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Abstract

Angelman Syndrome (AS) is a neurodevelopmental disorder caused by deficiency of the
maternally expressed UBES3A gene. The UBE3A proteins functions both as an E3 ligase in

the ubiquitin-proteasome system (UPS), and as a transcriptional co-activator for steroid hormone
receptors. Here we investigated the effects of UBE3A deficiency on autophagy in the cerebellum
of AS mice and in COS1 cells. Numbers and size of LC3- and LAMP2-immunopositive puncta
were increased in cerebellar Purkinje cells of AS mice, as compared to wildtype mice. Western
blot analysis showed an increase in the conversion of LC3I to LC3I1 in AS mice, as expected from
increased autophagy. Levels of active AMPK and of one of its substrates, ULK1, a factor involved
in autophagy initiation, were also increased. Colocalization of LC3 with LAMP2 was increased
and p62 levels were decreased, indicating an increase in autophagy flux. UBE3A deficiency was
also associated with reduced levels of phosphorylated p53 in the cytosol and increased levels in
nuclei, which favors autophagy induction. UBE3A siRNA knockdown in COS-1 cells resulted

in increased size and intensity of LC3-immunopositive puncta and increased the LC3 11/1 ratio,

as compared to control siRNA-treated cells, confirming the results found in the cerebellum of

AS mice. These results indicate that UBE3A deficiency enhances autophagic activity through
activation of the AMPK-ULK1 pathway and alterations in p53.
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Introduction

Angelman Syndrome (AS) is a neurodevelopmental disorder with an incidence of 1 in
~15,000 live births. AS is characterized by severe developmental delay, language and
cognition deficits, motor impairment (Sailer, Kaufmann et al. 2004, Berry, Leitner et al.
2005, Chamberlain, Chen et al. 2010), and in a large number of AS patients, seizure activity
(Peters, Beaudet et al. 2004, Berry, Leitner et al. 2005, Dan 2009). AS is caused by the
deficient expression of the maternally-inherited UBE3A gene in neurons (Albrecht, Sutcliffe
etal. 1997, Kishino, Lalande et al. 1997, Matsuura, Sutcliffe et al. 1997, Rougeulle, Glatt
etal. 1997, Vu and Hoffman 1997, Lalande and Calciano 2007, Gustin, Bichell et al. 2010).
UBES3A protein has been shown to function as an E3 ligase in the ubiquitin-proteasome
system (UPS) (Kishino, Lalande et al. 1997, Matsuura, Sutcliffe et al. 1997). UBE3A also
functions as a co-activator and regulator of some steroid hormone receptors (Nawaz, Lonard
et al. 1999, Khan, Fu et al. 2006, Catoe and Nawaz 2011), and can also affect transcription
by inducing degradation of transcription factors (Nawaz, Lonard et al. 1999, Mani, Oh et al.
2006, Ramamoorthy and Nawaz 2008).

The autophagy-lysosome system is an evolutionarily conserved pathway, which degrades
cellular components, e.g., misfolded or long-lived proteins and supernumerary or damaged
organelles, and provides nutrients or energy in response to a variety of stresses. Autophagy
plays critical roles in normal cell functions and its dysfunction has been linked to various
diseases (Tooze, Dooley et al. 2015). Autophagy initiation involves the activation of Unc-51-
like kinase 1 (ULK1), which recruits autophagy-relevant protein complexes, resulting in
autophagy initiation in various organisms (Kim, Kundu et al. 2011; Li and Chen 2019)

and in cell lines (Ryu, Kim et al. 2021). Adenosine monophosphate-activated protein

kinase (AMPK) increases ULK1 activity by direct phosphorylation at several sites (Gwinn,
Shackelford et al. 2008, Kim, Kundu et al. 2011, Li and Chen 2019, Van Nostrand,

Hellberg et al. 2020). AMPK can also facilitate other steps in autophagy-lysosome pathways
by recruiting other autophagy-relevant proteins and enhancing transcription of autophagy-
related genes (Wang, Li et al. 2022). The microtubule-associated protein 1 light chain (LC3)
is a mammalian homolog of autophagy-related protein 8 (Atg8) which is a ubiquitin-like
protein required for the formation of autophagosomal membranes and once conjugated to
phosphatidylethanolamine (PE) becomes LC3lII, which is associated with autophagosomes
(Tanida, Ueno et al. 2004, Liao, Yao et al. 2007, Bodemann, Orvedahl et al. 2011), and is
widely used to monitor autophagy activity (Klionsky, Abdalla et al. 2012).

Perturbations in the mTOR (mechanistic target of rapamycin) pathway, which controls
protein synthesis by stimulating 4EBP1 and protein degradation by inhibiting the autophagy-
lysosome system, have been implicated in autism spectrum disorders (ASD) (Baron, Tepper
et al. 2006, Bangash, Park et al. 2011). We previously reported that mTORC1 activity

was increased while mTORC2 activity was decreased in the cerebellum of AS mice (Sun,
Liu et al. 2015, Sun, Liu et al. 2018). We therefore investigated autophagic activity in

the cerebellum of AS mice and COS-1 cells. As recent research, mostly in tumor cell

lines, has indicated that the tumor suppressor protein, p53, regulates autophagy in a location-
dependent manner with nuclear-localized p53 facilitating and cytosolic p53 suppressing
autophagy (Tasdemir, Maiuri et al. 2008, Tang, Di et al. 2015, Mrakovcic and Froéhlich
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2018), we also determined the potential roles of p53 in autophagy in wild-type (WT) and AS
model mice.

Material and Methods

Animals

Ube3atMAIbY mice were purchased from The Jackson Laboratory (stock No. 016590,

Bar Harbor, ME), a breeding colony was established, and pup genotype was determined

as previously described (Baudry, Kramar et al. 2012, Sun, Liu et al. 2015). Animal

handling and experimental use followed NIH guidelines and protocols approved by the local
Institutional Animal Care and Use Committee (IACUC) of Western University of Health
Sciences. In all experiments male WT and AS mice aged between 2—4 months were used.
Control mice were age-matched, male, WT littermates. Multiple liters were used for all
experiments. Mice, housed in groups of two to three per cage, were maintained on a 12-h
light/dark cycle with food and water ad libitum.

Cell culture and transfection

COS-1 cell lines were obtained from ATCC, and grown in DMEM (Dulbecco’s modified
Eagle’s medium) supplemented with 10% (vol/vol) fetal bovine serum (FBS) at 37 °C under
5% CO» according to published protocols (Sun, Liu et al. 2018). To knockdown UBE3A,
cells were incubated with 20 nM SMARTpool ON-TARGETplus Human UBE3A siRNA
(UBE3A siRNA, GE Dharmacon, L-005137-00-0010) or ON-TARGETplus Non-targeting
Control Pool (control siRNA, GE Dharmacon, D-001810-10-20) for 72 h before being used
for immunofluorescence or Western blot analysis.

Immunofluorescence

For immunofluorescence with brain tissue sections, mice were sacrificed under deep
anesthesia using pentobarbital administered intraperitoneally (IP) and were perfused
through the left cardiac ventricle with phosphate buffered saline (PBS) followed by

4% paraformaldehyde (PFA). Whole brains were removed and post-fixed in 4% PFA
overnight at 4°C followed by sequential immersion in 15% and 30% sucrose for
cryoprotection. The cerebellum was then dissected and 25 pm sagittal sections were
prepared with a cryomicrotome (CM 1950, LEICA). Free-floating sections were processed
for immunohistochemical staining as previously described (Qin, Baudry et al. 2009, Sun,
Liu et al. 2015). In brief, tissue sections were blocked for 1 h at room temperature (RT)

in 5% goat serum (GS) with 0.3% Triton-X100 in 0.1 M phosphate buffer (0.3% PBST).
After blocking, free-floating tissue sections were incubated in primary antibody diluted in
a solution of 1% bovine serum albumin (1%BSA) with 0.3% PBST overnight at 4 °C. The
following day, sections were briefly washed 3 times for 5 min each at RT in PBS followed
by incubation with secondary antibodies diluted in a solution of 1% BSA with 0.3% PBST
for 2 h at RT. Sections were then briefly washed 4 times for 5 min each at RT in PBS and
mounted using Vectashield mounting media with DAPI (H-1200, Vector Laboratories) to
stain cell nuclei. Brain sections were imaged using a Zeiss LSM 880 confocal laser-scanning
microscope.
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For immunofluorescence with COS-1 cells, cultured cells were fixed in 4% PFA for 15 min
at 37 °C followed by 0.25% TritonX-100 in PBS for 10 min at RT. Cells were blocked with
3% BSA in PBS for 1 h at RT. After blocking, cells were incubated with primary antibody in
3% BSA/PBS overnight at 4 °C. The following day, coverslips were then washed with PBS
3 times for 5 min each at RT and then incubated with secondary antibody in 3% BSA/PBS
for 2 h at RT. After washing 4 times for 5 min each with PBS, cells were mounted on glass
slides using Vectashield mounting media with DAPI followed by obtaining on a Zeiss LSM
880 confocal laser-scanning microscope.

Tissue collection, P1/S1 fractionation, and Western blot analysis

Antibodies

Mice were deeply anesthetized with isoflurane and then decapitated. The whole brain was
removed, and various brain regions (cerebellum and hippocampus) were dissected. Brain
tissues were immediately used or frozen on dry ice and stored at —80 °C until further
processes.

P1/S1 fractionation was prepared using the NE-PER Nuclear and Cytoplasmic Extraction
Reagents Kit (Cat# 78835, Thermo Scientific) according to the manufacturer’s instruction.
For whole homogenates, cerebellum tissue was homogenized in RIPA buffer (10 mM Tris,
pH 8, 140 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1% NP-40, 0.5% sodium deoxycholate,
and 0.1% SDS and a protease inhibitor cocktail). Cultured COS-1 cells were lysed in lysis
buffer (Tris-HCI 25 mM pH 7.4, NaCl 150 mM, 1 mM EDTA, 5% glycerol, 0.5% CHAPS
and a protease inhibitor cocktail). The total protein concentration of the resultant samples
was measured with a BCA protein assay kit (Pierce, Prod# 23225, Thermo fisher Scientific).

Western blot were performed using previously published protocols (Sun, Zhu et al. 2015).

In brief, proteins were separated by SDS-PAGE followed by transfer to PVDF membranes
(Cat# IPFL00010, Millipore). After incubation with 3% BSA/TBS (Tris-buffered saline)

at RT for 1 h, membranes were incubated with specific primary antibodies overnight at 4

°C. Following incubation in primary antibodies, membranes were washed with TBST (Tris-
buffered saline with Tween-20) three times; 5 min each wash, at RT, and then incubated with
secondary antibodies (IRDye secondary antibodies) for 2 h at RT with gentle shaking. The
specific protein bands were analyzed with the Odyssey imaging system and LI-COR Image
Studio Software.

The following antibodies were used: LC3-B-N-Terminus (1:200, catalog#0231-100/
LC3-5F10, Nanotools); LC3-B-N-Terminus (1:500, catalog”AP1802a, Abgent); Anti-
LL.C3 mAb (1:50, catalog”’M152-3, MBL); LAMP2 (1:200; catalog”ab13524; Abcam);
UBES3A (1:1000, catalog”A300-351A, Bethyl); GAPDH (1:1000, catalog?MAB374,
EMD Millipore); LaminB1 (1:1000, catalog”ab16048, Abcam); p62/SQSTM1 (1:1000,
catalog*16-RB62, American Research Products); AMPK (1:1000, catalog#2532S,

Cell Signaling Technology); AMPK-Thr172 (1:1000, catalog#2535S, Cell Signaling
Technology); ULK1-Ser757 (1:1000, catalog”6888, Cell Signaling Technology); ULK1
(1:500, catalogab65056, Abcam); ULK1-Ser777 (1:1000, catalog”ABC213, Sigma);
ULK1-Ser317 (1:1000, catalog#37762S, Cell Signaling Technology); 4EBP1-Ser65
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(1:1000, catalog”9451, Cell Signaling Technology); 4EBP1 (1:1000, catalog#9644S,

Cell Signaling Technology); Cathepsin B (1:500, catalog?AF965, R&D System); p53
(1:200, catalog? AHO0112, Invitrogen); p53-Ser15 (1:1000, catalog”9286L, Cell Signaling
Technology); p53-Serl15 (1:1000, catalog#9284L, Cell Signaling Technology); Calbindin
(1:500, catalog”300, Swant); TFEB (1:1000, catalog?A303-673A, Bethyl); Goat anti-rabbit
IgG IRDye® 680RD (1:10000, catalog”926-68071, LI-COR Biosciences); Goat anti-mouse
IgG IRDye® 800CW (1:10000, catalog”926-32210, LI-COR Biosciences); Donkey anti-
goat 1gG IRDye® 800CW (1:10000, catalog*926-32214, LI-COR Biosciences); Goat
anti-rabbit 1gG AlexaFluor 594 (1:200, catalog”A-11037, Invitrogen); Goat anti-mouse

IgG AlexaFluor 594 (1:200, catalog”A-11005, Invitrogen); Goat anti-rat 1gG AlexaFluor
488 (1:400, catalog”A-11006, Invitrogen); Goat anti-rabbit 1gG AlexaFluor 488 (1:400,
catalog*A-11008, Invitrogen); Goat anti-mouse 1gG AlexaFluor 488 (1:400, catalog®
A-11029, Invitrogen).

Image analysis, quantification, and statistical analysis

Results

Slides were imaged by using a Zeiss LSM 880 confocal microscope and pictures were
analyzed with the particle analysis macro of NIH ImageJ. After splitting channels, images
from different experimental groups were first thresholded at the same level, individual cells
were then outlined, and 20-30 cells per brain were analyzed. The colocalization coefficient
was analyzed using Zeiss ZEN Microscopy Software. Results are presented as means +
SEM. To determine p values, the unpaired Student’s t test was used, as indicated in the
figure legends. Results with a p value <0.05 were considered statistically significant.

1. Increased activation of the autophagy-lysosome system in cerebellum of AS mice

Immunofluorescence staining showed that UBE3A expression was prominent in cell bodies
and dendrites of Purkinje neurons in WT mice and was markedly reduced in AS mice (Fig.
1A). To determine autophagic-lysosome activity, we analyzed levels and co-localization

of LC3 and LAMP2, a protein associated with lysosomal membranes and required for
lysosomal fusion with autophagosomes (Huynh, Eskelinen et al. 2007). LC3- and LAMP2-
immunoreactivity (ir) was present in both puncta and diffused form in cell bodies of
Purkinje cell neurons from AS and WT mice (Fig. 1B). Quantitative analysis of LC3-

and LAMP2-ir in Purkinje neurons revealed a significant increase in the number and size
of LC3- and LAMP2-positive puncta in AS mice, as compared to WT mice (Fig. 1C, D).
The intensity of LC3- and LAMP2-ir was also increased in AS mice, however, this did

not reach statistical significance. These results suggest an increased autophagy initiation
and flux. LC3-ir was partially co-localized with LAMP2-ir in both WT and AS mice.
Image analysis indicated that the number of puncta stained with both LC3 and LAMP2
antibodies was significantly increased in AS mice (Fig. 1E). Western blot analysis of
cerebellar homogenates indicated that the ratio of LC3I1/LC3I was significantly increased in
the cerebellum of AS mice, as compared to WT mice (Fig. 1F, G). The ratio LC311/LC3lI
was also increased in the hippocampus of AS mice (Supplement Fig. 1A).
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2. Changes in autophagy-related proteins in nuclear and cytoplasmic fractions in the
cerebellum of AS mice

LC3 is localized in the cytosol and enriched in nucleoli where it is conjugated with high-
molecular weight complexes (Kraft, Manral et al. 2016). Accumulating evidence suggests
that nuclear LC3 and its translocation to the cytoplasm play critical roles in autophagy
initiation and cell survival (Huang, Xu et al. 2015, Papandreou and Tavernarakis 2019).

We analyzed LC3 and other autophagy-related proteins in cerebellar nuclear (P1) and
cytoplasmic (S1) fractions from WT and AS mice. LC3II/1 ratio was increased in both

P1 and S1 fractions from AS mice, as compared to WT mice (Fig. 2A-C). We also analyzed
the levels of p62 (also known as SQSTML) in both P1 and S1 fractions. P62 is a receptor for
ubiquitinated proteins and other cargos destined for lysosomal degradation (Cohen-Kaplan,
Livneh et al. 2016), and its level is generally inversely correlated with autophagic activity
and flux (Rogov, Dotsch et al. 2014). P62 levels were significantly reduced in S1 fractions
from AS mice (Fig. 2A, B), but there was no significant difference in P1 fractions between
WT and AS mice (Supplement Fig. 1C). To further confirm that increased LC3I1 levels
were not due to decreased lysosomal function, we determined levels of cathepsin B, a
lysosomal protease that is expressed mainly in late endosomal/lysosomal compartments. No
significant changes were observed for levels of cathepsin B (Fig. 2A and Supplement Fig.
1C). These results suggest that autophagic initiation and flux, indicated by increased LC3II
and decreased p62 levels respectively, are elevated in the cerebellum of AS mice.

We previously reported that mTORCL1 activity was increased in AS mice (Sun, Liu et

al. 2015), which raises the question of how could both mTOR activation and autophagy

be increased in AS mice, since they exhibit a mutual inhibitory relationship. AMPK, a
heterotrimeric protein responsible for the detection of energy levels, has been shown to
regulate both mTORC1 and autophagy. Activation of AMPK inhibits mMTORC1 signaling
but promotes autophagy initiation and flux by phosphorylating ULK1 and other autophagy-
related proteins (Gwinn, Shackelford et al. 2008, Kim, Kundu et al. 2011, Li and Chen
2019, Van Nostrand, Hellberg et al. 2020). We analyzed the levels of total AMPK and

of its active form p-Thr172-AMPK by Western blot. The ratio AMPK-Thr172/AMPK

was markedly elevated in S1 fractions in AS mice, as compared to WT mice (Fig. 2A,

B), while it was no changed in P1 fraction (Supplement Fig. 1C). These results suggest
that active cytosolic AMPK could be responsible for increased autophagy in AS mice.

We next evaluated the levels of total ULK1, ULK1-Ser757 (phosphorylated by mTORC1
and a negative regulator of autophagy initiation), and ULK1-Ser777 and ULK1-Ser317
(phosphorylated by AMPK and a positive regulators of autophagy initiation). Levels of
total ULK1 were significantly increased in P1 fractions from the cerebellum of AS mice as
compared to WT mice (Fig. 2A, C); a similar effect was also observed in S1 fractions, but
this was not statistically significant (Supplement Fig. 1C). The various phosphorylated forms
of ULK1 (ULK1-Ser317, ULK1-Ser757, and ULK1-Ser777) were mostly observed in S1
fractions (Fig. 2A and Supplement Fig. 1B, C), and only the ratio ULK1-Ser317/ULK1 was
significantly increased in S1 fractions of AS mice, as compared to WT mice (Fig. 2A, B),
suggesting that ULKZ1 activation by AMPK plays a dominant role in AS mice.
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To evaluate mTORCL activity, we measured the levels of the eukaryotic translation initiation
factor 4E (elFAE)-binding protein 1 (4EBP1) and of 4EBP1-Ser65 (phosphorylated by
mTORC1) (Qin, Jiang et al. 2016, Woodcock, Eley et al. 2019). Total 4EBP1 was mostly
found in S1 fractions and its level was significantly reduced in AS mice (Fig. 2A, B);

a very lightly-labeled band was observed in P1 with enhanced exposure (not shown). In
contrast, 4EBP1-Ser65 was mainly found in P1 fractions and its level was increased in AS
mice (Fig. 2A, C). Immunofluorescent labeling of 4EBP1-Ser65 further confirmed these
results; 4EBP1-Ser65-ir was mostly present in nuclei and staining intensity was increased
in AS mice (Supplement Fig. 2A). Recent studies have shown that 4EBP1 translocates from
the cytoplasm to the nucleus where it may regulate transcription (Takahashi, Shibutani et
al. 2022). How 4EBP1-Ser65 nuclear translocation is regulated and whether this plays an
important role in AS pathogenesis remains to be determined.

mTORC1 also phosphorylates TFEB and prevents its nuclear translocation to regulate
lysosomal and autophagic function (Napolitano, Esposito et al. 2018, Puertollano, Ferguson
et al. 2018). We examined total TFEB and its phosphorylated forms at Ser142 and Ser211.
Levels of total TFEB in P1 fractions were not different between WT and AS mice (Fig. 2A,
C), but TFEB levels were significantly lower in S1 fractions from AS mice, as compared

to WT mice (Fig. 2A, B). Levels of TFEB phosphorylated at Ser142 and Ser211 were not
significantly different between AS and WT mice in both S1 and P1 fractions (not shown).
These results suggest that increased autophagy in the cerebellum of AS mice is most likely
caused by increased AMPK activation followed by ULK1 activation and possibly nuclear
translocation of TFEB as well.

3. Changes in phosphorylated p53 (p53-Ser15) in cerebellum of AS mice

Accumulating evidence indicates that the tumor suppressor p53 plays important roles in
autophagy regulation, as it functions both as an autophagy inducer, when it is located in the
nuclei, and an autophagy suppressor, when it is located in the cytosol (Tasdemir, Maiuri et
al. 2008, Tang, Di et al. 2015, Mrakovcic and Fréhlich 2018). Western blot analysis of P1
and S1 fractions from the cerebellum showed that the ratio p53-Ser15/p53 was reduced in S1
fractions of AS mice as compared to WT mice, while it was increased in P1 fractions from
AS mice, although this did not reach statistical significance (Fig. 3A, B). Immunofluorescent
staining showed prominent p53-Ser15-ir within the cell bodies and dendrites of Purkinje cell
layer (Supplement Fig. 2B), which was partially co-localized with LC3 staining, and more
p53-Serl5/LC3 double-stained puncta were detected in AS than in WT mice (Fig. 3C, D).

4. UBE3A knock-down in COS1 cells increased LC3-ir puncta size and intensity, LC3II/
LC3l ratio, and p53 phosphorylation

To further characterize the role of UBE3A in autophagy, we carried out in vitro experiments
in COS-1 cells and used siRNA knockdown of UBE3A. A significant decrease in the
intensity of UBE3A-ir was observed in cells treated with UBE3A siRNA as compared with
cells treated with a scrambled siRNA (control siRNA) (Fig. 4A,D). The knockdown effects
was confirmed by Western blot analysis (Fig.4C,D). The effects of UBE3A knockdown

on LC3 expression were determined by both immunofluorescent staining and Western blot
analysis (Fig. 4). While many LC3-ir puncta were observed in scrambled siRNA- (control
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siRNA) treated cells, LC3-ir puncta in UBE3A siRNA-treated cells were larger and the
staining brighter (Fig. 4A). These observations were confirmed by image quantification
(Fig. 4B). We next determined the ratio of LC3I1 to LC3I and the levels of p62 in whole
homogenates from both control siRNA- and UBE3A siRNA-treated COS-1 cells. Like in
the cerebellum of AS mice, UBE3A knockdown increased the ratio LC311/I and reduced the
levels of p62 (Fig. 4C, D). Subcellular fractionation results showed that the ratio LC3 11/]
was significantly increased in both P1 and S1 fractions (Fig. 4E, F). Western blot analysis
showed that p53-Ser15 was present predominantly in P1 fractions from COS-1 cells, which
is different from our in vivo experiments. The difference could be due to the different types
of cells; p53-Serl5 mainly functions in the nuclei of tumorous cells, while in the cerebellum
it is mostly localized in the cytosol. Levels of p53-Serl15 were significantly increased in P1
fractions following UBE3A knockdown in COS-1 cells (Fig. 4E, F). These results indicate
that UBE3A deficiency increases autophagy in COS-1 cells as it does in mouse cerebellum.

Discussion

In the present study, we found that UBE3A deficiency increased the ratio LC311/LC3l in
AS cerebellum, indicating increased LC3I to LC3II conversion and autophagy induction.
We also found that the colocalization of LC3 with LAMP2 was increased while p62

levels were decreased in AS cerebellum, indicating that the autophagy flux was increased.
We further showed that UBE3A knockdown in COS-1 cells resulted in similar changes,
namely increased LC3I1/LC3lI ratio and decreased p62 levels. Together, these results indicate
that UBE3A deficiency increases autophagy activity. These results are consistent with a
recent report showing that UBE3A deficiency results in increased autophagy in primary
cortical neurons of AS mice (Wang, Wang et al. 2019). Mechanistically, we found that the
active forms of both AMPK and ULK1 were upregulated in the cerebellum of AS mice as
compared to WT mice, suggesting that activation of AMPK and of its downstream substrate
ULK1 may be important for increased autophagic activity. AMPK has multiple downstream
targets, which are critical for maintaining cellular energy homeostasis, and some of them
are directly or indirectly linked to autophagy regulation at multiple levels. In particular,
AMPK phosphorylates ULK1 at Ser317 and Ser777 to promote autophagy induction (Kim,
Kundu et al. 2011); ULK1 functions as an essential initiator for autophagy (Zachari and
Ganley 2017, Torii, Yamaguchi et al. 2020). AMPK can also increase the function of

class 111 PI3K to promote autophagy initiation (Kahn, Alquier et al. 2005). Finally, AMPK
promotes autophagy initiation by inhibiting mTORC1 activity since it phosphorylates TSC2
at Ser1387 and Raptor at Ser792, thereby inhibiting mTORC1 signaling pathway (Gwinn,
Shackelford et al. 2008, Van Nostrand, Hellberg et al. 2020). mTORCL1 phosphorylates
ULK1 at Ser757 and disrupts ULK1-AMPK interactions, thereby suppressing autophagy
induction (Kim, Kundu et al. 2011, Nakatogawa 2020). Our results showed that while
AMPK-mediated phosphorylation of ULK1 was increased, that by mTORC1 was not,
indicating that in AS mice AMPK-mediated regulation of ULK1 is dominant. AMPK has
also been associated with autophagosome biogenesis, maturation, and fusion with lysosomes
to promote autophagy flux (Dunlop and Tee 2013, Jang, Park et al. 2018). Additionally,
AMPK promotes TFEB-mediated upregulation of autophagy-relevant genes through SIRT1
activation (Huang, Wang et al. 2019, Liu, Liu et al. 2021). TFEB is dephosphorylated
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when mTORCL is inactive, which leads to the separation of TFEB from 14-3-3, followed
by TFEB nuclear translocation and the initiation of transcriptional regulation of lysosomal
biogenesis and autophagy. However, TFEB activation (TFEB dephosphorylation) has also
been reported despite high mTORCL1 activity, such as under ER stress, pathogen infection,
and oxidative stress (Roczniak-Ferguson, Petit et al. 2012, Puertollano, Ferguson et al.
2018). In our study, we found that total TFEB levels decreased in S1 fractions with no
change in P1 fractions from AS mice, as compared to WT mice, which suggests that
TFEB nuclear translocation might regulate the expression of autophagy-related proteins in
AS mice. These results indicate that, although mTORC1 activity is high, it may not reach
the levels required to block TFEB nuclear translocation in the cerebellum of AS mice,

due to enhanced AMPK activity. Alternatively, enhanced dephosphorylation by various
phosphatases, such as calcineurin, may contribute to TFEB translocation in AS mice. Thus,
activation of AMPK-ULK1 pathway could facilitate autophagy initiation and completion,
despite enhanced mTORC1 activation in AS cerebellum (Sun, Liu et al. 2015).

Another pathway that may contribute to enhanced autophagy in AS mice is the p53 pathway.
Recent evidence has demonstrated that p53 is involved in regulating autophagic activity
both positively and negatively. As a transcription factor, p53 activates pro-autophagic genes
in the nucleus, while cytoplasmic p53 enhances cell death and blocks autophagy (Feng,
Zhang et al. 2005, Tasdemir, Maiuri et al. 2008, Mrakovcic and Fréhlich 2018). We

showed that UBE3A knockdown significantly increased p53-Ser15 in P1 fractions in COS-1
cells and that UBE3A deficiency resulted in decreased p53-Ser15 in S1 fractions in AS
mice; both changes favor autophagy induction. These results are consistent with the recent
report that p53-Ser15 could activate autophagy in the nucleus and block autophagy in the
cytoplasm (Mrakovcic and Fréhlich 2018). Further studies are needed to investigate whether
p53-Serl5 depletion and inhibition could affect autophagy in both cell lines and in AS mice.
Functionally, the enhanced autophagy activity may compensate for reduced UPS function in
AS mice.

Autophagy and UPS are two pivotal intracellular degradation pathways controling protein
quality and maintaining cellular metabolism and homeostasis. Recent studies have

revealed dynamic interconnections and metabolic compensation between these two systems
(Kocaturk and Gozuacik 2018, Zientara-Rytter and Subramani 2019), and accumulating
evidence shows that the autophagy-lysosome system is also activated by misfolded proteins
and aggregation-induced ER stress, although these processes generally first activate the
UPS. Dysfunction of the UPS pathway is closely associated with enhanced autophagy

as emerging evidence indicates that depletion of E3 ubiquitin ligases impairs protein
ubiquitination and degradation and induces autophagy (Wang, Xia et al. 2018, Che,

Yang et al. 2019, Lee, Yoo et al. 2020, Yang, Zhu et al. 2022). A selective autophagy
pathway, referred to as aggrephagy, has been intensively investigated in a number of
neurodegenerative disorders associated with protein misfolding and aggregation, such as
tauopathies, synucleinopathies, and polyglutamine-containing inclusions or TAR DNA
binding protein-43 (TDP-43) proteinopathies (Jimenez-Sanchez, Thomson et al. 2012, Fox
2016). In this process, misfolded proteins are ubiquitinated and aggregated with p62, which
together with NBR1, functions as cargo receptors for autophagy (Lamark, Kirkin et al.
2009). Two recent studies have indicated that UBE3A may participate in protein folding
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quality control. In particular, UBE3A interacts with the chaperone protein HSP70 and
promotes the degradation of HSP70-bound substrates (Mishra, Godavarthi et al. 2009).
Thus, the lack of functional UBE3A could result in accumulation of misfolded proteins and
activation of the autophagy-lysosome system. In addition, sacsin, the protein involved in
spastic ataxia of Charlevoix-Saguenay, is a potential UBE3A substrate, exhibits an HSP90
homology domain, and promotes protein folding (Anderson, Siller et al. 2011). If sacsin
were to be confirmed as a UBES3A substrate, then the lack of UBE3A would lead to sacsin
accumulation, which could result in improved protein folding. Whether UBE3A directly or
indirectly participates in protein quality control remains therefore an interesting question.

Conclusions

In our study, we showed that UBE3A deficiency enhances autophagy induction

and completion mainly by activation of the AMPK-ULK1 pathway. TFEB-induced
transcriptional regulation may also contribute to enhanced autophagy activity, as well as
enhanced nuclear and reduced cytosol p53 activation. Finally, AMPK may also suppress
mTORC1 activation, which in turn stimulates autophagy. Whether enhanced autophagy is

a compensatory mechanism to sustain metabolic homeostasis or a pathogenic process for
Angelman Syndrome remain to be determined. Additionally, as both UPS and autophagy
have been implicated in various diseases, our results, which provide further evidence for the
mutual regulation of these two systems, may have broad implications.
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Highlights

UBE3A deficiency increases autophagy activity in mouse cerebellum and
COS-1 cells

Increased LC3I1 and decreased p62 indicate enhanced autophagy initiation
and flux

AMPK-ULK1 pathway plays an important role in UBE3A deficiency-induced
autophagy

Reduced cytosolic p53 and enhanced nuclear p53 activation may also play a
role
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Figure 1.
Characterization of autophagy-lysosome system in the cerebellum of AS mice. A,

Expression of UBE3A in the cerebellum of WT and AS mice. Note that UBE3A-ir in
Purkinje neurons was significantly reduced in AS mice. Scale bar, 20 pm. ML: molecular
layer, PCL: Purkineje cell layer, GL: granular layer. B-E, LC3- and LAMP2-ir puncta were
increased in AS cerebellum. Cerebellar sections from AS and WT mice were immunostained
with antibodies recognizing the autophagosomes marker LC3 (red) and the lysosomal
protein LAMP2 (green). B. Representative images. Bottom panels are enlarged images of
LC3 and LAMP2-ir in Purkinje neurons. Arrowheads indicate colocalized puncta. Scale bar:
top, 10 um; bottom, 5 um. C, D, and E. Quantification of fluorescent signals for LC3 (C),
LAMP2 (D), and co-localization of LC3/LAMP2 (E) in WT and AS mice, as shown in B
(means = SEMs from 3 mice and expressed as % of WT, *p < 0.05, **p < 0.01, Student’s
t-test). F. Representative images of Western blots of LC3, UBE3A, and GAPDH (used as a
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loading control). G. Quantitative analysis of Western blots. Note the significant increase in
the ratio of LC3-11/LC3-I in the cerebellum of AS mice as compared to WT mice (mean +
SEM, *p < 0.05, n = 6, Student’s t-test).

Exp Neurol. Author manuscript; available in PMC 2024 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hao et al.

Page 18
A P1 S1 B
WT As WT  As 200+ s1 200- s1
e =
Lc3l ." . S 1501 * §150.
Lcan | — < . @t T
& 100+ | = 01001 *
Pe2 — — d e ‘ g [
G 501 ‘ ~ 509 | |
AMPK -— = . ‘ } 2 ) ;
WT AS WT AS
AMPK-Thr172 —
e
= 2001 s1 §2°°' s1
wo S
X 1504 * = 1501 *
ULK1-Ser317 ﬁ R e e— %150 i 5 K3
N 2
, <004 | <100] peefy | =
- M :JN
£ 50 ‘ ¢ 504 |
S - X T
4EBP1-Ser65 z’ . g o 1 J 0
- " < WT AS = WT As
| —
e N 200 s1 200 s1
E
CathepsinB . ‘ ?150' ?\_‘1150-
o b 3
Bl ™ 100+ 2 004 4
- . . - g100 : . 5100 ‘ia
T 501 et @ 50, 1
GAPDH S ey a | e |
< n | 0 |
laminB] “— — WT AS WT AS
C
2001 P1 2007 P1 E P1 2004 P1
e E ¥ 2 200, H 3
2 1501 * 21504 - 1 ] S0
s i o o | £1504 I o
1004 ‘ =100+ S =1004 )
e i | Sl || E
3 = e | = .
0 504 ; 50+ & 504 ‘ ﬁ 501
- \ - - | w
0 ‘ > e o, | |
WT AS WT AS u WT AS WT AS
Figure 2.

Levels of autophagic and lysosomal-related proteins were altered in nuclear (P1) and
cytoplasmic (S1) fractions in cerebellum of AS mice. A- C. Western blot analysis of

levels of autophagy-lysosome related proteins and of their phosphorylated forms. A.
Representative images. B. Quantitative data of S1 fraction Western blots shown in A (means
+ SEMs from 3-5 mice, *p < 0.05, **p < 0.01, Student’s t-test). C. Quantitative data of P1
fraction Western blots shown in A (means £ SEMs from 3-5 mice, *p < 0.05, **p < 0.01,
Student’s t-test).

Exp Neurol. Author manuscript; available in PMC 2024 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Hao et al.

Page 19
A B
P1 s1
wT As wT As £200 P1 gzoo s1
p53-Ser1s — §150 2150
b I g
" o =% *
High exposure S100 . & 100 a
of p53-Ser15 T E
_ _ @ 50 @ 50
(1 el
[LEJER S e % ol 0
- = 0
y WT AS
UBE3A W . - W ae
C
D
£ 200,
=
w's *
5 é 150+ ;.E
2 c
@ S 1004
[t
a N
§F 50
o
S o
WT AS
Figure 3.

Expression of p53 and its phosphorylated form, p53-Ser15, in the cerebellum of WT and AS
mice. A. Representative images of Western blots labeled with p53-Ser15 and p53 in P1 and
S1 fractions. B. Quantitative analysis of Western blots shown in A (means + SEMs from 3—-4
mice, *p < 0.05, Student’s t-test). C. Co-localization of LC3 (red) with p53-Ser15 (green)

in Purkinje neurons from WT and AS mice. Bottom panels are enlarged images of LC3

and p53-Serl5 co-immunoreactive puncta in the cell bodies of cerebellar Purkinje neurons.
Arrowheads indicate puncta with dual staining. Scale bar: top left, 10 um; top right, 5 um;
bottom, 0.5 um. D. Quantification of LC3/p53-Serl15 co-localization in Purkinje neurons
from WT and AS mice (means £ SEM expressed as % of WT, n = 3, *p < 0.05, Student’s
t-test).
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Figure 4.

Knocking down of UBE3A in COS-1 cells increased autophagic induction and flux, which
is associated with increased levels of p53-Serl5. A. Expression of LC3 (red puncta) and
UBES3A (green) in COS-1 cells transfected with control siRNA and UBE3A siRNA. Scale
bar: 5 pm. B. Quantitative analysis of images shown in A (mean+ SEM, n =4, *p < 0.05,
**p < 0.01, Student’s t-test). C. Representative images of Western blot processed for LC3,
p62, GAPDH, and UBE3A in COS-1 whole homogenates transfected with control siRNA or
UBE3A siRNA. D. Western Blot quantitative analysis shown in C (mean+ SEM, n =4-5, *p
< 0.05, **p < 0.01, Student’s t-test). E. Representative images of Western blot labeled for
LC3, p53, and p53-Ser15 in P1 and S1 fractions from COS-1 cells. F. Quantitative analysis
of Western blots shown in E (mean+ SEM, n = 6, *p < 0.05, **p < 0.01, Student’s t-test).
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