pH 7.4) containing 10%
(w/v) PEG 4000 and 2 mM β-mercaptoethanol or incubated
with the same buffer further containing 10.0 μM myricetin on
25  C for 5 min to induce LLPS. Liquid droplets of Tau were
observed by a Leica TCS SP8 laser scanning confocal
microscope with excitation at 546 nm. All phase separation
experiments were performed at least three times and were
quite reproducible.
Turbidity assays
In total, 0, 2.5, 5.0, 7.5, 10.0, 12.5, 15.0, 17.5, and 20 μM fulllength human Tau labeled by TAMRA were incubated with
10 mM HEPES buffer (pH 7.4) containing 10% (w/v) PEG 4000
and 2 mM β-mercaptoethanol or incubated with the same
buffer further containing 10.0 μM myricetin at 25  C for 5 min
to induce LLPS. The turbidity of Tau condensates was
measured at 400 nm and 25  C using a Cytation 3 Cell Imaging
Multi-Mode Reader (BioTek), and turbidity changes for Tau

LLPS in the absence of myricetin were used as controls. All
turbidity assays were repeated at least three times. Statistical
analyses were performed using the Student’s t test. Values of
p < 0.05 indicate statistically signiﬁcant differences. The
following notation is used throughout: *p < 0.05; **p < 0.01;
and ***p < 0.001 relative to controls.
Fluorescence recovery after photobleaching (FRAP)
In total, 20 μM full-length human Tau labeled by TAMRA
was incubated with 10 mM HEPES buffer (pH 7.4) containing
10% (w/v) PEG 4000 and 2 mM β-mercaptoethanol or incubated with the same buffer further containing 10 μM myricetin
at 25  C to induce LLPS for 30 min. Liquid droplets of fulllength Tau were observed by a Zeiss LSM 880 laser scanning
microscope (Carl Zeiss) with excitation at 546 nm. For each
droplet, a square was bleached at 80% transmission for 2 s, and
postbleaching time-lapse images were collected (35 frames, 6 s
per frame). Images were analyzed using Zen (LSM 880
confocal microscope manufacturer’s software).
Cell culture and transfection
SH-SY5Y neuroblastoma cells were cultured in minimum
essential media and in Dulbecco’s modiﬁed Eagle’s medium
(Gibco, Invitrogen), supplemented with 10% (v/v) fetal bovine
serum (Gibco), 100 U/ml streptomycin, and 100 U/ml penicillin in 5% CO2 at 37  C. SH-SY5Y cell line stably expressing
FLAG-tagged full-length human Tau or Tau-EGFP was
constructed with a lentiviral vector construction system
(pHAGE-puro). The target DNA fragments were inserted into
the lentiviral vector, and the plasmids containing target DNA,
pVSVG, and p976 were packaged in HEK-293T cells at a ratio
of 2:1:1 by Lipofectamine 2000 (Invitrogen). The ratio of
liposome to DNA was 2:1. After 48 h of transfection, the viruses were harvested and ﬁltered, and then SH-SY5Y cells
were infected with the packaged lentivirus twice for 12 h each
with a 12-h interval. In order to establish the stable cell lines,
puromycin was used to screen overexpressed cells. The
expression of each protein was detected by Western blot.
Western blotting
SH-SY5Y cells stably expressing full-length human Tau
were cultured with 10 μM Congo red in 6-well plates for 2 days
and then cultured with 0 or 10 μM myricetin for 2 days. The
cells were harvested and ruptured on ice for 15 min with RIPA
lysis buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, EDTA, and
leupeptin (Beyotime). The cell lysates were boiled in SDSPAGE loading buffer for 10 min, then subjected to 12.5%
SDS-PAGE for Figures 4A, 5I, 6A, and 7A or 8% SDS-PAGE
for Figure 5K, and transferred to polyvinylidene diﬂuoride

distinguished by annexin V-FITC/PI staining represent viable cells (lower left quadrant), early apoptotic cells (lower right quadrant), late apoptotic cells (upper
left quadrant), and operation-damaged cells (upper left quadrant). G, a hypothetical model shows how myricetin (green triangles), a natural ﬂavonoid, slows
down Tau LLPS (Tau droplets, green balls) and suppresses Tau toxicity via activating ATG5-dependent Tau autophagy. More importantly, treatment of cells
with myricetin stabilizes the interaction between Tau (magenta ropes) and ATG5 (PDB 4TQO) (shown in ribbon representation in dark green) to promote
clearance of phosphorylated Tau to limit its aggregation. This natural ﬂavonoid inhibits mTOR (PDB 5EF5) (ribbon structure) pathway, activates LC3B (PDB
5GMV) (shown in ribbon representation in purple)-dependent and ATG5-dependent Tau autophagy, and almost completely suppresses Tau toxicity.
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membranes (Millipore). The membranes were blocked with
5% fat-free milk in 25 mM Tris-buffered saline buffer containing 0.047% Tween 20 (TBST) and then incubated with an
appropriate dilution ratio of the following primary antibodies
at 4  C overnight, i.e., rabbit anti-pS396 antibody for
Figure 4A, rabbit anti-LC3B and ra`bbit anti-ATG5 antibodies
for Figure 5I, rabbit anti-mTOR and rabbit anti-p-mTOR
antibodies for Figure 5K, and mouse anti-β-actin antibody
for Figures 4, A and C, and 5, I and K, followed by incubation
with 1/10,000 homologous horseradish peroxidase (HRP)conjugated secondary antibody for 1 h at room temperature.
The membranes were then incubated with WesternBright ECL
HRP substrate (Advansta Inc) and developed on ﬁlms. The
normalized amounts of pS396 Tau, ATG5, LC3B-II, or
mTOR/p-mTOR in SH-SY5Y cells stably expressing fulllength Tau were determined as a ratio of the density of
pS396 Tau, ATG5, LC3B-II, or mTOR/p-mTOR bands over
the density of β-actin band in the cell lysates and are expressed
as mean ± SD (with error bars) of values obtained in three
independent experiments. SH-SY5Y cells overexpressing Tau
treated without myricetin were used as a control. For calculating the amounts of pS396 Tau, ATG5, LC3B-II, or mTOR/
p-mTOR, the ImageJ software (NIH) was used to assess the
densitometry of the corresponding protein bands. Statistical
analyses were performed using the Student’s t test. Values of
p < 0.05 indicate statistically signiﬁcant differences. The
following notation is used throughout: *p < 0.05; **p < 0.01;
***p < 0.001; and ****p < 0.0001 relative to control.
Sarkosyl-insoluble western blotting
Sarkosyl-insoluble Western blotting was used to investigate
intracellular Tau aggregates. Cell lysates from the above SHSY5Y stable cells were centrifuged at 17,000 g for 30 min at
4  C to remove the cell debris. Half of the supernatant was
incubated with 1% sarkosyl for 30 min at 25  C. The mixture
was then ultracentrifuged at 150,000 g for 30 min, and the
pellets were washed twice with 1 × PBS (pH 7.4). The sarkosylinsoluble pellets were boiled in the SDS-PAGE loading buffer
for 10 min. The other half of the supernatant, which served as
the total protein sample, was also boiled in the SDS-PAGE
loading buffer for 10 min. The samples were separated by
12.5% SDS-PAGE and then Western blotted as described in
detail in the aforementioned Tau phosphorylation experiments. The sarkosyl-insoluble pellets from those cells were
probed using the anti-FLAG antibody, and the corresponding
cell lysates were probed using the anti-FLAG antibody and
anti-β-actin antibody. The amount of loaded protein was
normalized using a BCA Protein Quantiﬁcation kit (Beyotime).
For calculating the amounts of sarkosyl-insoluble Tau, the
ImageJ software (NIH) was used to assess the densitometry of
Tau bands. The normalized amount of insoluble Tau aggregates in SH-SY5Y cells stably expressing full-length Tau was
determined as a ratio of the density of Tau aggregate bands
over the density of β-actin band in the cell lysates. SH-SY5Y
cells overexpressing Tau treated without myricetin were used
as a control. Statistical analyses were performed using the
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Student’s t test. Values of p < 0.05 indicate statistically signiﬁcant differences. The following notation is used
throughout: *p < 0.05; **p < 0.01; and ***p < 0.001 relative to
control.
Laser scanning confocal analysis
SH-SY5Y cells stably expressing FLAG-tagged full-length
human Tau were cultured with 10 μM Congo red in 12-well
plates for 2 days and then cultured with 0 or 10 μM myricetin for 2 days. Cells were ﬁxed, permeabilized, immunostained with primary antibodies anti-LC3B and anti-FLAG,
and then immunostained with second antibody IgG conjugated to Alexa Fluor 488 (green) and IgG conjugated to Alexa
Fluor 555 (red), respectively. Images were captured using a
Leica TCS SP8 laser scanning confocal microscope.
Stress granule formation and 3D rendering
SH-SY5Y cells transiently expressing full-length human Tau
labeled by EGFP (or stably overexpressing FLAG-tagged fulllength human Tau) with endogenous G3BP1 were incubated
with 10 μM Congo red in 12-well plates for 2 days, cultured
without myricetin or with 10 μM myricetin for 2 days, and
then incubated 500 μM sodium arsenite for 45 min at 37  C.
Cells were ﬁxed with 4% paraformaldehyde for 30 min, followed by lysed in 0.25% Triton X-100 and blocked with 5%
BSA at 37  C, immunostained with primary antibody rabbit
anti-G3BP1 (or primary antibody mouse anti-FLAG), and then
immunostained with second antibody IgG conjugated to Alexa
Fluor 555 (or second antibody IgG conjugated to Alexa Fluor
488). Images of Tau-EGFP (green) and G3BP1 immunostained
by Alexa Fluor 555 (red) were captured using a Zeiss LSM 880
Laser Scanning Microscope (Carl Zeiss). A stack (20–30 slices)
of optical sections were acquired at 0.10 μm (Z steps) increments with XY pixel dimensions of 66 × 66 μm and
obtained to reveal the 3D image of the above SH-SY5Y cells.
All images were processed for line intensity proﬁle analysis in
the programs Zen (LSM 880 confocal microscope manufacturer’s software). Images of FLAG-tagged full-length Tau
(green) and G3BP1 immunostained by Alexa Fluor 555 (red)
were captured using a Leica TCS SP8 laser scanning confocal
microscope.
Coimmunoprecipitation
SH-SY5Y cells stably expressing full-length human Tau
were cultured with 10 μM Congo red in 6-well plates for 2 days
and then cultured with 0 or 10 μM myricetin for 2 days. Cells
were harvested and ruptured on ice for 15 min. Three hundred
and ﬁfty microliters of the cell lysates from the above cells was
mixed with 3.5 μl of a cocktail protease inhibitors, immunoprecipitated with 1 μl of 1.0 mg/ml mouse anti-FLAG overnight at 4  C, and then incubated with 20 μl of Protein G
Agarose beads for 4 h at 4  C. The beads were washed ﬁve
times with PBS buffer, boiled in SDS-PAGE loading buffer for
10 min, and then probed with Western blot using rabbit antiATG5 (the upper lane). Nonspeciﬁc IgG was served as a
negative control in immunoprecipitation. Another 50 μl of cell
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lysates was boiled in SDS-PAGE loading buffer, probed with
Western blot using anti-ATG5 antibody, anti-FLAG antibody,
and mouse anti-β-actin, respectively, and served as the input
controls (the middle lane and the lower lane), which represented the total ATG5 content, the total Tau content, and the
total protein content in cell lysates, respectively.
ATG5 RNAi
pLKO.1 DNA constructs expressing a speciﬁc shRNA were
from the MISSION TRC-Hs 1.0 library. Constructs including
control: TTCTCCGAACGTGTCACGTTT; ATG 5 RNAi #1:
AATATCTCATCCTGATATAGC; and ATG 5 RNAi #2:
AAATGAGCTTCAATTGCATCC were obtained as bacterial
clones. Transient knockdown experiments with pLKO.1ATG5 RNAi were conducted by using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s reverse transfection protocol. SH-SY5Y cells stably expressing full-length
human Tau were cultured with 10 μM Congo red in 6-well
plates for 2 days. In each well of a 6-well plate, 2 ng
pLKO.1-ATG 5 RNAi control #1 or # 2 and 10 μl Lipofectamine 2000 were diluted in 200 μl Opti-MEM, and the
transfection solution was incubated in 5% CO2 at 37  C for
4–6 h and then cultured in minimum essential media with 0 or
10 μM myricetin for 2 days. Knockdown events were veriﬁed
by Western blotting with rabbit anti-pS396, rabbit anti-ATG5,
rabbit anti-LC3B, and mouse β-actin antibodies.
Ultrathin TEM
SH-SY5Y cells stably expressing full-length human Tau
were cultured with 10 μM Congo red in 6-well plates for 2 days
and then cultured with 0 or 10 μM myricetin for 2 days, and
cells cultured with PBS alone as a negative control. SH-SY5Y
cells stably expressing full-length human Tau incubated with
PBS were used as a negative control. After preﬁxation with 3%
paraformaldehyde and 1.5% glutaraldehyde in 1 × PBS (pH
7.4), the cells were harvested and postﬁxed in 1% osmium
tetroxide for 1 h using an ice bath; the samples were then
dehydrated in graded acetone and embedded in 812 resins.
Ultrathin sections of the cells were prepared using a Leica
Ultracut S Microtome and negatively stained using 2% uranyl
acetate and lead citrate. The doubly stained ultrathin sections
of cells were examined using a JEM-1400 Plus transmission
electron microscope (JEOL) operating at 80 kV.
Cell proliferation and cytotoxicity assay
SH-SY5Y cells stably expressing full-length human Tau
were cultured with 10 μM Congo red in 96-well plates for
2 days and then cultured with 10 μM myricetin for 2 days. SHSY5Y cells stably expressing full-length human Tau treated
without Congo red were used as a control. Or SH-SY5Y cells
stably expressing full-length human Tau treated with 10 μM
Congo red for 4 days without myricetin were used as a control.
Cells were incubated in new medium containing 0.5 mg/ml
MTT for a further 4 h, and then the medium was replaced with
150 μl of pure dimethyl sulfoxide, and the absorbance of the
dark blue formazan was measured with a microplate reader at

492 nm. Or cells were incubated in new medium containing
10% Cell Counting Kit-8 (CCK8) for 2 h, and the absorbance of
the orange formazan was measured with a microplate reader at
450 nm.
Annexin V-FITC apoptosis detection assay
SH-SY5Y cells stably expressing full-length human Tau
were cultured without Congo red or with 10 μM Congo red for
2 days and then incubated with 0 μM myricetin or 10 μM
myricetin for 2 days. Apoptotic cells were detected by ﬂow
cytometry after staining with an annexin V-FITC apoptosis
detection kit (Beyotime). In brief, SH-SY5Y cells were harvested after digestion with 2.5 mg/ml trypsin (Promega); the
cells were washed twice with 1 × PBS at 4  C and resuspended
in 195 μl of binding buffer. The samples were then incubated
with 5 μl of annexin V-FITC and 10 μl of PI for 15 min at 4  C
in the dark. Annexin V binding was analyzed using an EPICS
XL-MCL ﬂow cytometer (Beckman Coulter), and the percentage of apoptotic cells was calculated from the total number of cells (2 × 104 cells) using EXPO32MultiComp
software. All apoptotic blot experiments were repeated at least
three times.
Statistical analysis
The data shown for each experiment were based on at least
three technical replicates, as indicated in individual ﬁgure
legends. Data are presented as mean ± SD, and p-values were
determined using the Student’s t test. All experiments were
further conﬁrmed by biological repeats.

Data availability
All data generated or analyzed during this study are
included in this published article or available from the corresponding author upon request.
Supporting information—This
information.
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