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Enhanced liquidity of p62 droplets mediated
by Smurf1 links Nrf2 activation and autophagy

Qin Xia', Yang Li", Wanting Xu, Chengwei Wu, Hanfei Zheng, Liqun Liu and Lei Dong’

Abstract

Background Macro-autophagy/Autophagy is an evolutionarily well-conserved recycling process to maintain the bal-
ance through precise spatiotemporal regulation. However, the regulatory mechanisms of biomolecular condensates
by the key adaptor protein p62 via liquid-liquid phase separation (LLPS) remain obscure.

Results In this study, we showed that E3 ligase Smurf1 enhanced Nrf2 activation and promoted autophagy by
increasing p62 phase separation capability. Specifically, the Smurf1/p62 interaction improved the formation and
material exchange of liquid droplets compared with p62 single puncta. Additionally, Smurf1 promoted the competi-
tive binding of p62 with Keap1 to increase Nrf2 nuclear translocation in p62 Ser349 phosphorylation-dependent
manner. Mechanistically, overexpressed Smurf1 increased the activation of mTORC1 (mechanistic target of rapamycin
complex 1), in turn leading to p62 Ser349 phosphorylation. Nrf2 activation increased the mRNA levels of Smurf1, p62,
and NBRT, further promoting the droplet liquidity to enhance oxidative stress response. Importantly, we showed that
Smurf1 maintained cellular homeostasis by promoting cargo degradation through the p62/LC3 autophagic pathway.

Conclusions These findings revealed the complex interconnected role among Smurf1, p62/Nrf2/NBR1, and p62/LC3
axis in determining Nrf2 activation and subsequent clearance of condensates through LLPS mechanism.
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Introduction

The biological macromolecules, such as proteins and
nucleic acids, spontaneously transition to liquid droplets
[also referred to as membrane-less organelles, formed
by liquid-liquid phase separation (LLPS)] to maintain
homeostasis by controlling nuclear function, regulat-
ing cellular quality control, and organizing biochemi-
cal networks [1]. They display liquid-like properties,
such as highly dynamic interiors capable of rapid rear-
rangement and stochastic exchange with the bulk solu-
tion, as well as dynamic fusion, deformation, and fission
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[2-5]. The condensates change from liquid droplets to
gel-like or solid-like materials with increased interac-
tion density between molecules [6]. The abnormal regu-
lation of liquid droplets is the pathogenesis of multiple
neurodegenerative disorders, such as Alzheimer’s dis-
ease, Parkinson’s disease, amyotrophic lateral sclerosis,
and so forth [7-10]. Importantly, dysregulated LLPS is
increasingly implicated as a previously hidden driver of
oncogenic activity as follows. (1) The gain-of-function
mutation of tumor suppressor p53 spontaneously transi-
tions into amyloid oligomers (active state; reversible) or
larger aggregates (solid-state; less reversible) to promote
oncogenesis [11]. (2) The phase separation of metastasis-
promoting transcriptional factor TAZ (transcriptional
coactivator with PDZ-binding motif) compartmental-
ized the machinery to promote tumorigenesis [12]. (3)
Gain-of-function mutant Src homology-2 domain-con-
taining protein tyrosine phosphatase-2 (SHP2) initiates
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mitogen-activated protein kinases (MAPK) signalling
and activation of RAS signalling to promote tumorigen-
esis by increasing the formation of biomolecular con-
densates [13, 14]. (4) A mutation in E3 ligase adaptor
SPOP (speckle type BTB/POZ protein) promotes the
initiation and progression of prostate cancer through
SQSTM1(Sequestosome-1)/p62-dependent  autophagy
and Nrf2(nuclear factor erythroid-2 related factor 2) acti-
vation [15].

The ubiquitin-proteasome system (UPS) and autophagy
are the main cellular clearing systems to maintain pro-
tein homeostasis in response to extreme environmen-
tal stress (e.g., proteotoxic and oxidative stresses) [16].
The p62-dependent compartmentalization is an intercon-
nected quality control system by decision-making based
on the binding affinities, LLPS, or formation of aggregates
[17]. The p62 binds to and condensates the ubiquitinated
proteins for autophagic degradation to compensate for
UPS overload or deficiency [18]. Recently, the liquidity
allowing the exchange of the components with the sur-
rounding environment has been associated with selective
autophagy [5, 19]. The p62 mediates the phase separa-
tion of ubiquitinated proteins to form condensates [5].
The p62 gel-like condensates interact with autophagy-
initiating protein FAK family kinase-interacting protein
of 200 kDa (FIP200) to drive the formation of a large-
size phagophore, which is degraded by autophagy [20].
Moreover, the p62 liquid droplet was found to enhance
oxidative stress response through activating Nrf2 [21,
22]. Keapl interacts with Nrf2 and promotes its degrada-
tion [23]. Studies revealed that p62 gels interfered with
Keapl-Nrf2 interaction by competitively binding with
Keapl, leading to the Nrf2 nuclear translocation and
upregulating the expression of antioxidant response ele-
ments containing genes such as HOI (Heme Oxygenase
1), NQOI(NAD(P)H Quinone Dehydrogenase 1), and
p62 [23]. Especially, p62-mediated Nrf2 activation trig-
gered by another adaptor protein NBR1 (neighbor of
BRCA1 gene 1), a functional analog of p62, further pro-
motes phase separation and phosphorylation of p62 [18,
24]. However, the regulatory mechanisms of p62 con-
densate-dependent Nrf2 activation in response to stress
remain obscure.

Oncogenic E3 ligase SMAD Specific E3 Ubiquitin Pro-
tein Ligase 1 (Smurfl) is highly expressed in cancer cells
and recognized as a new mediator of selective autophagy
by interacting with the nascent autophagosome mem-
brane [25-27]. This study further found that Smurfl
increased and co-localized with p62 droplets in response
to oxidant stress by recruiting LC3, Keapl, and another
autophagy adaptor NBRI. It indicated that Smurfl pro-
moted the formation and material exchange of drop-
lets through the phase separation of p62. This study
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underscored that Smurfl promoted tumor cell survival
by upregulating p62 liquid droplet formation and deg-
radation and might serve as a potential target for cancer
therapy.

Results

Smurf1 promotes the formation of p62-liquid droplets

To confirm the effect of Smurfl on p62 puncta formation
under stress, we first treated Smurf1¥° (Smurfl='~) and
Wild-type (SmurfI™'*) cells with a proteasome inhibi-
tor MG132. The mouse embryonic fibroblasts (MEFs)
were generated from Smurfl~'~ and Smurfl*’* mice. We
found more RFP-p62 puncta in Smurfl** MEFs than
Smurfl~’~ MEFs, under MG132 treatment (Fig. 1A),
indicating Smurfl deficiency blocked the p62 puncta
formation. Then we transfected HA or HA-Smurfl into
Smurfl~'~ MEFs with RFP-p62, and found that Smurfl
overexpression also increased the number of RFP-p62
puncta in Smurfl~’~ MEFs (Fig. 1B). To further evalu-
ate the role of Smurfl in the formation of p62 puncta,
we knocked down or overexpressed Smurfl in glioblas-
toma LN229 cells. We found that Flag-Smurfl1 failed to
increase the number of p62 puncta under basal condition
(Additional file 1: Fig. S1A), indicating stress is the ini-
tial trigger factor in the p62 aggregation. Importantly, the
number and the size of p62 puncta were decreased by si-
Smurfl and recovered by overexpression of Flag-Smurf1-
CS (codon switch, si-Smurfl resistant) under MG132
treatment (Fig. 1C, D).

To test whether the E3 ligase activity of Smurfl pro-
mote p62 puncta formation under stress, we overex-
pressed Flag-Smurfl or Flag-Smurfl®®* (E3 activity
deficiency) in LN229 cells. The number and size of p62
puncta failed to respond to Flag-Smurfl“®°* under
MG132 treatment compared with Flag-Smurfl, sug-
gesting Smurfl promoted the formation of p62 puncta
in its E3 ligase activity-dependent manner (Additional
file 1: Fig. S1B). Moreover, we found endogenous Smurfl
interacts or colocalizes with p62 (Fig. 1E). Flag-Smurf1,
but not Flag-Smurf1“®®, promoted the binding of p62
to ubiquitin under MG132 treatment, suggesting that
Smurfl may increase the p62-ubiquitin binding in its E3
ligase activity-dependent manner (Fig. 1F). To test which
domain of Smurfl could interact with p62, we overex-
pressed GFP-p62 in LN229 cells with Flag-Smurfl or
Flag control. Immunoprecipitation analysis found that
Flag-Smurfl, Flag-Smurfl-AC2, Flag-Smurfl-WW, and
Flag-Smurfl-AHECT (but not Flag, Flag-Smurfl-C2,
Flag-Smurfl-AWW and Flag-Smurfl-HECT) interacted
with GFP-p62 (Fig. 1G, H). The number and size of p62
puncta failed to respond to Flag-Smurfl-CS-AWW
under MG132 treatment compared with Flag-Smurf1-CS,
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suggesting Smurfl-WW interact with p62 to increase liq-
uid droplets formation (Fig. 11, H).

Previously, the p62 droplets are subject to liquid-
ity characterized by fluorescence recovery after pho-
tobleaching (FRAP) assay [2, 5]. To determine if Smurfl
promotes liquidity of p62, we overexpressed fluores-
cence-labeled p62 and Smurfl in glioblastoma cells. We
found that Smurfl promoted the capability of fluores-
cence recovery of double-positive puncta, evidenced
by the half-recovery time after photobleaching (¢1/2) of
RFP-p62 in GFP-Smurfl*/RFP-p62* puncta were gen-
erally at 24+1 min compared to GFP-p62 single puncta
at 1243 min, indicating that Smurfl facilitate p62 to
induce exchanging molecules with the surrounding
environment (Fig. 1K and Additional file 1: Fig. S1C). In
addition, we found that Smurfl™ puncta also displayed
liquid properties, and the £1/2 of GFP-Smurfl single in
GFP-Smurf1 "TRFP-p62* puncta (140.5 min) was shorter
than GFP-Smurf1 single puncta (3+1 min) (Fig. 1K and
Additional file 1: Fig. S1D). Flag-Smurfl overexpression
indeed co-localized with p62 and increased the num-
ber of Smurfl"p62* (including endogenous Smurfl and
Flag-Smurfl) puncta, suggesting that Smurfl-induced
exchanging molecules may depend on p62 phase sepa-
ration ability (Fig. 1L). The K7A/D69A double-mutation
disrupts the oligomerization and phase separation of
p62 [18, 20, 28, 29]. We knocked down p62, then overex-
pressed p62W" and a phase separation-defective p62<74/
D69A blasmid, and found that RFP-p62¥T droplets, but
not RFP-p62X7A'PA droplets, formed in Flag-Smurfl
LN229 cells, suggesting Smurfl-induced formation of

(See figure on next page.)
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p62 liquid droplets is dependent on the p62 phase sepa-
ration ability (Fig. 1M).

p62 phase separation is required

for Smurf1-mediated Nrf2 activation

The p62-Nrf2 axis plays a critical role in protein assem-
bly, aggregation, and degradation [23]. We aimed to
verify if Smurfl promotes the activation of Nrf2. Firstly,
we observed that overexpression of Smurfl increased,
whereas knocking down Smurfl decreased the protein
expression of Nrf2 and p62 (Fig. 2A, B and Additional
file 1: Fig. S2A). We also found decreased Nrf2 and p62
levels in MEFs from Smurfl knockout (Smurf1 ~/~) mice
compared to Smurfl™’* MEFs (Fig. 2C). Immunofluores-
cence analysis showed that Smurfl overexpression greatly
enhanced the nuclear translocation of Nrf2 (Fig. 2D, E).
Next, we performed a cytoplasmic and nuclear protein
extraction experiment by Smurfl overexpression (HA-
Smurfl) or knockdown (si-Smurfl). Indeed, the over-
expressed Smurfl remarkably increased, and Smurfl
suppression decreased the total and nuclear portion of
Nrf2 compared to the control group (Fig. 2F, G and Addi-
tional file 1: Fig. S2B). Expectedly, the expression of Nrf2
targets such as NQO1 was significantly increased by the
overexpression of Smurfl (Flag-Smurfl) compared to the
control (Flag) group, while decreased by si-Smurfl com-
pared to non-targeting control siRNA (si-Control) group
(Fig. 2H and Additional file 1: Fig. S2C). Significantly, p62
or Nrf2 knockdown reverses the overexpressed Smurfl-
induced Nrf2 targets expression (Fig. 2H). To investigate
if p62 phase separation plays a role in Smurfl-mediated

Fig. 1 Smurfl promotes the formation of p62-liquid droplets. A The Smurf1*/+ and Smurf1~~ MEF cells were transfected with RFP-p62, and fixed
after treating with MG132 (20 uM, 12 h), and then immunofluorescence stained with anti-Smurf1 antibody. The nucleus was stained by DAPI. Bar:
5 um. B The Smurf1~/~ MEF cells were transfected with RFP-p62 and fixed after transfection with HA or HA-Smurf1, and then immunofluorescence
stained with anti-HA antibody. Bar: 5 um. The nucleus was stained by DAPI. C, D LN229 cells treated with control or Smurf1 siRNA oligos were
transfected with Flag or Flag-Smurf1-CS, fixed after treating with MG132 (20 uM, 12 h) and then performed by immunofluorescence analysis with
anti-p62 antibody. The nucleus was stained with DAPI. Bar: 5 um (C). Bar graphs indicate the number and size of p62 puncta in each cell (mean £ SD,
n=10 cells examined over three independent experiments). * p <0.05, ** p<0.01, *** p<0.001 as determined by unpaired two-tailed Student’s
t-test (D). E 293T cells lysates were immunoprecipitated by IgG or Smurf1 antibody. The immunoprecipitates and the input were probed with
anti-p62 and anti-Smurf1 antibodies. F 293T cells were transfected with Flag, Flag-Smurf1 or Flag-Smurf1“°, Cell lysates were immunoprecipitated
by anti-p62 antibody. The immunoprecipitates were probed with anti-Ub and anti-p62 antibodies. G, H 293T cells with GFP-p62 overexpression
were transfected with Flag, Flag-Smurf1, Flag-Smurf1-C2, Flag-Smurf1-AC2, Flag-Smurf1-WW, Flag-Smurf1-AWW, Flag-Smurf1-HECT or
Flag-Smurf1-AHECT (G, schematic diagram). Cell lysates were immunoprecipitated by anti-GFP antibody. The immunoprecipitates and the input
were probed with anti-GFP and anti-Flag antibodies (H). I, J LN229 cells treated with control or Smurf1 siRNA oligos were transfected with Flag,
Flag-Smurf1-CS, or Flag-Smurf1-CS-AWW, fixed after treating with MG132 (20 uM, 12 h) and then performed by immunofluorescence analysis
with anti-p62 and anti-Flag antibody. The nucleus was stained with DAPI. Bar: 5 um (1). Bar graphs indicate the number and size of p62 puncta

in each cell (mean £ SD, n=10 cells examined over three independent experiments). * p <0.05, ** p<0.01, *** p<0.001 as determined by
unpaired two-tailed Student’s t-test (J). K LN229 cells cultured in glass-bottom plates were transfected with GFP-p62 alone or co-transfected with
GFP-Smurfl or RFP-p62. Bar: 1 um. The signal recovery after photobleaching was measured by Image J; mean & SD, n= 20 droplets examined

over three independent experiments. L LN229 cells with RFP or RFP-p62 overexpression were transfected with Flag or Flag-Smurf1, fixed, and then
immunofluorescence stained with anti-Smurf1 antibody. The nucleus was stained with DAPI. Bar: 5 um. The number of RFP-p62 puncta>1 pmin
each cell was assessed (mean = SD, n=10 cells examined over three independent experiments). * p <0.05 as determined by unpaired two-tailed
Student’s t-test. M LN229 cells treated with p62 siRNA oligos were transfected with Flag-Smurf1, then fixed after overexpressing RFP, RFP-p62, or
RFP-p62¢7A/D%%A Bar: 5 um. Bar graphs indicate the number and size of RFP-p62 puncta in each cell (mean = SD, n= 10 cells examined over three
independent experiments). The nucleus was stained with DAPI. * p <0.05, *** p < 0.001 as determined by unpaired two-tailed Student’s t-test
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Fig. 1 (See legend on previous page.)
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Nrf2 activation, we overexpressed p6 and p6
plasmid in p62-deficient LN229 cells with or without
Smurfl overexpression. We initially found that si-p62
decreases the endogenous expression of Nrf2, which
was rescued by GFP-p62%T overexpression but not by
GFP-p62K7A/DA gverexpression (Additional file 1: Fig.
S2D). Importantly, overexpression of Smurfl resulted in
increased endogenous expression of Nrf2 in p62%T group
but not in p62X7A/P94 group, suggesting Smurfl upregu-
lated Nrf2 in a p62 phase separation-dependent manner
(Fig. 2I). We then compared the nuclear translocation
percentage of Nrf2 in overexpressed GFP-p62%' ™ or GFP-
p62K7ADEA cells with or without overexpressed Flag-
Smurfl, and found that Smurfl overexpression increased

Nrf2 nuclear translocation in GFP-p62%' T overexpressed
group, but not in GFP-p62X74/P%94 group, compared with
Flag cells, indicating that Smurf1"p62" puncta increased
Nrf2 nuclear translocation in a p62 phase separation
dependent manner (Fig. 2], K). Smurfl-induced NQO1
mRNA expression was abolished in p62X74/P%A 1 N229
cells (Fig. 2L). Overall, these results indicated that p62
phase separation ability is essential for Smurfl-induced
activation of Nrf2 (Fig. 2M).

Smurf1 increases the binding affinity between p62

and Keap1 to activate Nrf2

Previous study shows that p62 phosphorylation at S349
increases its binding affinity with Keapl (a negative
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Fig. 2 p62 phase separation is required for Smurf1-mediated Nrf2 activation. A, B LN229 cells were transfected with HA or HA-Smurf1. Cell lysates
were prepared and subjected to western blot analysis with the indicated antibodies (anti-Nrf2, anti-p62, anti-HA, and anti-3-actin) (A). The panels
show relative intensity of p62 and Nrf2 in total cell (mean 4= SD from 3 independent experiments). ** p <0.01 as determined by unpaired two-tailed
Student’s t-test (B). C The MEF cells were isolated from Smurf1*+ (WT) and Smurf1='= (Smurf1*®)mice. Cell lysates were prepared and subjected
to western blot analysis with the indicated antibodies (anti-Nrf2, anti-p62, anti-Smurf1, and anti-B-actin). D, E LN229 cells overexpressing RFP-Nrf2
were fixed after transfecting with GFP or GFP-Smurf1. The nucleus was stained with DAPI. Bar: 5 um (D). More than 100 cells were assayed for the
nuclear signal of Nrf2; mean = SD from 3 independent experiments. *** p <0.001 as determined by unpaired two-tailed Student’s t-test (E). F, G
293T cells were transfected with HA or HA-Smurf1. Cytosolic and nuclear fractions of cells were separated and subjected to western blot analysis
with the indicated antibodies (anti-Nrf2, anti-HA, anti-H2B, and anti-B-actin) (F). The panels show the quantification of Nrf2 in nucleus (mean £ SD
from 3 independent experiments). *** p <0.001 as determined by unpaired two-tailed Student’s t-test (G). H LN229 cells treated by control, Nrf2,

or p62 siRNA oligos were transfected with Flag or Flag-Smurf1. The relative mRNA of NQO1 was performed by gRT-PCR analysis. Values were
normalized against the amount of MRNA in LN229 treated with control siRNA oligos and Flag; mean = SD from 3 independent experiments. NS
p>0.05,*p<0.05,**p<0.01,**p<0.001 as determined by unpaired two-tailed Student’s t-test. | LN229 cells treated by p62 siRNA oligos were
transfected with Flag or Flag-Smurf1, then overexpressed GFP-p62 or GFP-p62</AP%9A. Cell lysates were prepared and subjected to western blot
analysis with the indicated antibodies (anti-Nrf2, anti-GFP, anti-Flag, and anti-B-actin). J, K LN229 cells treated with p62 siRNA oligos were fixed after
transfecting with Flag, Flag-Smurf1, GFP-p62, or GFP-p62K"~P%A and then immunofluorescence stained with anti-Nrf2 and anti-Flag antibodies.
The nucleus was stained with DAPI. Bar: 5 um (J). More than 100 cells were assayed for the nuclear signal of Nrf2; mean & SD. NS p>0.05, * p<0.05,
**p<0.01 as determined by unpaired two-tailed Student’s t-test (K). L LN229 cells treated by p62 siRNA oligos were transfected with GFP-p62 or
GFP-p62“"~P then overexpressed Flag or Flag-Smurfl. Bar graphs indicate that the relative mRNA of NQO1 was performed by qRT-PCR. Values
were normalized against the amount of NQOT mRNA in LN229 treated with si-p62, Flag, and GFP-p62; mean & SD from 3 independent experiments.
NS p>0.05, *** p<0.001 as determined by unpaired two-tailed Student’s t-test. M Role of Smurf1 in p62 droplet formation and Nrf2 activation.
Smurfl overexpression increased formation and material exchange of p62 liquid droplets. Increased p62 droplets promoted Nrf2 nuclear import

regulator of Nrf2), thus promoting activation of Nrf2
[22]. S403 phosphorylation enhances polyubiquitin
chain-induced phase separation and p62 droplet for-
mation [5, 19]. We observed the total p62 and its phos-
phorylation, especially p-p62 (Ser349), were robustly
increased in Smurfl overexpressed cells and decreased
in Smurfl knockdown cells compared to the control
cells, suggesting Smurfl mediated Nrf2 activation may
occur through upregulation of p62 phosphorylation
at S349 (Fig. 3A and Additional file 1: Fig. S3A). To

investigate whether Smurfl-induced p62 phosphoryla-
tion also depended on its phase separation ability, we
overexpressed p6253*94, p62X7APS9A mytant, and p62W T
in p62-deficient LN229 cells with or without Smurfl
overexpression. We found that Flag-Smurfl increased
p-p62 (Ser349) in p62¥T and p62X7APA group but
not in p62534°A and control group (Fig. 3B). The p62K74/
D694 hardly showed phosphorylation at S349 com-
pared with p62%¥T, indicating that Smurfl promoted
phosphorylation S349 of p62 partly dependent of its
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Fig. 3 Smurf1 increases the binding affinity between p62 and Keap1 to activate Nrf2. A LN229 cells were transfected with HA or HA-Smurf1. Cell
lysates were subjected to western blot analysis with the indicated antibodies (anti-p62, anti-p-p62°3*, anti-p-p62>*%3, anti-HA, and anti-B-actin). Bar
graphs indicate the quantitative densitometric analysis of the indicated proteins relative to 3-actin (mean 4 SD from 3 independent experiments).
Values were normalized against the intensity of LN229 transfected with HA. * p <0.05, ** p<0.01 as determined by unpaired two-tailed Student’s
t-test. B LN229 cells treated by p62 siRNA oligos were transfected with Flag or Flag-Smurf1, then overexpressed GFP, GFP-p62"T, GFP-p62°349,

or GFP-p62</AP%9 Cell lysates were prepared and subjected to western blot analysis with the indicated antibodies (anti-p-p62°**°, anti-GFP,

and anti-B-actin). € LN229 cells transfected with Flag or Flag-Smurf1 were treated with DMSO or Rapamycin (100 nM, 24 h). Cell lysates were
prepared and subjected to western blot analysis with the indicated antibodies (anti-p-p62°3*°, anti-p62, anti-p-mTOR, anti-mTOR, anti-p-p70S6K,
anti-p70S6K, anti-Flag and anti-B-actin). D LN229 cells treated by p62 siRNA oligos were transfected with Flag or Flag-Smurf1, then overexpressed
GFP, GFP-p62"V", GFP-p62°34°" or GFP-p62K/A/P5% Total RNAs were prepared from these LN229 cells. Bar graphs indicate the amount of NQO1
mMRNA. Values were normalized against the amount of NQO1T mRNA in LN229 transfected with GFP, Flag plasmids and p62 siRNA oligos;

mean =+ SD from 3 independent experiments. NS p>0.05, * p < 0.05, *** p <0.001 as determined by unpaired two-tailed Student’s t-test. E 293T cells
overexpressed GFP-p62 were transfected HA, HA-Smurf1, si-Control, or si-Smurf1. Cell lysates were immunoprecipitated by anti-Keap1 antibody.
The immunoprecipitates and the input were probed with anti-GFP, anti-Keap1, anti-Nrf2 and anti-HA antibodies. F 293T cells overexpressed
GFP-p62°349* were transfected HA, HA-Smurf1, or si-Smurf1. Cell lysates were immunoprecipitated by anti-Keap1 antibody. The immunoprecipitates
and the input were probed with anti-GFP, anti-Keap1, anti-Nrf2 and anti-HA antibodies. G LN229 cells treated with control or Nrf2 siRNA oligos
were transfected with Flag or Flag-Smurf1. Total RNAs were prepared from these LN229 cells. Bar graphs indicate the amount of p62, NQO1, and
HO1 mRNA. Values were normalized against the amount of mRNA in LN229 transfected with control siRNA oligos and Flag; mean £ SD from 3
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the indicated antibodies. I Smurf1 promotes the phosphorylation of p62°**° by activating mTORC1 signalling pathway. p62°**° phosphorylation
enhance p62 binding affinity with Keap1 and Nrf2 nuclear translocation. The activated Nrf2 partially participates to the transcriptional activation of

p62

phase separation (Fig. 3B). In addition, Flag-Smurfl
overexpression activated mTOR and increased the
phosphorylation of p62 (Fig. 3C). Moreover, both phos-
phorylation of p62 and activation of mTOR were sig-
nificantly decreased by treatment with mTOR inhibitor
rapamycin, suggesting that overexpressed Smurfl pro-
moted the activation of mTOR to increase S349 phos-
phorylation of p62 (Fig. 3C). Previous studies showed
that Smurfl activated the mTORCI1 signalling path-
way by ubiquitination and degradation of its negative
regulator PTEN (Phosphatase and Tensin Homolog
deleted on Chromosome 10) [40, 41]. In order to test

whether Smurfl-mediated PTEN ubiquitination is the
underlying cause for mTOR activation, we knocked
down Smurfl in LN229 with si-Control or si-PTEN
treatment. As expected, we found that p-mTOR was
decreased by Smurfl knockdown in control group
cells, but p-mTOR was not affected by Smurfl knock-
down in PTEN defective cells (Additional file 1: Fig.
S3B). In order to confirm whether PTEN is the key pro-
tein in the formation of p62 droplets, we transfected
HA-PTEN in cells with Smurfl overexpression under
MG132 treatment. We found that HA-PTEN decreased
Flag-Smurfl induced p62 puncta formation (Additional
file 1: Fig. S3C). Therefore, we believe that HA-PTEN
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partially inhibits Smurfl-mediated p62 puncta forma-
tion by inhibiting PI3K/Akt/mTOR pathway. Interest-
ingly, Flag-Smurfl enhanced the mRNA expression
of Nrf2 target NQO1 only in p62%¥7T group, but not in
p62K7ADOA and p62534°A group, suggesting Smurfl pro-
moted Nrf2 activation in both p62%34° phosphorylation
and its phase separation dependent manner (Fig. 3D).

Next, we tested the binding affinity of Keapl and p62
with or without overexpressed Smurfl under MG132
treatment. Immunofluorescent analysis revealed the
number of Keap1tp62™ puncta was increased in Smurfl
overexpression group and decreased in Smurfl or p62
knockdown group under MG132 treatment (Additional
file 1: Fig. S3D-G). It also revealed the extensive co-local-
ization of Keapl, p62, and Smurfl in the same puncta
(Additional file 1: Fig. S3E, G). Immunoprecipitation
analysis found that HA-Smurf1 also increased, si-Smurfl
decreased the binding affinity between Keap1 and p62™ T
(but not p6253494) (Fig. 3E, F). Immunofluorescence assay
also showed that Smurfl™p62" puncta easily recruited
Keapl compared with p62* puncta (Additional file 1: Fig.
S3E).

Moreover, given that p62 is one of the targets of Nrf2,
we knocked down Nrf2 in LN229 cells with or without
Flag-Smurf1 overexpression to further explore the role of
Nrf2 feedback. The mRNA of p62, as same as other Nrf2
target NQOI1 and HO1, were increased by Flag-Smurfl
and decreased by Nrf2 knockdown (Fig. 3G). Nrf2 knock-
down inhibited Flag-Smurfl induced p62 (Fig. 3H).
Overall, Smurfl promotes the phosphorylation of p62,
resulting in increased binding of p62/Keapl and nuclear
translocation of Nrf2. The activated Nrf2 partially partic-
ipates in the transcriptional activation of p62 and other
anti-oxidative genes (Fig. 3I).

Smurf1 induces the autophagic degradation of p62-liquid
droplets

Recent studies revealed that p62 liquid droplets were
degraded by selective autophagy [20]. We wanted to
investigate whether Smurfl promotes degradation of
p62 liquid droplets. Firstly, we knocked down or over-
expressed Smurfl under the treatment of autophagy
inhibitor Bafilomycin (BafAl, inhibiting autophagic
vesicle acidification) and Chloroquine (CQ, destroying
the structure and function of lysosome). Smurfl knock-
down decreased, while overexpressed Smurfl increased
the levels of LC3-II under blockage of autophagy, sug-
gesting Smurfl promotes autophagosome formation
(Fig. 4A, B). Next, immunofluorescent analysis revealed
that autophagy inhibitor BafAl and enhancer EBSS
(starve to induce autophagy) treatment both increased
autophagosome formation, evidenced by co-localized
Smurfl, p62, and LC3 under proteasome stress (Fig. 4C).
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We immunoprecipitated the endogenous Smurfl and
found it combined with LC3 under MG132 treatment
(Fig. 4D). To validate whether Smurf1 direct interact with
LC3, we purified bacterially expressed GST-Smurfl and
His-Flag-LC3 proteins and conducted pull-down assays
in vitro. However, no direct interaction between Smurfl
and LC3 is detected (Fig. 4E). In addition, we transfected
si-Control or si-p62 in cells under MG132 treatment
and found that p62 knockdown inhibited the interaction
between Smurfl and LC3, suggesting the colocation of
Smurfl and LC3 was mediated by p62 (Fig. 4F). Finally,
we used RFP-GFP-p62 to detect the role of Smurfl in the
autophagic flux of p62 under the MG132 treatment. The
p62 puncta possessed RFPTGFP* signal (not in autol-
ysosomes) and RFPTGFP~ signal (in autolysosomes)
were both dramatically increased in the cells with over-
expressed Smurfl compared to the control cells, while
only a small amount RFP*GFP™ signal was exhibited in
the knockdown of Smurfl, further indicating that Smurfl
induces the autophagic formation and degradation of p62
(Fig. 4G).

NBR1 enhances Smurf1-mediated p62 liquid-droplets
accumulation

The p62 protein has been shown to act cooperatively with
autophagy receptors NBR1, OPTN, and NDP52 [24, 30,
31]. To further study the mechanism of Smurfl mediated
p62 liquid-droplets formation, we first identified that
the overexpression of Smurfl increased, while Smurfl-
depleted specifically decreased p62 and NBR1, but not
other autophagy receptors like OPTN, NDP52, and BAG3
(Fig. 5A, B and Additional file 1: Fig. S4A). Immunofluo-
rescence staining also showed overexpression of Smurfl
increased, whereas knocking down Smurfl decreased
the co-localization of p62 and NBR1 (Additional file 1:
Fig. S4B). NBR1 shares a remarkable structural similarity
with p62 and induced p62 liquid droplet formation [18,
32]. To confirm the promoting effect of NBR1 in Smurfl-
mediated p62 liquid-droplets formation, we transfected
si-Control, si-NBR1, or HA-NBR1 in RFP-Smurfl and
GFP-p62 overexpressed LN229 cells. We found that
NBR1 knockdown decreased, and NBR1 overexpression
increased the number of RFP-Smurfl1 *GFP-p62" puncta,
suggesting that NBR1 promoted the Smurfl-mediated
p62 formation (Fig. 5C, D). However, GFP-NBR1-acti-
vated effect was diminished under Smurfl knockdown,
indicating that Smurfl, but not NBR1, is necessary for
p62 droplet formation (Fig. 5E, F).

To further verify the role of NBR1 in Smurfl-medi-
ated autophagic degradation of p62 droplets, we over-
expressed NBR1 in Flag or Flag-Smurfl LN229 under
BafAl treatment. We found that overexpression of
NBR1 slightly increased the number of p62 puncta in
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Fig. 4 Smurf1 induces the autophagic degradation of p62-liquid droplets. A LN229 cells were transfected with control or Smurf1 siRNA oligos,
then treated with DMSO or BafA1 (100 nM, 24 h). Cell lysates were prepared and subjected to western blot analysis with the indicated antibodies
(anti-p62, anti-LC3B, anti-Smurf1, and anti-B-actin). Bar graphs indicate the quantitative densitometric analysis of LC3 relative to -actin. Values
were normalized against the intensity of LN229 transfected with si-Control and treated with DMSO; mean =+ SD from 3 independent experiments.
**p<0.01,***p<0.001 as determined by unpaired two-tailed Student’s t-test. B LN229 cells were transfected with Flag or Flag-Smurf1, then
treated with DMSO, BafA1 (100 nM, 24 h) or CQ (100 uM, 6 h). Cell lysates were prepared and subjected to western blot analysis with the indicated
antibodies (anti-Flag, anti-p62, anti-LC3B, and anti-B-actin). Bar graphs indicate the quantitative densitometric analysis of LC3 relative to B-actin.
Values were normalized against the intensity of LN229 transfected with Flag and treated with DMSO; mean = SD from 3 independent experiments.
*p<0.05,**p<0.01 as determined by unpaired two-tailed Student’s t-test. C LN229 cells with MG132 (20 uM, 12 h) treatment were fixed after
treating with DMSO, EBSS (2 h), BafA1 (100 nM, 24 h), and then immunofluorescence stained with anti-p62, anti-Smurf1 and anti-LC3B antibodies.
The nucleus was stained by DAPI. Bar: 5 um. D 293T cells were treated with MG132. The lysates were immunoprecipitated by IgG or Smurf1
antibody. The immunoprecipitates and the input were probed with anti-LC3B and anti-Smurf1 antibodies. E The indicated His-Flag-tagged purified
proteins of control and LC3 constructs were pulled down with Flag-beads separately, then incubated with GST-Smurf1. The proteins retained

on beads were subjected to immunoblot using anti-GST and anti-Flag antibodies. F 293T cells were transfected with si-Control or si-p62 under
MG132 treatment. The lysates were immunoprecipitated by IgG or Smurf1 antibody. The immunoprecipitates and the input were probed with
anti-LC3B, anti-Smurf1 and anti-p62 antibodies. G LN229 cells treated by control or Smurf1 siRNA oligos were transfected with RFP-GFP-p62, then
overexpressed Flag or Flag-Smurf1, and fixed after MG132 (20 uM, 12 h) treatment. Bar: 5 um. The nucleus was stained by DAPI. Bar graphs indicate
the number of RFP-GFP-p62 puncta in each cell (mean = SD, n= 10 cells examined over three independent experiments). * p<0.05, ** p<0.01, ***
p<0.001 as determined by unpaired two-tailed Student’s t-test
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Fig. 5 NBR1 enhances Smurf1-mediated p62 liquid-droplets accumulation. A, B LN229 cells were transfected with HA or HA-Smurf1. Cell lysates
were prepared and subjected to western blot analysis with the indicated antibodies (anti-p62, anti-NBRT1, anti-NDP52, anti-OPTN, anti-BAG3, anti-HA,
and anti-B-actin) (A). Bar graphs indicate the quantitative densitometric analysis of the indicated proteins relative to 3-actin. Values were normalized
against the intensity of LN229 transfected with HA; mean = SD from 3 independent experiments. NS p > 0.05, *** p<0.001 as determined by
unpaired two-tailed Student’s t-test (B). C, D LN229 cells transfected with RFP-Smurf1 and GFP-p62 were treated with control or NBR1 siRNA oligos,
fixed after 24 h transfection with HA or HA-NBR1. The nucleus was stained by DAPI. Bar: 5 um (C). Bar graphs indicate the ratio of the number

of RFP-SmurftGFP-p62* puncta to the number of GFP-p62™ puncta in each cell (mean = SD, n= 10 cells examined over three independent
experiments). * p < 0.05 as determined by unpaired two-tailed Student’s t-test (D). E, F LN229 cells treated with control, NBR1, or Smurf1 siRNA
oligos were transfected with GFP, GFP-Smurf1, or GFP-NBR1, fixed after treating with MG132 (20 puM, 12 h), and then immunofluorescence stained
with anti-p62 antibody. Bar: 5 um. The nucleus was stained by DAPI (E). Bar graphs indicate the number and size of p62 puncta in each cell
(mean=£SD, n=10 cells examined over three independent experiments). NS p>0.05, * p <0.05, ** p<0.01, *** p<0.001 as determined by unpaired
two-tailed Student’s t-test (F). G LN229 cells overexpressing Flag-Smurf1 were transfected with GFP or GFP-NBR1, fixed after treating with BafA1

(100 NM, 24 h) and/or MG132 (20 uM, 12 h), and then immunofluorescence stained with anti-p62 antibody. Bar graphs indicate the number and
size of p62 puncta in each cell (mean £ SD, n=10 cells examined over three independent experiments). NS p>0.05, * p < 0.05 as determined by
unpaired two-tailed Student’s t-test. H, I LN229 cells transfected with RFP-GFP-p62 were treated by control, Smurf1 or NBR1 siRNA oligos, treated
with MG132 (20 uM, 12 h), and fixed after transfection with HA, HA-NBR1 or Flag-Smurf1. The nucleus was stained by DAPI. Bar: 5 um (H). Bar graphs
indicate the number of RFP-GFP-p62 puncta in each cell (mean £ SD, n=10 cells examined over three independent experiments). NS p>0.05, **
p<0.01 as determined by unpaired two-tailed Student’s t-test (I). J LN229 cells transfected with GFP-p62 and Flag-Smurf1 cultured in glass-bottom
plates were treated with control or NBR1 siRNA oligos, then overexpressed HA or HA-NBR1. The signal recovery after photobleaching was measured;
mean = SD, n= 20 droplets examined over three independent experiments. K LN229 cells transfected with GFP-p62 were treated with control

or Smurf1 siRNA oligos, and overexpressed HA or HA-NBR1. The signal recovery after photobleaching was measured; mean & SD, n =20 droplets
examined over three independent experiments

Flag-Smurfl overexpressed LN229 under the treatment
of BafAl (Fig. 5G). We also used RFP-GFP-p62 to indi-
cate autophagy flux. Significantlyy, NBR1 knockdown
showed decreased number of RFPTGFP™ signals (not
in autolysosomes) and increased number of RFPTGFP~
sign (in autolysosomes) compared with si-Control in

Flag-Smurfl LN229 cells (Fig. 5H, I). These data showed
that NBR1 promotes Smurfl-mediated p62 puncta accu-
mulation by promoting p62 droplets formation and
blocking autophagic degradation.

To further verify whether NBR1 promotes Smurfl-
mediated p62-phase separation, we tested the exchange



Xia et al. Cell & Bioscience (2023) 13:37

of components by the FRAP assay. We found that overex-
pression NBR1 slightly increased (1 £ 0.5 min), and NBR1
knockdown (2+1 min) decreased the £1/2 of p62 liquid
droplets compared to control in Smurfl overexpressed
LN229 cells, suggesting NBR1 promoted the liquid prop-
erties of Smurfl-induced p62 puncta (Fig. 5]). We over-
expressed NBR1 in cells with si-Control or si-Smurfl and
found that NBR1 overexpression significantly shortened
the £1/2 of p62 liquid droplets (5+2 min) in si-Control
group compared to si-Smurfl group in LN229 (Fig. 5K).
Interestingly, the £1/2 of p62 signal intensity also has no
statistical difference between NBR1 knockdown and
control in si-Smurfl LN229 cells, suggesting NBR1 is
not required for the Smurfl-induced liquid properties of
p62 droplet (Additional file 1: Fig. S4C). Collectively, our
data indicate that NBR1 promotes but is not necessary
for Smurfl-mediated p62 liquid-droplets formation and
autophagy flux.
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Smurf1 mediated NBR1 expression in p62 dependent
manner
Next, we knocked down NBR1 or p62 in LN229 cells with
Smurfl overexpression or Smurfl knockdown. We found
that the Smurfl-mediated increase of NBR1 depended
on p62 protein level, evidenced by the p62 knockdown
diminished the response of NBR1 to overexpression or
knockdown of Smurfl (Fig. 6A and Additional file 1: Fig.
S5A). To determine whether p62 induced the interac-
tion between NBR1 and Smurfl, we transfected si-p62
or si-Control in HA-Smurfl or HA LN229 cells. We
detected NBR1 and p62 along with the immunoprecipi-
tation of HA-Smurfl. Notably, the interaction of Smurfl
and NBR1 disappeared in the absent p62, suggesting p62
plays a bridge role between Smurfl and NBR1 (Fig. 6B).
In addition, we found that Smurfl overexpression
leads to increased NBR1 mRNA levels (Fig. 6C). To
test whether the increased NBR1 transcriptional lev-
els are mediated by Smurfl-induced activation of Nrf2,
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Fig. 6 Smurfl mediated NBR1 expression in p62 dependent manner. A LN229 cells treated with control, p62 or NBR1 siRNA oligos were transfected
with Flag or Flag-Smurf1. Cell lysates were prepared and subjected to western blot analysis with the indicated antibodies (anti-NBR1, anti-p62,

and anti-B-actin). B 293T cells treated with control or p62 siRNA oligos were transfected with HA or HA-Smurf1, and immunoprecipitated by

HA antibody. The immunoprecipitates and the input were probed with anti-p62, anti-NBR1, and anti-HA antibodies. C LN229 cells treated with
control or p62 siRNA oligos were transfected with Flag or Flag-Smurf1. Total RNAs were prepared from these LN229 cells. Bar graphs indicate the
amount of NBRT mRNA. Values were normalized against the amount of LN229 transfected with si-Control and Flag; mean £ SD from 3 independent

experiments.

*p<0.05,**p<0.01 as determined by unpaired two-tailed Student’s t-test. D LN229 cells treated with control or Nrf2 siRNA oligos

were transfected with Flag or Flag-Smurf1. Cell lysates were prepared and subjected to western blot analysis with the indicated antibodies
(anti-Nrf2, anti-p62, anti-NBR1, anti-Smurf1 and anti-B-actin). E LN229 cells treated with control or Nrf2 siRNA oligos were transfected with Flag
or Flag-Smurf1, fixed after treating with MG132 (20 uM, 12 h), and then immunofluorescence stained with anti-NBR1 and anti-p62 antibodies.
The nucleus was stained by DAPI. Bar: 5 um. Bar graphs indicate the number and size of NBR1*p62" puncta in each cell (mean £ SD, n=10 cells
examined over three independent experiments). *** p <0.001 as determined by unpaired two-tailed Student’s t-test. F LN229 cells treated with
control, Nrf2, or p62 siRNA oligos were transfected with HA or HA-NBR1, and then overexpressed Flag or Flag-Smurf1. Cell lysates were prepared
and subjected to western blot analysis with the indicated antibodies (anti-p-p62°3%°, anti-p62, anti-Flag, anti-HA, anti-Nrf2, and anti-B-actin)
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we knocked down Nrf2 in Flag-Smurfl LN229 cells
and overexpressed Nrf2 in si-Smurfl LN229 cells. Nrf2
knockdown decreased both NBR1 protein level and co-
localization of p62 and NBR1 in Flag-Smurfl cells com-
pared with si-Control (Fig. 6D, E). Myc-Nrf2 increased
both NBR1 protein level and co-localization of p62 and
NBR1 in LN229 cells transfected si-Smurfl compared
with Myc control (Additional file 1: Fig. S5B, C). Nrf2 or
p62 knockdown reduces HA-NBRI1 protein levels com-
pared to si-Control, suggesting that Nrf2 is a mediator to
increase Smurfl-induced NBR1 expression (Fig. 6F). We
also found that overexpression of NBR1 further increased
protein level and phosphorylation level of p62 under
Smurfl overexpression (Fig. 6F). Of note, NBR1 knock-
down decreased, and NBR1 overexpression increased
Smurfl-induced mRNA level of NQO1 compared with
control LN229 cells (Additional file 1: Fig. S5D). Defec-
tive p62 phase separation reduced mRNA levels of
NQO1 in LN229 with Flag-Smurfl and HA-NBR1, sug-
gesting that p62 phase separation is necessary for NBR1-
induced Nrf2 activation (Additional file 1: Fig. S5E).

NBR1 enhances Smurf1-drived Nrf2-mediated oxidative
stress response

Given that p62 liquid droplet reduces reactive oxygen
species (ROS) production by recruiting Keapl and sub-
sequently activating the transcription factor Nrf2 [21, 33,
34], we sought to test if Smurfl plays a role in oxidative
stress response. Initially, to investigate the expression of
endogenous Smurfl upon exposure to oxidative stress,
we transfected LN229 cells with si-Nrf2 or si-p62 under
H,O, treatment. The results showed that H,0, dramati-
cally increased the expression of Smurfl, NBR1, and p62
in Nrf2 dependent manner (Fig. 7A). The qRT-PCR anal-
ysis also revealed that the mRNA levels of Smurfl and
NBR1 significantly decreased under Nrf2 knockdown
(Fig. 7B). These results indicated that Nrf2 is a transcrip-
tion factor for Smurfl and NBR1 in response to oxidative
response. We found that Smurfl-p62-NBR1 co-localized
in LN229 with or without H,0O, treatment, and H,O,
treatment increased the number and size of p62TNBR1™"
liquid droplets in agreement with Smurfl overexpres-
sion (Fig. 7C). To further confirm whether stress-induced
Smurfl expression contributes to p62-mediated Nrf2
activation, we knocked down Smurf1 in LN229 cells with
H,O, treatment. We observed the H,O, accumulated
NBR1, Smurfl, total and phosphorylated p62 in the pres-
ence of Smurfl, compared with Smurfl-deficient LN229
(Fig. 7D). The qRT-PCR analysis revealed that H,O,
increased the mRNA level of NBR1, p62, and NQO1
(Fig. 7E). Smurfl suppression reduces the mRNA levels
of NBR1, p62, and NQO1 upon exposure to H,0,, indi-
cating that Smurf1 activates Nrf2 in response to oxidative
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stress (Fig. 7E). Furthermore, we found that the deletion
of Smurfl significantly reduces the number and size of
p62*tNBR1" liquid droplets in LN229 with or without
H,O, treatment (Fig. 7F).

Consistently, NBR1 overexpression increased H,O, and
Flag-Smurfl-induced p62 (Fig. 7G). NBR1 knockdown
also slightly reduced the protein level of p62 in cells with
H,O, treatment (Additional file 1: Fig. S6A). NBR1 over-
expression increased the mRNA level of NQOL1 in cells
with or without H,O, treatment (Fig. 7H). NBR1 knock-
down also reduced the mRNA level of NQOL1 in cells
with H,O, treatment, indicating that NBR1 inhibition
reduced the oxidative stress response (Additional file 1:
Fig. S6B). Additionally, p62 knockdown decreased H,O,
and Flag-Smurfl-induced accumulation of NBR1 (Fig. 7G
and Additional file 1: Fig. S6A). Similarly, our results
showed that the p62 knockdown reduced the mRNA
level of NQOL1 in cells with or without H,O, treatment
(Fig. 7H and Additional file 1: Fig. S6B). Cotreatment of
NBR1 and p62 knockdown could not further reduce the
mRNA level of NQO1 compared with p62 knockdown
alone, which confirmed that the corresponding promot-
ing effect of NBR1 on oxidative stress depended on p62
(Additional file 1: Fig. S6B).

Collectively, these data suggest that Smurfl positively
modulates the formation of p62 puncta. Taken together,
our results indicate that Smurfl is oxidative stress
(H,0,)-inducible protein. It collaborated with p62 and
NBR1 during the activation of the Keap1-Nrf2 oxidative
stress response pathway, promoting the formation and
degradation of p62-liquid droplets and Nrf2 full-activa-
tion (Fig. 7I).

Discussion
Stress-induced scaffold protein p62 helps cells cope with
oxidative stress by activating the Nrf2 pathways. It also
serves as a selective autophagy receptor that drives ubiq-
uitinated cargos toward autophagic degradation [20-22].
A previous report showed that p62 could cause LLPS for
liquid droplet formation [18]. However, the regulatory
linkage between p62 liquid droplet formation and acti-
vation of Nrf2 is still missing. In this study, we identified
Smurfl as a key regulatory protein to induce a compre-
hensive response to proteotoxic or oxidative stresses
by facilitating the biogenesis of p62 liquid droplets and
degradation of ubiquitinated cargos (Fig. 7I). Mechanis-
tically, Smurfl promotes the phase separation of p62 to
increase Nrf2 nuclear translocation in response to oxida-
tive stress. Nrf2 activation further increases the mRNA
levels of Smurfl, p62, and NBR1 as a positive feedback
loop.

Studies have shown that the formation of p62 lig-
uid droplets is promoted by either increasing the p62
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protein level and/or enhancing the interaction of p62
with the ubiquitinated substrates [5, 18, 19]. For example,
the transcription factors (Nrf2, nuclear factor kappa-B
(NF-xB), and MiTF/TFE (microphthalmia/transcription
factor E)) upregulated the p62 expression in response
to various stresses [35-37]. The Keapl-Nrf2 system is
involved in the cytoprotective response to oxidative
stress and other cellular stresses. Keapl constitutively
suppresses Nrf2 activity, and many factors disrupt the
Keapl-Nrf2 interaction. E3 ligase TRIM25 (Tripartite
motif-containing 25) directly targets Keapl by ubiquit-
ination and degradation, leading to Nrf2 activation [38].
TRIM16 (Tripartite motif-containing 16) promoted K63-
linked ubiquitination of Nrf2 to promote its stability and
activation [23]. In this study, we identified that Smurfl
promoted the activation of Nrf2 by preventing the
Keapl-mediated proteolysis through LLPS mechanism.
The FRAP assay showed that Smurfl interacted with p62
and increase the fluorescence recovery of p62 (Fig. 1E,
K). The loss of Smurfl reduced the size and the num-
ber of p62 droplets and decreased the recovery of signal
intensity of structures positive for GFP-p62 after pho-
tobleaching (Fig. 1C, D) and Fig. 5K). Smurfl promotes
the formation of p62 liquid droplets via the following two
mechanisms. To begin with, mTORC]1 signalling plays a
well-established role in regulating nutrient metabolism

(See figure on next page.)
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and autophagy [39]. Previous studies showed that Smurfl
activated the mTORC1 signalling pathway by ubiquit-
ination and degradation of its negative regulator PTEN
[40, 41]. The mTORC]1 acutely controlled the autophagic
flux through either direct phosphorylation of proteins
required for the initiation of autophagosome formation,
such as ULK1 (unc-51-like autophagy-activating kinase
1) and Atgl3 (autophagy-related proteins 13), or indirect
phosphorylation (Ser349) of p62 [42, 43]. Also, mnTORC1
involved p6253%° phosphorylation in enhancing p62 bind-
ing affinity with Keapl [22]. S349 is an essential regula-
tory phosphorylation site in p62 as it is in the KIR (Keap1
interacting region) motif interacting with the Nrf2 inhibi-
tor Keap1 [22]. The phosphorylation of this site increases
affinity for Keapl, sequestrating into p62 liquid drop-
lets. The overexpression of Smurfl accompanied the
robust phosphorylation of p62 at S349 to activate Nrf2
(Fig. 3). Our results further identified that Smurfl pro-
moted p6253%° phosphorylation in mTORCI1-dependent
manner, which might increase the Keapl fusion with
the p62 liquid droplets (Fig. 3). PTEN overexpression
partially decreased Smurfl activation-mediated p62
puncta formation by inhibiting PI3K/Akt/mTOR path-
way (Additional file 1: Fig. S3C), indicating that PTEN
may not completely sufficient to block Smurfl mediated
p62 droplets formation. Because Smurfl interact with

Fig. 7 NBR1 enhances Smurf1-drived Nrf2-mediated oxidative stress response. A LN229 cells transfected with control, Nrf2 or p62 siRNA oligos
were treated with control (PBS) or H,0, (200 uM, 2 h). Cell lysates were prepared and subjected to western blot analysis with the indicated

antibodies (anti-Smurf1, anti-NBR1, anti-p62, and anti-B-actin). B LN229 cells transfected with control, Nrf2 or p62 siRNA oligos were treated with
control (PBS) or H,O, (200 uM, 2 h). Total RNAs were prepared from these LN229 cells. Bar graphs indicate the amount of Smurf1 and NBRT mRNA.
Values were normalized against the amount of mRNA in LN229 treated with control siRNA oligos and control (PBS) (mean & SD from 3 independent
experiments). NS p>0.05, * p<0.05, ** p<0.01, *** p <0.001 as determined by unpaired two-tailed Student's t-test. C LN229 cells were fixed after
treating with control (PBS) or H,0, (200 uM, 2 h), and then immunofluorescence stained with anti-Smurf1, anti-p62, and anti-NBR1 antibodies. The
nucleus was stained by DAPI. Bar: 5 um. Bar graphs indicate the number and size of p62 puncta in each cell (mean £ SD, n=10 cells examined over
three independent experiments). ** p<0.01 as determined by unpaired two-tailed Student’s t-test. D LN229 cells were transfected with control

or Smurf1 siRNA oligos. Thereafter, the cells were divided into three groups: (i) cultured in regular medium, (i) treated with H,0, (200 pM, 2 h),

and (iii) after treating with H,O, (200 uM, 2 h), cultured in regular medium for another 12 h. Cell lysates were prepared and subjected to western
blot analysis with indicated antibodies (anti-NBR1, anti-p62, anti-p-p62°3*°, anti-p-p62°*%, anti-Smurf1, and anti-B-actin). E LN229 cells transfected
with control or Smurf1 siRNA oligos were treated with control (PBS) or H,0, (200 uM, 2 h). Total RNAs were prepared from these LN229 cells. Bar
graphs indicate the amount of Smurf1, p62, NBR1, and NQO1 mRNA. Values were normalized against the amount of mRNA in LN229 treated with
control siRNA oligos and control (PBS) (mean £ SD from 3 independent experiments). NS p>0.05, * p<0.05, ** p<0.01, *** p<0.001 as determined
by unpaired two-tailed Student’s t-test. F LN229 cells treated with control or Smurf1 siRNA oligos and fixed after treating with control (PBS) or
H,0, (200 pM, 2 h), and then immunofluorescence stained with anti-NBR1, anti-Smurf1 and anti-p62 antibodies. The nucleus was stained by

DAPI. Bar: 5 um. Bar graphs indicate the number and size of p62 puncta in each cell (mean = SD, n =10 cells examined over three independent
experiments). * p<0.05, ** p<0.01, *** p<0.001 as determined by unpaired two-tailed Student’s -test. G LN229 cells transfected with control

or p62 siRNA oligos were transfected with Flag or Flag-Smurf1, and treated with control (PBS) or H,0, (200 uM, 2 h) after overexpressing HA or
HA-NBRT. Cell lysates were prepared and subjected to western blot analysis with the indicated antibodies (anti-p62, anti-NBR1, anti-Flag, and
anti-B-actin). H LN229 cells transfected with control or p62 siRNA oligos were transfected with Flag or Flag-Smurf1, and treated with control (PBS)
or H,0, (200 uM, 2 h) after overexpressing HA or HA-NBR1. Total RNAs were prepared from these LN229 cells. Bar graphs indicate the amount of
NQOT mRNA. Values were normalized against the amount of mRNA in LN229 transfected with control siRNA oligos and Flag; mean +SD from 3
independent experiments. NS p>0.05, * p <0.05, ** p<0.01, *** p<0.001 as determined by unpaired two-tailed Student’s t-test. | Role of Smurf1 in
stress response. Stress upregulates the level of Smurf1, leading to the increased formation and material exchange of p62 liquid droplets. Smurf1
promotes the phosphorylation of p62°**° by activating mTORC1 signalling pathway. These further promote the transcription of anti-stress proteins
by competitively binding Keap1 and mediating Nrf2 nuclear import. The activated Nrf2 increases the mRNA level of Smurf1, p62, and NBR1 to
promote the formation and enlarging of p62 liquid droplets as positive feedback
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p62 and promote the ubiquitination of p62, whether and
how Smurfl1 directly regulates p62 to enhance the forma-
tion of p62 droplets is worth further exploration. Fur-
thermore, the UBA (ubiquitin-association) domain of
p62 phosphorylation at S403 by casein kinase 2 (CK2),
TANK-binding kinase 1 (TBK1), or ULK1 enhanced the
binding affinity of p62 to ubiquitin chains for autophagic

clearance of ubiquitinated proteins in a phase separa-
tion-dependent manner [5, 19, 44—46]. We also found
that the overexpression of Smurfl also accompanied
the increased phosphorylation of p62 at S403 (Fig. 3A).
However, it is still worthwhile to study the direct kinase
and the role of p62 S403 phosphorylation mediated by
the overexpression of Smurfl. In addition, Keapl/CUL3
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ubiquitinates p62 on the UBA domain to increase the
formation of ubiquitinated inclusion bodies and the size
of p62 droplets [47]. SPOP interacts with p62 through
p62-SBC motif and SPOP-MATH domain to promote
the p62-UBA domain/ubiquitin combination and the
p62 phase separation [48]. Whether Smurfl affects drop-
let formation through UBA domain of ubiquitinated p62
deserves further exploration.

Functionally, Smurfl-induced p62 liquid droplets facili-
tate the activation of Nrf2 and autophagic degradation to
maintain cellular homeostasis. On the one hand, Smurfl
promotes p62 phase separation to activate the Keapl-
Nrf2 antioxidant pathway. p62 liquid droplets recruit
Keapl to prevent Keapl-mediated Nrf2 proteolysis,
allowing Nrf2 translocation into the nucleus to induce
the downstream target genes of antioxidant enzymes
[23, 49]. Our study suggested that Smurfl-induced p62
phase condensation was critical for Keapl recruitment,
promoting Nrf2 activation and stress response (Fig. 3).
Smurfl suppression reduced the size and number of p62
droplets and decreased Nrf2 activation induced by oxi-
dative stress (Fig. 7E, F). This induced Nrf2-mediated
transcription of oxidative responsive genes (p62, NQOI),
thereby increasing p62 liquid droplet formation. Most
importantly, Smurfl is also upregulated by Nrf2 in oxi-
dative stress (Fig. 7B). Under oxidative stress, Nrf2 acti-
vation increases the protein levels of Smurfl, p62, and
NBR1, which further promotes the phase separation of
p62 (Fig. 7A). On the other hand, p62 provides a molec-
ular link between simultaneously binding polyubiquit-
inated proteins and LC3 conjugated to the phagophore
membrane [21, 50]. S349 phosphorylation is involved in
the interaction of p62 with FIP200 to initiate selective
autophagy and transport droplets into the lysosome [20,
51]. Whether Smurfl activates selective autophagy in a
p62 S349 phosphorylation-dependent manner needs fur-
ther exploration.

Moreover, we found that Smurfl increased the protein
level of NBR1 and further promoted p62 liquid droplet
formation. NBR1 also promotes p62 phase separation
to enhance the Nrf2 system [18]. However, the promot-
ing effects of Smurfl and NBR1 on p62 droplets are dif-
ferent. NBR1 was unnecessary for p62 phase separation,
evidenced by the fact that NBR1 overexpression did not
increase p62 liquid droplet formation in Smurfl knock-
down cells. In addition, NBR1 overexpression inhibits
the degradation of Smurfl-mediated p62 droplets in cells
(Fig. 5H, I). Surprisingly, we found that the fluorescence
of many p62" puncta could not be restored after bleach-
ing in NBR1-knockdown LN229 cells. We speculated that
NBR1 knockdown might limit the number of p62-posi-
tive puncta in autophagosomes by membrane encapsu-
lation. Different from NBR1, Smurfl is required for p62
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phase separation under conditions of proteotoxic and
oxidative stresses. Smurfl knockdown reduces the num-
ber and size of p62 droplets and inhibits the exchange
of p62 droplets with the outside world, indicating that
Smurfl plays a key role in phase separation (Fig. 5K).
Smurfl knockdown inhibited Nrf2 activation and
decreased the p62 protein level, suggesting that Smurfl
was responsible for p62 transcription under stress (Addi-
tional file 1: Fig. S2A, C).

In conclusion, we showed that Smurfl induced the for-
mation and material exchange of p62 liquid droplets to
promote autophagosome degradation. Smurfl promoted
the formation of p62 liquid droplets to activate Nrf2 in
response to proteotoxic or oxidative stress. We found
that Smurfl also increased the protein level of NBR1
to promote p62 liquid droplet formation and fully acti-
vated Nrf2 response to oxidative stress. Activated Nrf2
increased p62, Smurfl, and NBR1 transcription and fur-
ther promoted the formation of p62 liquid droplets. This
study provided a novel mechanism for Smurfl to par-
ticipate in p62-dependent selective autophagy through
the LLPS mechanism. It also implied that overexpressed
Smurfl in tumor cells protected them from stress dam-
age by activating Nrf2 signal pathways.

Methods

Cell culture and transfections

Human embryonic kidney 293T (HEK293T) and human
glioblastoma cell lines LN229 were purchased from the
American Type Culture Collection (ATCC) and reau-
thenticated by Short Tandem Repeat (General Biosys-
tems (Anhui) Corporation Limited). Cells were grown
in DMEM (Gibco, C11995500BT) media supplemented
with 10% fetal bovine serum (FBS; Hyclone), and pen-
icillin-streptomycin (100 U/mL penicillin, 100 pg/mL
streptomycin, Thermo Fisher Scientific, 15140163), a
humidified atmosphere of 5% CO, at 37 °C.

Cells were transfected with plasmids or siRNA using
Lipofectamine 2000 reagent (Invitrogen) or Lipo-
fectamine® RNAiMax Reagent (Invitrogen) following the
supplier’s instructions. The cells were collected and ana-
lyzed by western blot.

Cells were treated with dimethyl sulfoxide (DMSO,
Solarbio, D8371), Z-Leu-Leu-Leu-al (MG132, MCE,
HY-13259), EBSS (Gibco,14155-063), Bafilomycin (MCE,
HY-100558), Rapamycin (Selleckchem, AY-22989) or
H,0, (Beijing Tong Guang Fine Chemicals Company,
7722-84-1).

The following human siRNAs were used: si-Control
was purchased from JTS scientific; si-Smurfl: 5-GCG
UUUGGAUCUAUGCAAATT-3% si-p62: 5-GGCUGA
AGGAAGCUGCCUU-3%  si-Nrf2:  5-GAAUGGUCC
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UAAAACACCATT-35 si-NBR1: 5-AAACCUGACUUU
GGCUUCCACAGAA-3'.

Quantitative RT-PCR

Total RNA was extracted from each sample using TRN-
zol Universal reagent (Tiangen, DP424) according to the
manufacturer’s instructions. 500 ng of RNA was used as a
template to generate cDNA using the ABScript II RT Mix
for qRT-PCR with gDNA Remover (ABclonal, RK20403)
according to the manufacturer’s instructions. For PCR
amplification of cDNA, 5 ul of the reverse transcription
reaction solution was used with sense and anti-sense
primers of the gene of interest using 2 x Universal SYBR
Green Fast qRT-PCR Mix (ABclonal, RK21203), and
primers corresponding to B-actin were included as an
internal control. Primer sequences were NBR1, 5-AGG
AGCAAAACGACTAGCTGC-3(forward) and 5-TCT
GGGGTCTTCATGTCTGAT-3'(reverse); p62, 5-GAC
TACGACTTGTGTAGCGTC-3'(forward) and 5-AGT
GTCCGTGTTTCACCTTCC-3(reverse); P-actin,
5-CATGTACGTTGCTATCCAGGC-3'(forward) and
5-CTCCTTAATGTCACGCACGAT-3'(reverse);
Smurfl, 5-AGATCCGTCTGACAGTGTTATGT-
3’(forward) and 5-CCCATCCACGACAATCTTTGC-
3’(reverse); NQOI1, 5-GAAGAGCACTGATCGTAC
TGGC-3'(forward) and 5-GGATACTGAAAGTTCGCA
GGG-3'(reverse); HO1, 5-AAGACTGCGTTCCTGCTC
AAC-3(forward) and 5-AAAGCCCTACAGCAACTG
TCG-3'(reverse).

Western blot

Western blot was used to analyze protein expression as
described. In brief, cells were collected and lysed with
RIPA buffer (50 mM Tris-HCI, pH 8.0; 150 mM NaCl;
1% NP40; 0.5% sodium deoxycholate; 0.1% SDS) supple-
mented with 1 mM PMSF and 1% phosphatase inhibi-
tor (BOSTER). Protein lysates with 5 x loading buffer
(60 mM Tris-HCI, pH 6.8; 2% SDS; 0.1% Bromophenol
blue; 25% Glycerol; 14.4 mM [B-Mercaptoethanol) were
sonicated and boiled for 10 min. Protein samples were
first resolved by SDS-PAGE, then transferred to a nitro-
cellulose membrane, and subsequently incubated with
the primary antibody. After incubation with peroxidase-
conjugated secondary antibodies, the signals were visu-
alized by enhanced chemiluminescence according to
the manufacturer’s instructions. The following primary
antibodies were used: p62 (ENZO, BML-PW9860; MBL,
PMO045; MBL, M162-3), p-p62 Ser403 (Cell Signaling
Technology, #39786), p-p62 Ser349 (Cell Signaling Tech-
nology, #16177), B-actin (Sigma, A1978), Nrf2 (Protein-
tech, 16396-1-AP), NDP52 (Proteintech, 12229-1-AP),
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NBR1 (Proteintech, 160004-1-AP), LC3B (Sigma, L7543),
OPTN (Santa, sc-271549), Smurfl (Santa, sc100616;
Abcam, ab57573), GFP (Proteintech, 66002-1-lg), HA
(MBL, M180-3), Flag (Sigma, F1804), c-Myc (Proteintech,
16286-1-AP), Keapl (Proteintech, 10503-2-AP), BAG3
(Santa, sc-136467), p-mTOR (Ser2448) (Cell Signaling
Technology, #2971), mTOR (Cell Signaling Technology,
#2983), p-p70S6K (Thr389) (Cell Signaling Technology,
#9205), p70S6K (Santa, sc-8418). The following sec-
ondary antibodies were used: Horseradish Peroxidase-
conjugated goat anti-rabbit IgG (BOSTER, BA1054),
Horseradish Peroxidase-conjugated goat anti-mouse IgG
(BOSTER, BA1050).

Cytoplasmic and nuclear protein extraction

Cells were collected and lysed with sucrose buffer
(320 mM Sucrose; 3 mM CaCl,; 2 mM MgAc; 0.1 mM
EDTA; 1 mM DTT; 0.5 mM PMSF) with 0.5% NP40 for
40 min on ice. The sample was fractionated after cen-
trifugation at 600 x g for 15 min at 4°C. The supernatant
was collected as cytoplasmic fraction. The precipitate
was washed using sucrose buffer and centrifugated at
600 x g for 10 min at 4°C three times. The precipitate was
resuspended using RIPA buffer (50 mM Tris-HCI, pH
8.0; 150 mM NaCl; 1% NP40; 0.5% sodium deoxycholate;
0.1% SDS) supplemented with 1 mM PMSF and 1% phos-
phatase inhibitor (BOSTER), and used as nuclear fraction
after sonication.

Immunoprecipitation

Cells were lysed with lysis buffer (50 mM Tris, pH8.0;
150 mM NaCl; 1% NP40; 0.5% sodium deoxycholate)
supplemented with 1 mM PMSF and 1% phosphatase
inhibitor (BOSTER), and then sonicated with bath soni-
cator, centrifuged at 12,000 rpm for 10 min at 4 C. The
supernatant of lysates was incubated with primary anti-
body and protein G agarose beads (Solarbio, R8300) at
4 °C. The immunocomplexes were washed with ice-cold
1 x PBS four times and then boiled in the SDS sample
buffer for 10 min. Both lysates and immunoprecipitates
were identified by western blot.

Fluorescence recovery after photobleaching (FRAP)

Cells were grown in glass base dishes. FRAP assay was
conducted using the FRAP module of the NIKON N-SIM
E confocal microscopy system. Proteins with fluorescent
label GFP and RFP were bleached using a 488 nm and a
555 nm laser beam separately. Bleaching was focused on
a circular region of interest (ROI) using 70% laser power
(3 s) and time-lapse images were collected. Fluorescence
intensity was measured using Image J software.
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Immunofluorescence microscopy

Cells were cultured on coverslips, fixed in 4% paraformal-
dehyde for 15 min, permeabilized with 0.1% Triton X-100
(PBS) for 5 min, blocked with 1% (w/v) BSA (PBS) for 1 h,
and then incubated with primary antibodies overnight.
After washing, cells were incubated with fluorescence-
labeled secondary antibody for 1 h at room temperature.
The coverslips with cells were sealed with Fluor shield
mounting medium with DAPI and imaged using a Super-
Resolution Microscope (NIKON, N-SIM E). The number
and size of p62 bodies were analyzed with the Image |
software.

The primary antibodies were used: Smurfl (Santa,
$c100616; Abcam, ab57573), Keap1l (Proteintech, 10503-
2-AP), Keapl (Abcam, ab118285), p62 (Enzo, BML-
PW9860), p62 (MBL, PM045), p62 (MBL, M162-3),
LC3B (Sigma, L7543), LC3B (Novus, NB100-2220),
NBRI1 (Proteintech, 160004-1-AP), HA (MBL, M180-3),
Nrf2 (Proteintech, 16396-1-AP), Flag (Sigma, F1804).

The secondary antibodies were used: Alexa Fluor®
555 goat anti-mouse IgG (Life Technologies, A21425).
Alexa Fluor® 488 goat anti-rabbit IgG (Life technolo-
gies, A11008), Alexa Fluor® 555 goat anti-rabbit IgG (Life
technologies, A21428), Alexa Fluor® 488 goat anti-mouse
IgG (Life technologies, A11001), Alexa Fluor® 647 goat
anti-mouse IgG (Abcam, ab150115), Alexa Fluor® 647
donkey anti-goat IgG (Abcam, ab150131), Alexa Fluor®
405 goat anti-rabbit IgG (Abcam, ab175652).

Preparing mouse embryonic fibroblasts (MEFs)

from mouse embryos

Primary MEFs were obtained from embryos at 14-16 days
post-coitum. The uterine horns of anesthetized pregnant
mice were rinsed. The embryos were separated from pla-
centa and placed in a 5 cm plate containing ice-cold ster-
ile PBS. Remove the head, liver, and gut from the embryo
and place the remaining portion in a 5 cm plate contain-
ing trypsin EDTA and cut into small pieces (~1 mm?)
using a sterile razor blade and scissors. The chopped
materials were incubated with 5 ml of trypsin EDTA for
30 min at 37 C and then added 1 mL DMEM medium
with 10% FBS to the chopped embryos, followed by cen-
trifuging at 1000 rpm speed for 5 min. The pellets were
resuspended and transferred to a 60 mm dish containing
DMEM (with FBS and Penicillin/Streptomycin).

Mice

SmurfI™'*, Smurfl™'~, and Smurfl~'~ mice were a kind
gift from Dr. Linggiang Zhang (Beijing Institute of Lif-
eomics, China). Mice were housed in specific patho-
gen-free facilities, and the Ethics Review Committee for
Animal Experimentation of Beijing Institute of Technol-
ogy University approved the experimental protocol.

Page 16 of 19

Plasmids constructs

Full-length Smurfl ¢cDNA was amplified and then sepa-
rately inserted into PKH3-3 x HA, 3 x Flag, pEGFP-
N3, RFP and PGEX-5X-1 vector. Similarly, full-length
p62 cDNA was amplified and then inserted into RFP-
GFP, pEGFP-N3 and RFP vector. Full-length LC3 was
amplified from RFP-GFP-LC3 (Addgene, #21074) and
then inserted into PET-21a-Flag vector. Smurfl-C2,
Smurfl-AC2, Smurfl-WW, Smurfl-HECT, Smurfl-
AHECT was amplified from Flag-Smurfl and then
separately inserted into 3 x Flag. Flag-Smurf1-CS, Flag-
Smurfl-AWW,  Flag-Smurfl-CS-AWW,  Flag-Smur-
f1C6%A, GFP-p62X7A/P4 and GFP-p62%3492 site mutant
were generated by the site-directed mutagenesis. p62574/
D694 was amplified from GFP-p62<7A'PA and then
inserted into RFP vector. Full-length Nrf2 was amplified
from pCDNA3-Myc3-Nrf2 (Addgene, #21555) and then
inserted into RFP vector. Full-length NBR1 was amplified
from pMXs-IP GFP-NBR1 (Addgene, #38283) and then
inserted into PKH3-3 x HA and pEGFP-N3 vector.

Pull-down analysis

His-Flag, His-Flag-LC3, or GST-Smurfl protein is
extracted from E. coli strain BL21 using ProBond"" Puri-
fication System (Invitrogen, K85001) according to the
manufacturer’s instructions. 20 pl of Flag beads (Sigma,
A2220) were incubated with His-Flag or His-Flag-LC3
overnight at 4 °C and then washed with ice-cold sterile
PBS three times. The beads were incubated with GST-
Smurfl for 6 h at 4 °C followed by washing with ice-cold
PBS four times, then boiled in 2 x loading buffer (60 mM
Tris-HCI, pH 6.8; 2% SDS; 0.1% Bromophenol blue; 25%
Glycerol; 14.4 mM B-Mercaptoethanol) for 10 min and
identified by western blot.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513578-023-00978-9.

Additional file 1: Figure S1. Smurf1 promotes the formation of
p62-liquid droplets. A LN229 cells were transfected with Flag or
Flag-Smurf1, fixed followed by immunofluorescence stained with
anti-Smurf1 and anti-p62 antibodies. The nuclear was stained with DAPI.
Bar: 5 um. B LN229 cells with Flag, Flag-Smurf1, or Flag-Smurf1<*A were
fixed after treating with MG132 (20 uM, 12 h), then immunofluorescence
stained with anti-p62 antibody. Bar: 5 um. Bar graphs indicate the number
and size of p62 puncta in each cell (mean =+ SD, n=10 cells examined
over three independent experiments). The nuclear was stained by DAPI.
NS p>0.05,* p<0.05, *** p<0.001 as determined by unpaired two-tailed
Student’s t-test. € LN229 cells cultured in glass-bottom plates were
transfected with GFP-p62. Bar: 1 um. The signal recovery after pho-
tobleaching was measured; mean 4 SD, n =20 droplets examined over
three independent experiments. D LN229 cells cultured in glass-bottom
plates were transfected with GFP-Smurf1 and treated with MG132 (20 uM,
12 h). Bar: 1 um. The signal recovery after photobleaching was measured;
mean 4 SD, n =20 droplets examined over three independent experi-
ments. Figure S2. p62 phase separation is required for Smurf1-mediated
Nrf2 activation. A LN229 cells were transfected with control or Smurf1
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SiIRNA oligos. Cell lysates were prepared and subjected to western blot
analysis with the indicated antibodies (anti-Nrf2, anti-p62, anti-Smurf1,
and anti-B-actin). The right panels show relative intensity of p62 and Nrf2
in total cell (mean £ SD from 3 independent experiments). ** p<0.01 as
determined by unpaired two-tailed Student’s t-test. B 293T cells were
transfected with control or Smurf1 siRNA oligos. Cytosolic and nuclear
fractions were prepared and subjected to western blot analysis with the
indicated antibodies (anti-Nrf2, anti-Smurf1, anti-H2B, and anti-B-actin). C
LN229 cells were transfected with control or Smurf1 siRNA oligos. Total
RNAs were prepared from these LN229 cells. The relative mRNA levels of
Smurf1 and NQO1 were performed by qRT-PCR analysis. Values were
normalized against the amount of mRNA in LN229 transfected with
control siRNA oligos; mean = SD from 3 independent experiments. ***
p<0.001 as determined by unpaired two-tailed Student’s t-test. D LN229
cells treated with control or p62 siRNA oligos were transfected with GFP,
GFP-p62, or GFP-p62*"A/D%%A_ Cell lysates were prepared and subjected to
western blot analysis with the indicated antibodies (anti-Nrf2, anti-GFP,
anti-p62, and anti-B-actin). Figure S3. Smurf1 increases the binding
affinity between p62 and Keap1 to activate Nrf2. A LN229 cells were
transfected with control or Smurf1 siRNA oligos. Cell lysates were
prepared and subjected to western blot analysis with the indicated
antibodies (anti-p62, anti-p-p62°**, anti-p-p62>%, anti-Smurf1, and
anti-B-actin). Bar graphs indicate the quantitative densitometric analysis of
the indicated proteins relative to B-actin. Values were normalized against
the intensity of LN229 transfected with si-Control; mean £ SD from 3
independent experiments. * p < 0.05, *** p<0.001 as determined by
unpaired two-tailed Student’s t-test. B LN229 cells treated with control or
PTEN siRNA oligos were treated by treated by control or Smurf1 siRNA
oligos. Cell lysates were prepared and subjected to western blot analysis
with the indicated antibodies (anti-p-mTOR, anti-mTOR, anti-PTEN,
anti-Smurf1, and anti-B-actin). C LN229 overexpressed with Flag or
Flag-Smurf1 were transfected with HA or HA-PTEN, fixed after treating
with MG132 (20 uM, 12 h) and then performed by immunofluorescence
analysis with anti-p62 antibody. The nuclear was stained with DAPI. Bar:

5 um. Bar graphs indicate the number and size of p62 puncta in each cell
(mean =+ SD, n= 10 cells examined over three independent experiments).
NS p>0.05, *** p<0.001 as determined by unpaired two-tailed Student’s
t-test. D LN229 cells were transfected with Flag or Flag-Smurf1, fixed after
treating with MG132 (20 uM, 12 h), and then immunofluorescence stained
with anti-Keap1 and anti-p62 antibodies. The nuclear was stained by DAPI.
Bar: 5 um. Bar graphs indicate the number of Keap*p62* puncta in each
cell (mean=£SD, n=10 cells examined over three independent
experiments). *** p<0.001 as determined by unpaired two-tailed
Student's t-test. E LN229 cells overexpressed GFP-p62 were fixed after
transfecting with Flag or Flag-Smurf1, and then immunofluorescence
stained with anti-Keap1 and anti-Flag antibodies. The nuclear was stained
with DAPI. Bar: 5 um. F LN229 cells were transfected with control, Smurf1
or p62 siRNA oligos, fixed after treating with MG132 (20 uM, 12 h), and
then immunofluorescence stained with anti-p62 and anti-Keap1
antibodies. The nuclear was stained by DAPI. Bar: 5 um. Bar graphs indicate
the number of Keap™p62™ puncta in each cell (mean4SD, n=10 cells
examined over three independent experiments). NS p > 0.05, * p < 0.05 as
determined by unpaired two-tailed Student’s t-test. G LN229 cells were
transfected with control or p62 siRNA oligos, fixed after treating with
MG132 (20 uM, 12 h), and then immunofluorescence stained with
anti-Keap1, anti-p62, and anti-Smurf1 antibodies. The nuclear was stained
by DAPI. Bar: 5 um. Figure S4. NBR1 enhances the Smurf1 mediated p62
liquid-droplets accumulation. A LN229 cells were transfected with control
or Smurf1 siRNA oligos. Cell lysates were prepared and subjected to
western blot analysis with the indicated antibodies (anti-p62, anti-NBRT,
anti-NDP52, anti-OPTN, anti-BAG3, anti-Smurf1, and anti-B-actin). Bar
graphs indicate the quantitative densitometric analysis of the indicated
proteins relative to $-actin. Values were normalized against the intensity of
LN229 transfected with si-Control; mean = SD from 3 independent
experiments. NS p>0.05, * p<0.05, ** p<0.01 as determined by unpaired
two-tailed Student’s t-test. B LN229 cells treated with control or Smurf1
SiRNA oligos were transfected with Flag or Flag-Smurf1, fixed after treating
with MG132 (20 uM, 12 h), and then immunofluorescence stained with
anti-NBR1 and anti-p62 antibodies. The nuclear was stained by DAPI. Bar:

5 um. Bar graphs indicate the number and size of NBR1Tp62™ puncta in
each cell (mean £ SD, n=10 cells examined over three independent
experiments). * p<0.05, ** p<0.01 as determined by unpaired two-tailed
Student’s t-test. € LN229 cells treated with GFP-p62 cultured in
glass-bottom plates were transfected with control, Smurf1, or NBR1 siRNA
oligos. The signal recovery after photobleaching was measured;

mean = SD, n =20 droplets examined over three independent experi-
ments. Figure S5. Smurfl mediated NBR1 expression in p62 dependent
manner A LN229 cells were transfected with control, Smurf1, p62 or NBR1
SiRNA oligos. Cell lysates were prepared and subjected to western blot
analysis with the indicated antibodies (anti-NBR1, anti-Smurf1, anti-p62,
and anti-B-actin). B LN229 cells treated with control or Smurf1 siRNA
oligos were transfected with Myc or Myc-Nrf2. Cell lysates were prepared
and subjected to western blot analysis with the indicated antibodies
(anti-Nrf2, anti-p62, anti-NBR1, anti-Smurf1, and anti-B-actin). C LN229
cells were treated with control or Smurf1 siRNA oligos and overexpressed
Myc or Myc-Nrf2, fixed after treating with MG132 (20 uM, 12 h), and then
immunofluorescence stained with anti-NBR1 and anti-p62 antibodies. The
nuclear was stained by DAPI. Bar: 5 um. Bar graphs indicate the number of
NBR1¥p62™ puncta in each cell (mean = SD, n= 10 cells examined over
three independent experiments). * p < 0.05, *** p<0.001 as determined by
unpaired two-tailed Student'st-test. D LN229 cells treated with control,
NBR1, Nrf2, or p62 siRNA oligos were transfected with HA or HA-NBR1, and
then overexpressed Flag or Flag-Smurf1. Total RNAs were prepared from
these LN229 cells. Bar graphs indicate the amount of NQOT mRNA. Values
were normalized against the amount of NQOT mRNA in LN229
transfected with control siRNA oligos, HA, and Flag; mean = SD from 3
independent experiments. NS p>0.05, * p <0.05, ** p<0.01, *** p<0.001
as determined by unpaired two-tailed Student’s t-test. E LN229 cells
treated with NBR1 or p62 siRNA oligos were transfected with GFP,
GFP-p62"T, GFP-p62°349 or GFP-p62¢"AP%% and overexpressed Flag,
Flag-Smurf1, or HA-NBR1. Total RNAs were prepared from these LN229
cells. Bar graphs indicate the amount of NQO1 mRNA. Values were
normalized against the amount of NQOT mRNA in LN229 transfected with
p62 siRNA oligos, HA-NBR1, GFP, and Flag; mean £ SD from 3 independent
experiments. NS p>0.05, * p<0.05, ** p<0.01, *** p<0.001 as determined
by unpaired two-tailed Student’s t-test. Figure S6. NBR1 enhances
Smurf1-drived Nrf2-mediated oxidative stress response. A LN229 cells
transfected with control or p62 siRNA oligos were overexpressed Flag or
Flag-Smurf1, and treated with control (PBS) or H,0, (200 uM, 2 h) after
transfecting with control or NBR1 siRNA oligos. Cell lysates were prepared
and subjected to western blot analysis with the indicated antibodies
(anti-p62, anti-NBR1, anti-Flag, and anti-B-actin). B LN229 cells transfected
with control or p62 siRNA oligos were overexpressed Flag or Flag-Smurf1,
and treated with control (PBS) or H,0, (200 uM, 2 h) after transfecting with
control or NBR1 siRNA oligos. Total RNAs were prepared from these LN229
cells. Bar graphs indicate the amount of NQO1 mRNA. Values were
normalized against the amount of mRNA in LN229 transfected with
control siRNA oligos and Flag; mean = SD from 3 independent experi-
ments. NS p>0.05, * p<0.05, ** p<0.01, *** p<0.001 as determined by
unpaired two-tailed Student’s t-test.
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