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Overexpressed Smurf1 is degraded in glioblastoma cells
through autophagy in a p62-dependent manner
Da Han, Shengzhen Li, Qin Xia, Xinyi Meng and Lei Dong

School of Life Science, Beijing Institute of Technology, China

Keywords
autophagy; degradation; E3 ubiquitin ligase
activity; p62; PI3K/Akt signaling; Smurf1

Correspondence

L. Dong, School of Life Science, Beijing
Institute of Technology, 5 Zhongguancun
South Street, Haidian District, Beijing, China
E-mail: Idong@bit.edu.cn

Da Han and Shengzhen Li contributed
equally to this article

(Received 21 August 2021, revised 5
October 2021, accepted 5 October 2021)

doi:10.1002/2211-5463.13310

Homologous to E6AP C-terminus (HECT)-type E3 ubiquitin ligase
SMAD-specific E3 ubiquitin protein ligase 1 (Smurfl) was originally identi-
fied to ubiquitinate Smad protein in the TGF-B/BMP signaling pathway.
Recently, Smurfl has been reported to promote tumorigenesis by regulat-
ing multiple biological processes. High expression of Smurfl plays a vital
role in brain tumor progression by mediating aberrant cell signaling path-
ways. Previous reports have shown that Smurfl is degraded mainly
through the ubiquitin—proteasome system, but it remains unclear whether
Smurfl is degraded by autophagy in tumor cells. In this study, we show
that autophagy activators promote Smurfl degradation in glioblastoma
(GB) cells. The autophagy receptor p62 colocalizes with ubiquitinated sub-
strates to promote sequestration of cytoplasm cargo into the autophago-
some. We report that autophagic degradation of Smurfl is dependent on
p62. Moreover, the autophagic degradation of Smurfl is prevented in the
absence of the HECT domain or E3 ubiquitin ligase activity. We further
proved that activation of autophagy leads to a decrease of Smurfl and the
inhibition of the phosphoinositide 3-kinase/protein kinase B signaling path-
way in GB cells. Our results suggest that enhancement of autophagic
degradation of Smurfl may be a potential approach to treating GB.

The aberrantly expressed SMAD-specific E3 ubiquitin
protein ligase 1 (Smurfl) has been reported to play a
pivotal role in multiple tumor types [1-3]. Overex-
pressed Smurfl promotes tumorigenesis through tar-
geting tumor suppressor RhoB for ubiquitination
degradation in cervical carcinoma [4]. In ovarian can-
cer, aberrantly activated Smurfl-mediated degradation
of tumor suppressor ARHGAP26 promotes invasion
and metastasis of cancer cells through the B-catenin
pathway [5]. Smurfl supports breast cancer growth
through facilitating estrogen receptor o signaling,
which is necessary for estrogen-dependent cancer pro-
gression [6]. The suppression of Smurfl inhibits the
progression of multiple types of cancer. Down-
regulation of Smurfl through microRNA shows
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gastric cancer-suppressing effect [7]. Moreover, overex-
pressed Smurfl plays a pivotal role in brain tumor.
For example, hyperactivation of Smurfl is positively
correlated with the World Health Organization grade
of gliomas [8]. A recent study demonstrates that Smur-
f1 knockdown reduces glioblastoma (GB) progression
through ubiquitination of PTEN [9]. The oncogenic
role of Smurfl is associated with the activation of
phosphoinositide 3-kinase/protein kinase B (PI3K/Akt)
signaling [10]. However, the degradation and the aber-
rant expression of Smurfl remain largely unknown.
The ubiquitin—proteasome system (UPS) and autop-
hagy are two major quality-control systems for self-
regulation and degradation of proteins/organelles in
eukaryotic cells [11]. UPS degrades ubiquitin-tagged

CS, codon-switched; GB, glioblastoma; Nrf2, nuclear factor erythroid 2-related factor 2; NS, not significant; PI3K/Akt, phosphoinositide
?3-kinase/protein kinase B; SD, standard deviation; Smurf1, SMAD-specific E3 ubiquitin protein ligase 1; UPS, ubiquitin-proteasome system.
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redundant proteins by 26S proteasome [12]. Previous
studies have demonstrated that Smurfl is degraded via
UPS [13]; however, it has not been elucidated whether
autophagy regulates Smurfl degradation. Autophagy
is a highly conserved eukaryotic cellular recycling pro-
cess that is pivotal for maintaining cellular homeosta-
sis, which delivers damage or excess organelles/
proteins to lysosomes for recycling in eukaryotic cells
[14]. Among the multiple subtypes, macroautophagy
(thereafter referred to as autophagy) is well character-
ized. It requires the formation of autophagosome,
which is a double-membrane vacuole that packages the
sequestered redundant cytoplasmic cargoes, and the
fusion of autophagosome and lysosome for degrada-
tion of cellular cargo [15]. Autophagy is not only a
nonselective bulk degradation pathway for cytoplasmic
cargo but also a selective pathway involved in several
autophagy receptors [16]. In the process of autophagy,
p62/SQSTM1 (sequestosome 1) plays an important
role as a selective autophagy receptor to target ubiqui-
tinated cytoplasm cargo for autophagic degradation
[17,18]. Tt binds to LC3 on the phagophore and ubig-
uitinated cytoplasm cargo, thereby mediating the selec-
tive autophagy degradation of the specific substrates
[19]. Recently, E3 ubiquitin ligase has been reported to
interact with p62. The interaction between E3 ligase
NEDD#4 and p62 is reported to promote p62-mediated
autophagy [20,21]. Kelch-like ECH-associated protein
1 (KEAPI1), which is a component of the Cullin 3
(CUL3)-based E3 ubiquitin ligase complex, binds to
phosphorylated p62 for autophagic degradation [22].
Whether E3 ubiquitin ligase Smurfl interacts with p62
and is degraded by autophagy in tumor cells remains
elusive.

In this study, we hypothesized that Smurfl is
degraded through autophagy in a p62-dependent
manner, and the autophagic degradation of Smurfl
inhibits PI3K/Akt signaling in GB cells. To better
understand the degradation pathway of Smurfl, we
treated GB cell lines by autophagy activators with or
without UPS inhibitor. We also performed RNA
interference and immunofluorescence to check the
role of p62 in Smurfl degradation. E3 ligase activity-
null mutant of Smurfl and deletion constructs were
used to check whether E3 ubiquitin ligase activity is
required. We further performed autophagy activator
treatment combined with overexpression of Smurfl
to detect the effect of autophagy degradation of
Smurfl on the PI3K/Akt signaling pathway. Because
PI3K/Akt signaling is related to tumor cell progres-
sion, whether autophagy degrades overexpressed
Smurfl to inhibit the tumor growth is worth further
investigation.

Oncogenic Smurf1 is degraded by autophagy

Materials and methods

Ethics statement

GB patient tissues were collected from Sanbo Brain Hospi-
tal, Capital Medical University. Written informed consent
was obtained from each subject. All experiments conformed
to the Declaration of Helsinki, and the study was performed
after agreement from the Experimental Animal Protection
and Ethics Committee, Beijing Institute of Technology.

Reagents

Cells were seeded in 12-well plates at approximately 80%
confluence and grown for 24 h before treatment with pro-
teasome inhibitor MG132 (20 mm, 12 h; HY-13259; MCE,
Monmouth Junction, NJ, USA), autophagy activator Tor-
inl (250 nm, 2 h; 4247; Tocris, Minneapolis, MN, USA),
autophagy activator rapamycin (100 pm, 24 h; S1039; Sel-
leck, Houston, TX, USA), Earle’’s Balanced Salt Solution
(EBSS) (2 or 3 h; 14155063; Gibco, Carlsbad, CA, USA)
or autophagy inhibitor Bafilomycin Al (100 nm, 24 h;
196000; Sigma, St. Louis, MO, USA).

Cell culture and transfections

HEK?293, U251 and LN229 cell lines were purchased from
American Type Culture Collection (Baltimore, MD, USA).
Primary GB cells were from Sun Yat-sen University. All cells
were cultured in Dulbecco’s modified Eagle’s medium
(C11995500BT; Gibco) supplemented with 10% FBS (F7524;
Sigma) and 1% penicillin/streptomycin (100 U-mL~" peni-
cillin; 10 pgmL™" streptomycin) at 37 °C in a humidified
5% CO, incubator.

The reagent for the plasmid transfection experiment was
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).
Twelve-well plates were used for transfection. The transfec-
tion process followed the user’s manual; 1.5 pg plasmids
was transfected to each well.

Quantitative real-time PCR

TRNzol Universal (DP424; Tiangen, Beijing, China) was
used to extract total RNA from LN229 cells treated with or
without autophagy activators. The RNA was transcribed into
cDNA with ABScript II RT Mix with genomic DNA
Remover (RK20403; Abclonal, Wuhan, China). Fold change
of Smurfl mRNA was detected by SYBR green-based quan-
titative real-time PCR with the primers 5-AGATCCGTCT
GACAGTGTTATGT-3' and 5-CCCATCCACGACAATCT
TTGC-3' purchased from Sangon Biotech, Shanghai, China.

RNA interference

siRNA targeting p62 (p62 siRNA 2# F: 5-GGCUGAA
GGAAGCUGCCUU-3 and R: 5-AAGGCAGCUUCCU
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UCAGCC-3), targeting PSMC1 (PMSCI siRNA #2: F: and
R: 5-GUUCGCUGAAUUUCUCUCUTT-3') and control
siRNA (Negative Control-siRNA: F: 5-GUACCGCACGU
CAUUCGUAUC-3" R: 5-UACGAAUGACGUGCGGUA
CGU-3') were purchased from JTS scientific. The siRNA was
transfected into cells through Lipofectamine RNAIMAX
(Invitrogen) following the user guidance. Seventy-two hours
later, the cells were lysed, and the knockdown efficiency of
p62 was examined by western blotting.

Plasmids and molecular cloning agents

Full-length human Smurfl and p62 were amplified from
the human fetal brain ¢cDNA library. Smurfl and p62
PCR-amplified products were subsequently inserted into
the p3xFlag-CMV24 (Sigma) and pEGFP-N3 (Clontech,
Otsu, Shiga Prefecture, Japan) vector at HindIII/Sall sites.
The codon-switched (CS) mutation of pEGFP-N3-p62 and
site/deletion mutations of p3xFlag-CMV24-Smurfl were
generated by QS site-directed mutagenesis kit (New Eng-
land Biolabs, Beijing, China). All plasmids were confirmed
by Sanger sequencing. The restriction enzymes were pur-
chased from New England Biolabs. The DNA polymerase
rTaq and Prime STAR high-fidelity polymerase were pur-
chased from TaKaRa, Kyoto City, Japan. The gel recov-
ery kit was purchased from Thermo Fisher. Plasmid
extraction and recovery kit were purchased from TIAN-
GEN. All experiments were operated following the users’
manual.

Antibodies

The primary antibodies were anti-(Flag M2) Ig (F3165;
Sigma), anti-B-actin Ig (A1978; Sigma), anti-Smurfl Ig
(sc100616; Santa Cruz, Dallas, TX, USA), anti-(p-p70 S6
kinase a) Ig (9205, Thr389; CST), anti-p-4E-BP1 Ig (2855s,
Thr37/46; CST, Danvers, MA, USA), anti-p62 Ig (BML-
PWO9860; Enzo, Farmingdale, NY, USA), anti-LC3B Ig
(NB100-2220; Novus, Littleton, CO, USA), anti-LC3B Ig
(L7543; Sigma) and anti-(nuclear factor erythroid 2-related
factor 2) Ig (Nrf2; 16396-1-AP; Proteintech, Chicago, IL,
USA).

Secondary antibodies for western blotting were goat
anti-mouse IgG (BA1050; BOSTER) and goat anti-rabbit
IgG (BA1054; BOSTER, Pleasanton, CA, USA). Second-
ary antibodies for immunofluorescence were Alexa Fluor
488 goat anti-mouse IgG (A11001; Life Technologies,
Carlsbad, CA, USA), Alexa Fluor 555 goat anti-mouse
IgG (A21425; Life Technologies), Alexa Fluor 488 goat
anti-rabbit IgG (A32731; Life Technologies) and Alexa
Fluor 647 goat anti-mouse IgG (ab150115; Abcam, Cam-
bridge, UK). The secondary antibody for immunohisto-
chemical staining was ImmPRESS HRP horse anti-mouse
IgG (MP-7402; Vector, Stuttgart, Germany).

D. Han et al.

Western blotting

Cells were lysed with ice-cold Radio-Immunoprecipitation
Assay buffer (BOSTER) supplemented with PMSF (BOS-
TER) and phosphatase inhibitors (BOSTER) and sonicated
in ice water with bath sonicator, then boiled in 98 °C dry
bath for 10 min. Protein samples (10-100 pg) were then
loaded and separated on 4-12% gradient SDS/PAGE and
transferred to polyvinylidene difluoride membranes. The
membranes were blocked with 5% milk in TBST supple-
mented with 0.1% Tween 20 for 1 h and then incubated
with primary antibodies. Bound antibodies were detected
with horseradish peroxidase-conjugated anti-rabbit or anti-
mouse secondary antibodies (1 : 5000) and enhanced
chemiluminescence reagents.

Immunofluorescence

After fixation with 4% paraformaldehyde for 20 min and
permeabilization in 0.2% Triton X-100 (PBS) for 5 min,
HEK?293 cells were incubated with the indicated antibodies
for 12 h at 4 °C, followed by incubation with fluorescence-
labeled secondary antibody for 1 h at room temperature in
a moist container in the dark. The cells were stained by
FluoroShield mounting medium with DAPI, and images
were visualized with confocal microscope (Nikon, Tokyo,
Japan). The line profile is performed through IMAGE J
(National Institutes of Health, Bethesda, MD, USA).

Immunohistochemical staining

GB patient samples were embedded in paraffin and cut
into 5-pm sections, followed by mounting on slides. The
slides were treated with xylene and ethanol, then put into
50 mL sodium citrate buffer (41 mL 0.1 m sodium citrate,
9 mL 0.1 m critic acid, add H,O to 500 mL), heated in a
microwave oven to boiling and then cooled to room tem-
perature. After permeabilization in 0.3% Triton X-100
(PBS) for 5 min, slides were blocked by 10% goat serum
for 1 h at room temperature and incubated overnight at
4 °C with primary antibodies. The ImnmPRESS HRP sec-
ondary antibodies were applied in slides at room tempera-
ture for 1 h. ImmPACT diaminobenzidine (VECTOR)
was used for detection, and hematoxylin diaminobenzidine
chromogen (Thermo Fisher Scientific, Waltham, MA,
USA) was used as a counterstain. Images were taken with
Olympus slideview VS200.

Statistical analysis

Data represent mean + standard deviation (SD) of n = 3
independent experiments. A two-tailed Student’s t-test was
used for statistical analysis. The significance level was
defined as *P < 0.05, **P < 0.01, ***P < 0.001, or not
significant (NS).
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Results

Smurf1 is degraded by autophagy in GB cells

The Nrf2 is the best-characterized antioxidant tran-
scription factor [23]. Thus, the expression level of Nrf2
is regarded as a marker of the oxidative stress of cells.
Immunohistochemistry staining shows the expression
of Nrf2, and Smurfl expression is higher in patients
with GB compared with normal brain tissue, indicat-
ing GB cells are accompanied with overexpression of
Smurfl and stress condition (Fig. 1A). Previously,
Smurfl was known as an oncogene to promote GB
progression; thus, it is of significance to study the
degradation pathway of overexpressed Smurfl [9,24].

To study whether overexpressed Smurfl is degraded
through the autophagy-lysosome pathway, we starved
primary cultured cells derived from patients with GB
with autophagy activator EBSS. The result showed that
the Smurfl level was decreased after the activation of
autophagy (Fig. 1B). To exclude the effect of autop-
hagy activators on transcriptional level, we performed
quantitative real-time PCR to detect the fold changes of
Smurfl mRNA with the treatment of the drugs. We
found that the mRNA level of Smurfl shows no signifi-
cant difference with or without autophagy activators,
which suggests that autophagy activators have no influ-
ence on transcriptional levels (Fig. 1C).

We also used different autophagy activators, Torinl,
EBSS and rapamycin, to treat cultured HEK293,
LN229 and U251. We found the level of Smurfl is
decreased in these three different cell lines checked by

Oncogenic Smurf1 is degraded by autophagy

western blotting (Fig. 1D), which confirmed that
Smurfl was degraded through autophagy in GB cells.
We next treated LN229 with cycloheximide to inhibit
protein synthesis and stimulated the cells with Torinl
in increasing time periods. Our data showed that
Smurfl was degraded by autophagy in a time-
dependent manner (Fig. 1E).

In addition, we treated HEK293 and LN229 with
autophagy activators under inhibitor MGI132 to
exclude the effect of the UPS on the degradation of
Smurfl. Smurfl is up-regulated with the treatment of
MGI132 in both HEK293 and LN229, indicating
blocking the UPS pathway inhibits Smurfl degrada-
tion. The expression of Smurfl is lower in the group
treated with both MGI132 and autophagy activators
than MG132 treated alone in HEK293 and LN229
cells, further indicating the degradation of Smurfl is
through the autophagy-mediated pathway (Fig. 1F—
H). The 26S protease regulatory subunit 4 (P26s4/
PSMCI) is an indispensable ATPase of UPS-mediated
protein degradation [25,26]. We further performed
PSMCI1 knockdown to exclude the influence of UPS
instead of MGI132 treatment. Consistently, we found
that Smurfl expression was higher in the absence of
PSMCI1 compared with the control siRNA-transfected
group (Fig. 1I). Importantly, we found that Smurfl
has decreased with the starvation of EBSS compared
with normal nutritional status in the presence of
PSMCI siRNA, indicating that Smurfl is degraded by
autophagy (Fig. 11).

We next used MG132 and autophagy inhibitor Bafi-
lomycin Al to check whether blocking autophagy

Fig. 1. Smurf1 is degraded by autophagy in GB cells. (A) Representative images of immunohistochemical staining of Nrf2 and Smurf1
expression in human normal brain tissues and specimens of patients with GB. Scale bar, 50 um. (B) Primary cell from patients with GB was
starved with Earle”s Balanced Salt Solution (EBSS) and lysed for western blotting with anti-Smurf1 Ig, anti-LC3 Ig and anti-B-actin Ig.
Relative quantification of Smurf1 is shown in the right panel. (C) Total RNA of normal and of autophagy activator-treated LN229 cells were
extracted and reversely transcribed to cDNA for quantitative real-time PCR to detect the fold change of Smurf1 mRNA. (D) HEK293, LN229
and U251 cell lines were treated with Torin1, EBSS and rapamycin, respectively, and were lysed for western blotting with anti-Smurf1 Ig,
anti-LC3 Ig and anti-B-actin Ig. Relative quantification of Smurf1 is shown in the right panel. (E) LN229 cells were treated with cycloheximide
(CHX) and Torin1 in different time periods. Smurf1 degradation rate was quantified in the right panel. (F) HEK293 and LN229 were treated
with or without MG132 and/or rapamycin and were lysed for western blotting with anti-Smurf1 Ig, anti-LC3 Ig and anti-B-actin Ig. Relative
quantification of Smurf1 is shown in the lower panel. (G) HEK293 and LN229 were treated with or without MG132 and/or EBSS and were
lysed for western blotting with anti-Smurf1 Ig, anti-LC3 Ig and anti-B-actin Ig. Relative quantification of Smurf1 is shown in the lower panel.
(H) HEK293 and LN229 were treated with or without MG132 and Torin1 and were lysed for western blotting with anti-Smurf1 Ig, anti-LC3
Ig and anti-B-actin Ig. Relative quantification of Smurf1 is shown in the lower panel. (I) Control or PSMC1 siRNA were transfected into
LN229 cells with or without EBSS treatment. The cells were lysed for western blotting with anti-PSMC1 Ig, anti-Smurf1 Ig, anti-LC3 Ig and
anti-B-actin Ig. Relative quantification of Smurf1 is shown in the lower panel. (J) HEK293, LN229 and U251 cell lines were treated with or
without MG132 and/or Bafilomycin A1 and were lysed for western blotting with anti-Smurf1 Ig, anti-LC3 Ig and anti-B-actin lg. Relative
quantification of Smurf1 is shown in the lower panel. (K) LN229 cells were treated with Bafilomycin A1 with or without MG132 under
starvation condition. Relative quantification of Smurf1 is shown in the lower panel. The value of the statistical graph is the ratio of the gray
value of Smurf1 to B-actin. Data represent mean 4+ SD of n = 3 independent experiments. A two-tailed Student's ttest was used for
statistical analysis. The significance level was defined as P < 0.05: *P < 0.05, **P < 0.01, ***P < 0.001.
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GB patient #1
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could increase the Smurfl. Surprisingly, Smurfl level
had no significant difference between Bafilomycin Al
and the control group with or without MG132 treat-
ment in HEK293, LN229 and U251, indicating block-
ing autophagy did not increase Smurfl under normal
conditions (Fig. 1J). Thus, the observation of autopha-
gic degradation of Smurfl possibly occurs when autop-
hagy is stimulated. To improve this hypothesis, we
treated LN229 cells with Bafilomycin Al and MG132
under the starvation by EBSS. We found Smurfl has
increased after treatment of Bafilomycin Al and EBSS
compared with the control group (Fig. 1K). Consis-
tently, in the presence of MGI132, the Smurfl level
increased with the stimulation of Bafilomycin Al
under the activation of autophagy by EBSS (Fig. 1K).
These results suggested that Smurfl is mainly degraded
via the UPS, and autophagic degradation of Smurfl
occurs while autophagy is activated.

The autophagic degradation of Smurf1 is
mediated by p62

Next, we investigated the underlying mechanism of

Oncogenic Smurf1 is degraded by autophagy

autophagy pathway involved several autophagy recep-
tors. One of the well-known receptors, p62, played an
important role in delivering specific cytoplasmic cargo
to lysosome for selective degradation [27]. To investi-
gate whether p62 mediates autophagic degradation of
Smurfl, we designed and transfected p62 siRNA into
LN229 cells with and without EBSS treatment. Consis-
tently, we found that the Smurfl level is decreased
after starvation. Importantly, the autophagic degrada-
tion of Smurfl is inhibited under silencing of p62,
which implicates that p62 is required for the autopha-
gic degradation of Smurfl (Fig. 2A). We also trans-
fected  pEGFP-N3-p62-CS  (p62-siRNA-resistant)
plasmid into the si-p62 LN229 cells with and without
EBSS treatment. We found that the Smurfl level
decreased in the p62 overexpression group compared
with the p62 knockdown group (Fig. 2A). These
results demonstrated that Smurfl is degraded by
autophagy in a p62-dependent manner.

In addition, we performed immunofluorescence to
check colocalization of Smurfl and p62 on the
autophagosome. We transfected pEGFP-N3-p62-CS
plasmid into HEK293 cells and found that overex-

autophagic degradation of Smurfl. The selective pressed EGFP-labeled p62 forms puncta with two
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Fig. 2. The autophagic degradation of smurf1 is mediated by p62. (A) LN229 cells were transfected with or without si-NC, si-p62 and/or
PEGFP-N3-p62-CS plasmid and were treated with or without Earle''s Balanced Salt Solution (EBSS), respectively. Cells were lysed for
western blotting with anti-p62 g, anti-Smurf1 Ig, anti-LC3 Ig and anti-p-actin |g. Relative quantification of Smurf1 is shown in the right panel.
The value of the statistical graph is the ratio of the gray value of Smurf1 to B-actin. Data represent mean + SD of n = 3 independent
experiments. A two-tailed Student’s ttest was used for statistical analysis. The significance level was defined as ***P < 0.001. (B)
Representative immunofluorescence staining of HEK293 transfected with pEGFP-N3-p62 plasmid. Nuclear staining was with 4',6-diamidino-
2-phenylindole (DAPI). Green fluorescence is EGFP-p62 fusion protein. Scale bar, 5 pm. (C) HEK293 cells were transfected with pEGFP-N3-
p62 and Flag-Smurf1 (p3xFlag-myc-CMV24-Smurf1) plasmid and treated with or without Bafilomycin A1 under EBSS starvation for
representative immunofluorescence staining with anti-Flag Ig (red). Colocalization of p62 and Smurf1 is illustrated by line profile. Red and
green lines indicate Smurf1 and p62, respectively. Scale bar, 5 pm.
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different sizes in the cytoplasm with or without EBSS
treatment (Fig. 2B). The green puncta are autophago-
somes formed by p62-mediated selective autophagy,
and bigger puncta may respond to oxidative stress
[28]. We further transfected pEGFP-N3-p62 and Flag-
Smurfl plasmids into HEK293 cells and treated them
with or without Bafilomycin Al under EBSS starva-
tion. Significantly, we found that Flag-labeled Smurfl
forms puncta and colocalizes with EGFP-labeled p62,
demonstrating overexpressed Smurfl coaggregates with
p62 in an aggregate-like structure (Fig. 2C). The colo-
calization of Smurfl and p62 indicates that overex-
pressed Smurfl is degraded by p62-mediated selective
autophagy, along with the aggregate-like cytoplasm
cargoes.

The autophagic degradation of Smurf1 is
dependent on its E3 ubiquitin ligase activity

We hypothesized that Smurfl binds to and ubiquiti-
nates aggregate-like cargo and is degraded by p62-
mediated selective autophagy. Smurfl consists of a C2
domain at the N terminus, two WW domains and a
homologous to E6AP C-terminus (HECT) domain at
the C terminus. The HECT domain is a catalytic
domain associated with Smurfl ubiquitin ligase activ-
ity. The WW domain binds to various proline/tyrosine
(PY)-rich motif (PY motif)-containing substrates, and
the C2 domain is critical for both Smurfl localization
and substrate selection [29-31]. The highly conserved
Cys699 site in the HECT domain is necessary for its
catalytic bioactivity. The deletion of the HECT
domain or site mutation on Cys699 abolishes the E3
ubiquitin ligase activity of Smurfl [32,33]. To further
identify whether the Smurfl autophagic degradation is
dependent on its own function, we constructed Flag-
Smurfl-AC2, Flag-Smurfl-AWW, Flag-Smurf1-
AHECT and Flag-Smurf1-C699A plasmids.

To check the role of each domain of Smurfl in
autophagic degradation, we first transfected HEK?293
cells with deletion constructs of Smurfl with or with-
out EBSS starvation. We found that the Flag-labeled
Smurfl-AC2 and Smurfl-AWW are decreased after the
activation of autophagy (Fig. 3A,B). However,
Smurfl-AHECT could not be down-regulated after
starvation of EBSS, which demonstrates that the
HECT domains are necessary for autophagic degrada-
tion of Smurfl (Fig. 3C). We repeated the same exper-
iment in LN229 cells and drew the same conclusion
(the data are not shown). In addition, we performed
immunofluorescence staining to check the Smurf1 dele-
tion and p62 colocalization by transfecting these three
deletion constructs together with pEGFP-N3-p62,
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respectively, into HEK293 cells with or without Bafilo-
mycin Al under EBSS starvation. Consistently, we
found that Flag-labeled Smurfl-AC2 and Smurfl-
AWW, but not Flag-Smurfl-AHECT, colocalize with
EGFP-labeled p62 puncta under EBSS treatment with
no regard to Bafilomycin Al (Fig. 3D-F). These
results indicate that autophagic degradation of Smurfl
is related to its E3 ubiquitin ligase bioactivity.

Next, we transfected the Flag, Flag-Smurfl and
Flag-Smurf1-C699A into the cultured HEK293 cells
with or without EBSS treatment. We found that over-
expressed wild-type Smurfl is decreased after EBSS
treatment, but not Smurfl-C699A, which indicates
that autophagic degradation of Smurfl is inhibited
without its E3 ubiquitin ligase activity (Fig. 3G). We
also found the same phenomenon in LN229 cells, and
the data are not shown. Furthermore, we cotransfected
Flag-Smurf1-C699A  and  pEGFP-N3-p62 into
HEK?293 with or without Bafilomycin Al treatment
under EBSS starvation. We found that Smurfl1-C699A
cannot form puncta to coaggregate with p62, suggest-
ing that the colocalization of Smurfl and p62 is
blocked without E3 ubiquitin ligase activity (Figs 2C
and 3H). These results further demonstrated that
autophagic degradation of Smurfl is dependent on its
E3 ubiquitin ligase activity.

LC3 is localized on the membrane of autophago-
some [34]. Furthermore, we detected the colocalization
of LC3, ubiquitin and Smurfl with immunofluores-
cence. We transfected Flag-Smurfl plasmid and RFP-
labeled LC3 plasmids into HEK293 cells, treated them
by EBSS with or without Bafilomycin Al, and found
that Smurfl forms puncta and colocalizes with both
LC3 and ubiquitin. Importantly, we cotransfected the
Flag-Smurf1-C699A with RFP-LC3 into HEK293, and
we found that Flag-labeled Smurfl-C699A cannot
colocalize with LC3 and ubiquitin under EBSS treat-
ment (Fig. 31,]J). These data suggest that autophagic
degradation of Smurfl is associated with ubiquitinat-
ing aggregate-like cargo and is inhibited after abolish-
ing the E3 ubiquitin ligase activity. These results
demonstrate that Smurfl is degraded by autophagy
together with the ubiquitinated cytoplasmic cargo in
the ubiquitin ligase activity-dependent manner.

Autophagy degrades Smurf1 to inhibit the PI3K/
Akt signaling pathway in GB cells

The PI3K/Akt signaling pathway is one of the most
frequently dysregulated pathways in cancer and pro-
motes cell proliferation [35,36]. It is known to promote
cell proliferation through phosphorylation of p70S6k
and 4E-BP1. The 70-kDa ribosomal S6 kinase
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Fig. 3. The autophagic degradation of Smurf1 is dependent on its E3 ubiquitin ligase activity. (A) HEK293 cells were transfected with C2
domain deletion construct, Flag-Smurf1-AC2, and were starved with Earle”’s Balanced Salt Solution (EBSS). Cell lysates were examined by
western blotting with anti-Flag Ig, anti-LC3 Ig and anti-p-actin Ig. Relative quantification of Flag-Smurf1-AC2 fusion protein is shown in the
right panel. (B) HEK293 cells were transfected with WW domain deletion construct, Flag-Smurf1-AWW, and were starved with EBSS. Cell
lysates were examined by western blotting with anti-Flag |g, anti-LC3 Ig and anti-B-actin Ig. Relative quantification of Flag-Smurf1-AWW
fusion protein is shown in the right panel. (C) HEK293 cells were transfected with homologous to EBAP C-terminus (HECT) domain deletion
construct, Flag-Smurf1-AHECT, and were starved with EBSS. Cell lysates were examined by western blotting with anti-Flag g, anti-LC3 Ig
and anti-p-actin lg. Relative quantification of Flag-Smurf1-AHECT fusion protein is shown in the right panel. (D) Representative
immunofluorescence staining of HEK293 transfected with pEGFP-N3-p62 and Flag-Smurf1-AC2 plasmids. The cells were treated with or
without EBSS and/or Bafilomycin A1 before staining. Colocalization of p62 and Smurf1-AC2 is illustrated by line profile. Red and green lines
indicate Smurf1-AC2 and p62, respectively. Scale bar, 5 um. (E) Representative immunofluorescence staining of HEK293 transfected with
PEGFP-N3-p62 and Flag-Smurf1-AWW plasmids. The cells were treated with or without EBSS and/or Bafilomycin A1 before staining.
Colocalization of p62 and Smurf1-AWW is illustrated by line profile. Red and green lines indicate Smurf1-AWW and p62, respectively. Scale
bar, 5 um. (F) HEK293 cells are transfected with Flag-Smurf1-AHECT and pEGFP-N3-p62 plasmids. The cells were treated with or without
EBSS and/or Bafilomycin A1 before staining. Colocalization of p62 and Smurf1-AHECT is illustrated by line profile. Red and green lines
indicate Smurf1-AHECT and p62, respectively. Scale bar, 5 um. (G) HEK293 cells were transfected with Flag (p3xFlag-myc-CMV24), Flag-
Smurf1 (p3xFlag-myc-CMV24-Smurf1) and/or Flag-Smurf1-C699A (p3x Flag-myc-CMV24-Smurf1-C699A), respectively, and were treated with
or without EBSS. Cells were lysed for western blotting with anti-Flag Ig, anti-LC3 Ig and anti-p-actin Ig. Relative quantification of Smurf1 is
shown in the right panel. (H) Representative immunofluorescence staining of HEK293 transfected with Flag-Smurf1-C699A and pEGFP-N3-
p62 plasmid. The cells were treated with or without EBSS and/or Bafilomycin A1 before staining. Anti-Flag Ig was used to stain Flag-Smurf1
fusion protein. (I, J) Representative immunofluorescence staining of HEK293 transfected with RFP-LC3 and Flag-Smurf1 (-C699A) plasmids.
The cells were treated with or without EBSS and/or Bafilomycin A1 before staining. Flag-Smurf1 (-C699A) fusion protein was stained by
anti-Flag primary antibody (green) and Alexa Fluor 488 goat anti-rabbit secondary antibody. Endogenous ubiquitin is stained by anti-ubiquitin
primary antibody (cyan-blue) and Alexa Fluor 647 goat anti-mouse secondary antibody. Colocalization of Smurf1 (-C699A), ubiquitin and LC3
is illustrated by line profile. Red, green and cyan-blue lines indicate LC3, Smurf1 and ubiquitin, respectively. Scale bars, 5 um. Data
represent mean + SD of n = 3 independent experiments. A two-tailed Student’'s t-test was used for statistical analysis. The significance
level was defined as P < 0.05: **P < 0.01, ***P < 0.001.
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(p70S6k) is a downstream effector of mammalian tar-
get of rapamycin complex 1 and a regulator of cell
proliferation [37]. Translational repressor 4E-BPI is
another downstream effector of PI3K/Akt signaling,
which blocks the translation of growth-promoting
genes [38]. In this study, we hypothesized that autop-
hagic degradation of overexpressed Smurfl down-
regulates phosphorylation levels of Akt, p70S6k and
4E-BP1. The promoting role of Smurfl in regulating
the PI3K/Akt signaling pathway has been clarified [9];
however, whether autophagy affects the transduction
of the PI3K/Akt signaling pathway by degrading
Smurfl remains unknown.

In our study, we found that overexpression of Smur-
f1 increases the phosphorylation level of Akt, whereas
treating cells with Torinl alone decreases the protein
level of phosphor-Akt>™”* (Fig. 4A). Importantly,
overexpressing Smurfl under Torinl treatment
increases Akt phosphorylation compared with the Tor-
inl alone treatment group, which suggests that Smurfl
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promotes the transduction of the PI3K/Akt signaling
pathway, and autophagy inhibits this pathway by
degrading Smurfl (Fig. 4A). We further treated the
LN229 cells with autophagy activators with or without
Smurfl overexpression and checked the expression of
phosphor-p70S6k™?° and phosphor-4E-BP1Thr37/4¢,
We found that phosphor-p70S6k™2* and phosphor-
4E-BP1T™37/4% have decreased with the treatment of
EBSS or Torinl in LN229 (Fig. 4B-D). We next
transfected Flag-Smurfl plasmid into LN229, treated
the cells with EBSS or Torinl, and found that the pro-
tein levels of phosphor-p70S6k ™22 and phosphor-
4E-BP1Thm37/%6 increased (Fig. 4B-D). It further con-
firms that Smurfl plays an important role in the
PI3K/Akt signaling pathway, and autophagic degrada-
tion of Smurfl inhibits the transduction of the PI3K/
Akt signaling pathway in GB cells. Previously, the
level of phosphor-4E-BP1™37/46 did not change with
the treatment of rapamycin, because Thr37 and Thr46
sites of 4E-BP1 are not sensitive to rapamycin in
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Fig. 4. Autophagy degrades Smurf1 to inhibit the PI3K/Akt signaling pathway in GB cells. (A) LN229 cells were transfected with Flag-
Smurf1 plasmid and treated with or without Torin1. The cells were lysed for western blotting with anti-p-Akt>*™7% g, anti-Smurf1 Ig, anti-
LC3 Ig and anti-B-actin Ig. The relative quantity of p-Akt>¢™73 is shown in the lower panel. (B) LN229 cells were treated by Earle'’s Balanced
Salt Solution (EBSS) and lysed for western blotting. Another group of cells was first transfected with Flag-Smurf1 plasmids and was treated
with EBSS. All the cell lysates were examined by western blotting with anti-Smurf1 g, anti-LC3 Ig, anti-B-actin lg, anti-p-p70S6k™"??° |g and
anti-p-4E-BP1T"37/46 | The relative quantifications of p-p70S6k™%2° and p-4E-BP17"3746 are shown in the lower panel. (C) LN229 cells
were treated with or without Torin1 for 36 h. After 12 h, Flag-Smurf1 plasmid was transfected into the third group of cells. Torin1 was
always supplemented in culture medium until the cells were lysed for western blotting. Anti-Smurf1 Ig, anti-LC3 lg, anti-B-actin Ig, anti-p-
p70S6k™?2° |g and anti-p-4E-BP17"27/48 |g were used. The relative quantifications of p-p70S6k'™?2° and p-4E-BP17"37/46 are shown in the
lower panel. (D) LN229 cells were treated with or without rapamycin for 36 h. After 12 h, Flag-Smurf1 plasmid was transfected into the
third group of cells. Rapamycin was always supplemented in culture medium until the cells were lysed for western blotting. Anti-Smurf1 Ig,
anti-LC3 lg, anti-B-actin Ig, anti-p-p70S6k"™?2° Ig and anti-p-4E-BP1™"%7/46 |g were used. The relative quantifications of p-p70S6k™?2% and p-
4E-BP1TM37/46 gre shown in the lower panel. (E) Model of autophagy degrades Smurf1 in a p62-dependent manner and inhibits transduction
of PI3K/Akt signaling in GB cells. The value of the statistical graph is the ratio of the gray value of phosphor-p70S6k™?2® (or phosphor-4E-
BP1Thr37/46) 1o B-actin. Data represent mean + SD of n = 3 independent experiments. A two-tailed Student's t-test was used for statistical
analysis. The significance level was defined as P < 0.05: **P < 0.01, ***P < 0.001.
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glioma cells [39,40]. We also used mammalian target
of rapamycin inhibitor rapamycin to treat the LN229
cells. We found that phosphor-p70S6k™??° but not
phosphor-4E-BP1T1737/46 has decreased with the treat-
ment of rapamycin (Fig. 4D). Next, we transfected
Flag-Smurfl plasmid into the cells with rapamycin
treatment and found that phosphor-p70S6k ™22 and
phosphor-4E-BP1T"37/46 Jevels  increase  (Fig. 4D).
Notably, overexpression of Flag-Smurfl did not always
restore the phosphorylation of Akt, p70S6K and 4E-
BP1 back to the level similar to the control lane under
the endogenous condition, and the possible reason is
that the stimulation of drugs and transfection reagents
has a negative impact on the growth of cells. Collec-
tively, these results further confirm that autophagy
degrades Smurfl to inhibit the transduction of the
PI3K/Akt signaling pathway. The inhibition of the
PI3K/Akt pathway through autophagy may block
tumor proliferation and survival.

Discussion

How to degrade overexpressed Smurfl in tumor cells
and to maintain homeostasis remain largely unknown.
The degradation of Smurfl through UPS has been well
established; in this study, we found that autophagoso-
mal machinery plays a vital role in degrading excessive
Smurfl. We discussed the underlying mechanism of
autophagic degradation, which is E3 ubiquitin ligase
function and p62 dependent. Autophagy is a well-
known mechanism that degrades large aggregates; thus,
we hypothesized that the degradation of Smurfl mole-
cule is mainly carried out by the UPS, and Smurfl pos-
sibly binds to and ubiquitinates cytoplasm cargoes for
p62-mediated selective autophagic degradation together
with the aggregates. We further confirmed that autop-
hagy degrades Smurfl to inhibit transduction of the
PI3K/Akt signaling pathway (Fig. 4E).

First, excess Smurfl is degraded through p62-
mediated autophagy. Misfolded proteins form aggre-
gates and are delivered to autophagosomes for degrada-
tion by selective autophagy receptors. According to
previous studies, autophagy receptor p62 clustered with
ubiquitinated proteins and delivered the aggregates to
autophagosome [22.41,42]. The interaction between p62
and E3 ubiquitin ligase has been reported [20.43]. We
used p62-siRNA to check whether the autophagic
degradation of Smurfl is p62 dependent, and we found
that autophagic degradation of Smurfl is inhibited
without p62. We also performed immunofluorescence
and found that Smurfl colocalizes with p62 on the
autophagosome. These results suggest that Smurfl is
degraded by p62-mediated selective autophagy.

Oncogenic Smurf1 is degraded by autophagy

Second, the autophagic degradation of Smurfl is
dependent on its E3 ubiquitin ligase activity. We inves-
tigated whether the E3 ubiquitin ligase activity of
Smurfl is involved in its autophagic degradation,
because Smurfl is possibly degraded by p62-mediated
selective autophagy together with the ubiquitinated
protein aggregates [42]. We hypothesized that Smurfl
is associated with the ubiquitination of protein aggre-
gates. We used deletion constructs of Smurfl for west-
ern blotting and immunofluorescence, and the results
suggested the catalytic domain (HECT domain) is nec-
essary for autophagic degradation of Smurfl. We
found that mutation of highly conserved cysteine in
the HECT domain leads to inhibition of Smurfl
autophagic degradation, and this site mutation dys-
functions E3 ubiquitin ligase activity of Smurfl. Next,
we performed immunofluorescence and found that
Smurfl colocalized with LC3 and ubiquitin, which
directly indicated that ubiquitination was involved in
the autophagic degradation of Smurfl. However, the
abolishment of E3 ubiquitin ligase activity of Smurfl
disabled the colocalization among Smurfl, LC3 and
ubiquitin, suggesting that the E3 ubiquitin ligase activ-
ity of Smurfl was necessary for its autophagic degra-
dation. In summary, Smurfl possibly binds to the
aggregate-like cytoplasm cargo and catalyzes ubiquiti-
nation of this autophagy substrate; then p62 interacts
with the ubiquitinated cargo to deliver the substrate
for selective autophagic degradation (Fig. 4E).

Autophagy degrades Smurfl to inhibit the PI3K/
Akt signaling pathway in GB cells. We found that
PI3K/Akt signaling was inhibited with the treatment
of autophagy activators in GB cells. After overexpress-
ing Smurfl plasmids in the GB cells treated with
autophagy activators, we found that PI3K/Akt signal-
ing pathways were reactivated. Thus, we concluded
that overexpressed Smurfl in GB cells promotes
hyperactivation of PI3K/Akt signaling pathways and
autophagy degrades Smurfl to inhibit the transduction
of the PI3K/Akt signaling pathway. In summary, our
study shows that autophagy degrades overexpressed
Smurfl in GB cells, and the enhancement of autop-
hagy in high Smurfl expression tumor cells could be a
potential antitumor approach. Further studies are
required to validate whether inhibition of Smurfl
through the activation of autophagy is effective for
tumor treatment.
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