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p62/SQSTM1 (sequestosome-1) is a key protein involved in multiple cellular
bioprocesses including autophagy, nutrient sensing, cell growth, cell death, and
survival. Therefore, it is implicated in human diseases such as obesity and cancer.
Here, we show that the CUL5–ASB6 complex is a ubiquitin E3 ligase complex
mediating p62 ubiquitination and degradation. Depletion of CUL5 or ASB6 induced p62
accumulation, and overexpression of ASB6 promoted ubiquitination and degradation
of p62. Functionally, ASB6 overexpression can inhibit the proliferation of MEF and
hepatocellular carcinoma cells by reducing p62 protein level, and impair the occurrence
of autophagy. Overall, our study identified a new molecular mechanism regulating p62
stability, which may provide additional insights for understanding the delicate control of
p62 and cell proliferation–autophagy control in physiological and pathological settings.
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INTRODUCTION

p62, encoded by SQSTM1 gene, is the first discovered autophagic adaptor protein, which
participates in many cellular processes, such as cell growth and proliferation, autophagy, malignant
transformation, apoptosis, and inflammation (Layfield and Hocking, 2004; McManus and Roux,
2012; Moscat and Diaz-Meco, 2012). During the autophagy process, PB1 domain of p62 promotes
the packaging of ubiquitinated substrates through oligomerization (Kraft et al., 2016), and LIR
domain of p62 mediates its interaction with LC3, thus transporting the packaged substrates and
participating in the formation of autophagosome (Park et al., 2014). It is reported that several
kinases including CK2/TBK1 and ULK1 phosphorylate p62 at Ser403 and Ser407 within the
UBA region of p62, promoting p62 ubiquitination and the subsequent autophagy degradation
(Matsumoto et al., 2011; Pilli et al., 2012; Ro et al., 2014; Lim et al., 2015). In addition to autophagy
regulation, p62 interacts with receptor interacting protein (RIP) and connects with aPKCs to
activate tumor necrosis factor α (TNFα)-induced NF-κB signaling pathway (Sanz et al., 1999). On
the other hand, p62 recruits TRAF6, the inflammation signaling molecule and E3 ubiquitin ligase,
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and promotes TRAF6-dependent ubiquitination and activation
of mTORC1 under amino acid-rich conditions (Jadhav et al.,
2008; Linares et al., 2013). Moreover, the interaction between
p62 and Keap1 can destroy Keap1-mediated ubiquitination of
Nrf2, leading to Nrf2 activation (Jain et al., 2010). Reciprocally,
Nrf2 can enhance the expression of p62 at the transcription
level by directly binding to the promoter region of p62/SQSTM1
gene, forming a positive feedback loop (Liu et al., 2007).
Therefore, p62 acts as a multifunctional signaling hub involved
in nutrition sensing (via mTORC1), inflammation and apoptosis
(via NF-κB), and antioxidant response and selective autophagy
pathways (via Keap1-Nrf2). Since alterations of all these
important pathways are associated with human diseases such
as cancer, no surprise p62 has been shown playing a role in
tumorigenesis. More and more evidences indicate abnormal
expression of p62 in various cancers, including liver (Inami
et al., 2011), lung (Inoue et al., 2012), breast (Rolland et al.,
2007), kidney (Li et al., 2013), colorectal (Ren et al., 2014),
ovarian (Yan et al., 2019), and prostate cancers (Kitamura
et al., 2006). For example, p62 accumulation can destabilize
the genome and promote tumor development; p62 can mediate
tumor-induced fat reprogramming in adipocytes and has a
potential impact on obesity-promoted cancer (Komatsu, 2011;
Huang et al., 2018). Importantly, increased p62 expression in
cancer cells is regarded a consequence of defective autophagy,
which promotes tumorigenesis (Mathew et al., 2009). Recent
results from liver cancer mouse models suggest that high p62
expression exerts its oncogenic activity via Nrf2, mTORC1,
and c-Myc activation, and hepatocyte-specific deletion of p62
impairs hepatocellular carcinoma (HCC) formation (Umemura
et al., 2016). Consistently, elevated p62 levels are often observed
in HCC and liver diseases with increased risk of malignant
transformation (Aigelsreiter et al., 2017; Sanchez-Martin et al.,
2019). Therefore, the de-regulated p62 may be a potential
therapeutic target for HCC.

Ubiquitination is a major post-translational modification
regulating protein properties including stability, interaction
spectrum, localization, and so on. Protein ubiquitination
is typically catalyzed by ubiquitin-activating enzymes (E1s),
ubiquitin-conjugating enzymes (E2s), and ubiquitin ligase
enzymes (E3s) (Hershko and Ciechanover, 1998; Schulman and
Harper, 2009; Wenzel et al., 2011). E3 ubiquitin ligases are
the most heterogeneous class of enzymes in the ubiquitination
pathway, since they control the substrate specificity (Morreale
and Walden, 2016). Several E3 ubiquitin ligases have been
identified to modulate the expression or functions of p62. Keap1-
Cullin3 ubiquitylates p62 at K420, leading to diminished p62
sequestration and degradation activity during autophagy (Lee
et al., 2017). TRIM21 and NEDD4 were reported to mediate
ubiquitylation of p62 at K7, leading to suppressed protein
sequestration and induced inclusion body autophagy (Pan et al.,
2016; Lin et al., 2017). The E3 ligase RNF26 ubiquitylates p62
within the UBA domain to facilitate TOLLIP interaction and
vesicular cargo sorting (Jongsma et al., 2016), while RNF166
ubiquitylates p62 to modulate the role of p62 in xenophagic
targeting of bacteria (Heath et al., 2016). In addition to the
E3 ligases that modulate p62 activity, two E3 ligases have been

reported to regulate p62 stability via proteasomal degradation.
The E3 ubiquitin ligase Parkin directly interacts with and
ubiquitinates p62 to promote proteasomal degradation of p62,
and dysregulation of Parkin/p62 axis could account for the
selective vulnerability during pathogenesis of PD (Song et al.,
2016). Another recent study has shown that X-linked inhibitor of
apoptosis protein (XIAP) functioned as a ubiquitination E3 ligase
toward p62 and suppressed p62 expression through ubiquitin-
proteasomal degradation and therefore promoted breast cancer
progression (Huang et al., 2019). Therefore, p62 is ubiquitinated
in various physiological settings. In the current study, we
found that a functional Cullin-Ring E3 ligase (CRL) complex
composed of Cullin5 (CUL5), Elongin B (EloB), Elongin C
(EloC), and substrate recognition adaptor ASB6 interacts with
p62 and mediates its ubiquitination-dependent degradation.
Our experimental evidences indicate that ASB6 overexpression
inhibits the proliferation of HCC cells and impairs autophagy
by reducing the p62 protein levels. Therefore, our study has not
only characterized a new functional CRL5–ASB6 E3 complex,
but also identified p62 as the first degradation substrate of
it, which may provide new insight for cell proliferation and
autophagy regulation.

MATERIALS AND METHODS

Reagents, Antibodies, and Plasmid
Constructs
DMSO and cycloheximide (CHX) were purchased from Sigma.
MG132 and MLN4924 were purchased from Selleck Chemicals.
Bafilomycin A1 (Baf A1) was purchased from Sigma. DMEM
(Dulbecco’s Modified Eagle Medium), DMEM/F-12 (Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F-12), FBS (Fetal
Bovine Serum), Penicillin–Streptomycin, and puromycin
were purchased from Invitrogen (Thermo Fisher Scientific).
Transfection reagent polyethylenimine was purchased from
Sigma. Lipofectamine 3000 was purchased from Thermo Fisher
Scientific, and siRNA transfection reagent X-tremeGENE was
purchased from Roche.

The following antibodies were used for Western blot:
p62/SQSTM1 (catalog A11250) was from ABclonal; ASB6
(catalog 21449-1-AP), HA (catalog 51064-2-AP), Myc (catalog
16286-1-AP), and GFP (catalog 66002-1) were from Proteintech;
Tubulin (catalog SC23948), CUL5 (catalog SC-373822), and
HA (catalog SC-7392) were from Santa Cruz Biotechnology;
FLAG (catalog F3165), FLAG (F7425), Vinculin (catalog V4505),
and His (catalog H1029) were from Sigma; p27/kip1 (catalog
610241) was from BD.

Human p62 (including p62 and p62S), CUL5, ASB6,
EloB, or EloC were PCR amplified and inserted into the
pcDNA3.1, pCMV-FLAG, or pLEX-MCS-FLAG vectors.
shRNA vectors were generated by inserting synthesized
oligos into pLKO.1 vector. The shRNA target sequences
for CUL5 were 5′-GCCATCAAGATGATACGGCTT-3′, 5′-
GCTAGAATGTTTCAGGACATA-3′, and 5′-GAGGAACATA
TCATTAGTGC-3′. The shRNA target sequences for EloB
were 5′-CCAACTCTTGGATGATGGCAA-3′ and 5′-CGAACT
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GAAGCGCATCGTCGA-3′. The shRNA target sequences
for EloC were 5′-CGAAACCAATGAGGTCAATTT-3′ and
5′-CGTACAAGGTTCGCTACACTA-3′. The shRNA target
sequences for ASB6 were 5′-GCAGATCCACAATACTGA
GAA-3′, 5′-CCCGAAAACTTCGATATCCAC-3′, 5′-AGGAG
AGCCGAATCCTTGTTC-3′, and 5′-CACAGTGTTCACCT
GCATCAT-3′. The shRNA target sequence for p62 was
5′-CCTCTGGGCATTGAAGTTGAT-3′.

Cell Culture and Transfection
HeLa, HEK293T, and HepG2 cells were cultured in DMEM
at 37◦C/5% CO2, while SNU739, SNU182, and Huh1 cells
were cultured in DMEM/F-12 at 37◦C/5% CO2. All culture
media were added with 10% FBS and 1% penicillin/streptomycin
before use. Transfection experiments were performed when the
cells were about 60–80% confluent. According to different cell
types, we choose different transfection reagents and methods.
HEK293T and HeLa cells were transfected with polyethylenimine
and Lipofectamine 3000 reagents, respectively. siRNAs were
transfected into cells with X-tremeGENE siRNA Transfection
Reagent at 50 nM final concentration according to the
manufacturer’s protocol. The siRNA sequences targeting ASB6
were as follows: 5′-CAGAUCCACAAUACUGAGA-3′ and 5′-C
CGAAAACUUCGAUAUCCA-3′.

Western Blotting and
Immunoprecipitation (IP)
Cells were harvested in EBC lysis buffer (50 mM Tris-HCl,
pH 8.0, 120 mM NaCl, and 0.5% Nonidet P-40) supplemented
with protease inhibitors (Selleck Chemicals) and phosphatase
inhibitors (Selleck Chemicals) to generate cell lysates. Protein
concentration of cell lysates was measured using Bio-Rad protein
assay kit in a spectrophotometer (Thermo Scientific). Equal
amounts of protein were resolved by electrophoresis on SDS-
PAGE gels and transferred onto a PVDF membrane. After
incubation in blocking buffer [50 mM Tris-buffered saline (pH
7.4) containing 5% non-fat dry milk and 0.1% Tween-20], the
membranes were probed with the primary antibodies, followed
by incubation with HRP-conjugated rabbit or mouse secondary
antibodies. For immunoprecipitation, cell lysates were incubated
with anti-FLAG M2 agarose beads or anti-HA agarose beads for
3 h. Beads were then washed five times with NETN buffer (20 mM
Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, and 0.5% NP-
40). After washing, the precipitated samples were resolved on
SDS-PAGE and immunoblotted with appropriate antibodies.

Lentiviral Production and Infection
Lentiviral packaging and infection were done as previously
described (Du et al., 2015). Briefly, HEK293T cells were co-
transfected with pLKO.1 or pLEX constructs and the packaging
plasmids psPAX2 and pMD2.G. All media were removed
after 5 h and replaced with fresh DMEM plus 10% FBS.
Virus containing medium were collected and filtered with a
0.45-µm membrane (Merck Millipore) 48 h after replacement
with fresh media. Polybrene (10 µg/ml) was added into the
virus-containing medium to infect the corresponding cells, and

infected cells were selected in puromycin for 48 h before harvest
or following experiments.

Cell Proliferation Assay
For cell proliferation assays, 500 cells were seeded in 96-well
plates (Nest), and the viability of the cells was measured at various
time points. Ten microliters of CCK8 (Meilunbio) reagent was
added to each well, and the cells were incubated at 37◦C for
2 h. Next, absorbance was measured in single-wavelength mode
(450-nm) using a BioTek Eon Multi-Mode Microplate Readers.

Colony Formation Assay
For cell colony formation assays, 500 cells were seeded in each
well of six-well plates, and cultured for 10 days until visible
colonies formed. Colonies were then washed with PBS, fixed,
and stained with 0.1% crystal violet for 20 min. After staining,
the plates were washed with distilled water and air-dried. Visible
colonies were counted.

Immunofluorescence Analysis
Cells were grown on glass coverslips for treatment as indicated
and then fixed with 4% paraformaldehyde in PBS for 15 min at
room temperature and permeabilized with 0.5% Triton X-100 in
PBS for 5 min. Samples were rinsed three times with PBS (5 min
each time). Coverslips were then blocked for 60 min with 5% BSA.
After washing three times with PBS (10 min each time), nuclei
were counterstained with 4,6-diamidino-2-phenylindole (DAPI)
for 10 min. Coverslips were rinsed twice (3 min for each wash)
with PBS and mounted onto slides using ProLong Gold Antifade
reagent (Invitrogen). All images were obtained with the Leica
TCS SP8 fluorescence microscope.

Statistical Analysis
Each experiment was repeated at least three times, and results
were presented as mean ± standard error of the mean. The
statistical significance of differences was assessed by the Student’s
unpaired t-test (∗0.01 < P < 0.05, ∗∗0.001 < P < 0.01,
and ∗∗∗P < 0.001). Statistical analysis was performed
using GraphPad Prism.

RESULTS

p62 Is Modulated by CRL5 E3 Ligase
Complex
We initially found that proteasome inhibitor MG132, the
NEDD8-activating enzyme inhibitor MLN4924 (often used
to suppress CRL E3 ligase activity) (Soucy et al., 2009), and
the autophagy inhibitor bafilomycin A1 (Baf A1) caused an
obvious elevation of endogenous p62 protein levels in HepG2,
SNU739, and Huh1 cells (Figure 1A), indicating that p62 is
an unstable protein that is likely governed by CRL E3 ligase
complexes. Moreover, knockdown of CUL5 could upregulate
endogenous p62 protein level and co-transfection of shRNAs
against EloB/EloC in HeLa cells can dramatically upregulate
the expression of ectopically expressed HA-p62 (Figures 1B,C).
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FIGURE 1 | CRL5 interacts with p62 and regulates its expression. (A) HepG2, SNU739, and Huh1 cells were treated with 10 µM MG132, 1 µM MLN4924, or 200
nM Baf A1 for 10 h, and the whole-cell lysates (WCL) were generated for immunoblotting (IB) analysis. p27 served as a positive control responding to CRL E3
blocking, and Tubulin served as a loading control. (B) Huh1 cells infected with indicated shRNAs were subjected to IB analysis. Tubulin served as a loading control.
(C) IB analyses of WCL from HeLa cells transfected with plasmids encoding HA-p62, shRNAs targeting EloB/C, and GFP (as an internal transfection control). Tubulin
served as a loading control. (D,E) HEK293T cells transfected with the indicated plasmids were treated with 10 µM MG132 for 10 h before Co-IP and IB analysis.

Then, we further confirmed the interaction between p62
and the CUL5–EloB/EloC complex by transfection/co-
immunoprecipitation (IP) experiments (Figures 1D,E). Notably,
the interaction between p62 and EloC was stronger than the
p62–EloB interaction. These results indicated that p62 is a
potential CRL5 ubiquitination substrate, since the substrate
recognition subunit of CRL5 directly interacts with the linker
protein EloC via the SOCS-box region and indirectly interacts
with EloB via N-terminus of CUL5 protein.

ASB6 Is the SOCS-Box Protein That
Interacts With p62
In order to identify the substrate recognition subunit that
specifically mediates CRL5-dependent p62 regulation, we

performed shRNA-based screening and three SOCS-box proteins
were identified, including SOCS3, SOCS6, and ASB6. By co-
immunoprecipitation (Co-IP) experiment, a strong interaction
was observed between p62 and ASB6, but not SOCS3 or SOCS6
(Figure 2A). Meanwhile, HA-ASB6 interacts with both FLAG-
EloB and EloC, and the binding affinity of HA-ASB6 to EloC is
significantly stronger than to EloB (Figure 2B), a pattern very
similar to the interaction of p62 with EloB/EloC (Figure 1E).
According to the domain composition of ASB6 (Figure 2C),
we generated internal deletion FLAG-ASB6 constructs and co-
transfected them with HA-CUL5 or HA-p62 in HEK293T cells to
examine the interaction between ASB6 with CUL5 and p62. The
Co-IP results suggested that removing SOCS box or Cul5-box
domain abolished the ASB6–CUL5 interaction, but did not
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FIGURE 2 | ASB6 interacts with p62 and it is part of CRL5 E3 ligase complex. (A,B) HEK293T cells transfected with the indicated plasmids were treated with 10 µM
MG132 for 10 h before harvest for Co-IP and IB analysis. (C) Schematic illustration of human ASB6 protein domain composition. (D,E) HEK293T cells were
co-transfected with ASB6 wild type and mutants (1-SOCS box, 1-Cul5-box) and HA-CUL5 (D) or HA-p62 (E) constructs. Cells were treated with 10 µM MG132 for
10 h before harvest for Co-IP and IB analysis. (F) Huh1 cells were treated with 10 µM MG132 for 10 h before harvest to make whole-cell lysates. ASB6 antibody
was used to perform endogenous Co-IP experiments with Rabbit IgG as negative control.

impair the interaction between ASB6 and p62 (Figures 2D,E). In
order to test whether ASB6 is indeed an endogenous interacting
protein of p62, we next performed Co-IP experiment with lysate
generated from human liver cancer cell line Huh1, in which the
tumor-promoting effect of p62 has been validated. As indicated,
indeed ASB6 binds to p62 at endogenous level (Figure 2F). These
results suggest that ASB6 may be the key SOCS box protein in
the CRL5 E3 complex that binds and regulates p62.

ASB6 Promotes Ubiquitination and
Degradation of p62
Next, a series of experiments were carried out to determine
whether ASB6 is a key p62 regulator. Transient co-transfection
of multiple shRNA against ASB6 caused dramatic upregulation
of ectopically expressed HA-p62 in 293T cells (Figure 3A).
Consistently, stable depletion of ASB6 also significantly increased
endogenous p62 protein in HeLa cells (Figure 3B), with ASB6
knockdown efficiency confirmed by RT-PCR. On the other hand,
co-expression of FLAG-ASB6 caused degradation of ectopically

expressed HA-p62 in 293T cells, which could be blocked by
proteasome inhibitor MG132 in a dose-dependent manner
(Figure 3C). Moreover, deletion of either SOCS-box or the
smaller Cul5-box impaired the capacity of ASB6 to degrade p62
(Figure 3D), which may due to the damaged potential to form
functional CRL E3 complex with CUL5 (Figure 2D). We also
transfected various amounts of FLAG-ASB6 constructs in 293T
cells and examined the expression changes of endogenous p62. As
shown in Figure 3G, the decrease of endogenous p62 is inversely
correlated with the amount of overexpressed ASB6. We further
performed CHX chase experiment to determine if the observed
reduced p62 expression is caused by p62 protein stability change.
As indicated in Figures 3E,F, p62 is a very stable protein
without overexpression of ASB6, and its half-life was significantly
shortened in the presence of ASB6. So these results suggested that
ASB6 negatively regulates p62 protein stability. We subsequently
confirmed that overexpression of CUL5 and ASB6 could promote
ubiquitination of endogenous p62 (Figure 3H). Therefore, our
data suggest that the CUL5–ASB6 complex is a functional E3
ligase promotes ubiquitination and degradation of p62.
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FIGURE 3 | CUL5–ASB6 complex promotes ubiquitination and degradation of p62. (A) IB analyses of WCL from HEK293T cells co-transfected with plasmids
encoding HA-p62, ASB6 shRNAs, and GFP (as an internal transfection control). Tubulin served as a loading control. (B) HeLa cells infected with indicated shRNAs
were harvested for IB analysis. Tubulin served as a loading control. The knockdown efficiency of ASB6 was examined by RT-PCR. GAPDH gene was detected as the
internal control. (C) HEK293T cells were co-transfected with plasmids encoding HA-p62 and FLAG-ASB6 and were treated with different concentrations of MG132
(10, 20, and 30 µM) for 10 h before harvest for IB assay. Tubulin served as loading control. (D) IB analyses of HEK293T cells transfected with plasmids encoding
HA-p62 and ASB6 mutants. Tubulin served as a loading control. (E,F) HEK293T cells were transfected with plasmids encoding HA-p62 and EV or FLAG-ASB6.
Forty-eight hours after transfection, cells were treated with 50 µg/ml CHX and harvested at the indicated time for IB analysis. Tubulin served as loading control.
Relative HA-p62 protein levels were quantified and normalized to Tubulin with ImageJ software. (G) IB analysis of HEK293T cells transfected with a plasmid encoding
FLAG-ASB6. Tubulin served as a loading control. (H) HEK293T cells transfected with the indicated plasmids were treated with 10 µM MG132 for 10 h before harvest
for Ni-NTA beads pull down and IB analysis.

It has been reported that p62 has two protein isoforms that
are generated by three mRNA variants due to alternative splicing
(Wang et al., 2014). Different from the commonly detected
440 amino acid isoform, the shorter p62 isoform (p62S) lacks
the N-terminal PB1 domain and contains 356 aa in length
(Figure 4A). Therefore, we examined whether p62S is also subject
to CUL5–ASB6 mediated regulation. As indicated, p62S also
interacted with CUL5 and ASB6, in a manner very similar to
the longer p62 isoform (Figures 4B,C). Co-transfection of CUL5
shRNAs can also dramatically upregulate HA-p62S expression

(Figure 4D), while overexpression of CUL5 reduced HA-p62S
protein level (Figure 4E). These results suggested that the CUL5–
ASB6 E3 ligase regulates not only the classic p62 protein but also
the shorter p62 isoform.

ASB6-Mediated p62 Degradation Is
Independent of Autophagy
p62 is the most famous autophagy receptor protein and
itself also gets degraded in the autophagosomes together
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FIGURE 4 | CUL5–ASB6 complex interacts with and regulates short p62 isoform. (A) Schematic representation of the domain composition of p62 and p62S. (B,C)
HEK293T cells transfected with the indicated plasmids were treated with 10 µM MG132 for 10 h before harvest for IP and IB analysis. (D) HEK293T cells were
co-transfected with plasmids encoding HA-p62S, shRNAs targeting CUL5, and GFP (as an internal transfection control), and were harvested for IB analysis 48 h
later. Tubulin served as a loading control. (E) IB analysis of HEK293T cells transfected with HA-p62S plasmid and increasing amount of Myc-CUL5 construct. Tubulin
served as a loading control.

with the cargo protein. So, decrease of p62 protein is
regarded as an indicator of autophagy process. To dissect
whether CUL5–ASB6-mediated p62 degradation depends on
autophagy process, we performed multiple experiments with
ATG7 knockout (ATG7−/−) MEF cells, in which autophagy
pathway is defective due to loss of ATG7, a ubiquitin
E1-like activating enzyme essential for the assembly and
function of ubiquitin-like conjugation systems during autophagy
(Nakatogawa et al., 2009). We found that overexpression of
ASB6 could downregulate p62 protein levels in ATG7−/−

MEF cells and shorten p62 half-life in the CHX chase
experiment (Figures 5A,B). Meanwhile, ASB6 overexpression
also inhibited the colony formation and cell proliferation of
ATG7−/− MEF cells (Figures 5C,D). These results suggest that
the regulation of p62 by the CUL5–ASB6 complex does not
depend on the occurrence of autophagy process. Therefore, the

CUL5–ASB6 complex may regulate cell proliferation via p62
independent of autophagy.

ASB6 Modulates Hepatocellular
Carcinoma Cell Proliferation and
Autophagy via p62
Since p62 has been reported to play an important role in
the occurrence and development of liver cancer, we next
investigated whether ASB6 has a function in liver cancer cells
by regulating p62. We first depleted ASB6 in HCC cell lines
SNU739 and SNU182 with siRNAs and shRNAs that target ASB6
(Figures 6A,B) and observed significant upregulation of p62
protein. Importantly, depletion of ASB6 with shRNA greatly
increased the colony formation of SNU739 cells (Figure 6C).
Moreover, further depletion of p62 completely reversed the
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FIGURE 5 | The degradation of p62 by ASB6 is independent of autophagy. (A) IB analysis of p62 levels in ATG7−/− MEF cells stably expressing ectopic ASB6.
Tubulin was used as a loading control. (B) ATG7−/− MEF cells stably expressing ectopic ASB6 were treated with 50 µg/ml CHX and harvested at indicated time for
IB analysis. Tubulin served as loading control. (C) ATG7−/− MEF cells stably expressing ectopic ASB6 were counted and seeded into 96-well plates (500 cells per
well) to perform CCK8 experiment at the indicated time. Data were shown as mean ± SEM (n = 3). Statistical analyses were performed using Student’s t-test.
**P < 0.01, ***P < 0.001. (D) ATG7−/− MEF cells stably overexpressing ASB6 were counted and seeded into six-well plates (500 cells per well). The number of
colonies were measured and analyzed after 10 days. Data represent the mean ± SEM. **P < 0.01, by Student’s t-test.

promoted colony formation caused by ASB6 knockdown in Huh1
cells (Figures 6D,E). Therefore, the increased cell proliferation by
ASB6 knockdown is largely due to p62 upregulation.

As p62 is a well-characterized factor in autophagy, we
further investigated whether ASB6-mediated p62 degradation
would affect the autophagy process. When treated with glucose
starvation condition, more advanced autophagy occurred in
ASB6-depleted SNU739 cells as evidenced by the much
increased shorter LC3-II isoform compared to pLKO.1 vector-
treated control cells, and further overexpression of ASB6
could indeed inhibit the LC3-II protein level (Figure 6F).
This result indicated that ASB6 may be an inhibitory factor
for autophagy. To further prove this point, we constructed
a Huh1 cell line stable expressing the autophagy fluorescent
reporter protein mCherry-GFP-LC3, and then ectopically
expressed FLAG tagged ASB6 wild type and 1SOCS-box
ASB6 truncate in it. The expression of endogenous p62
was examined and autophagy was induced by removing
glucose from culture medium in these resulting cells. As
indicated, expression of ASB6 wild type but not 1SOCS-box
ASB6 truncate reduced p62 expression (Figure 6H). More

importantly, the number of mature autophagosomes (marked
by red-only puncta, since GFP protein is denatured in acidic
condition) significantly reduced in wild-type ASB6 expressed
cells (Figure 6G). Consistently, expression of ASB6 wild type,
but not 1SOCS-box ASB6 truncate, also strongly reduced
the colony formation of the resulted Huh1 cells (Figure 6I).
Therefore, these data suggested that ASB6 has an inhibitory role
in autophagy and cell proliferation possibly via governing p62
abundance in HCC cells.

DISCUSSION

In the current study, we identified a new functional ubiquitin
E3 ligase complex, CRL5–ASB6 complex, as a major regulator
governing p62/SQSTM1 abundance (Figure 7). As the largest E3
ligase family, Cullin-Ring E3 ligase complexes are composed of
hundreds of members differing in various Cullin proteins, and
more importantly, the substrate recognition proteins (Nguyen
et al., 2017). Initially designated as VACM-1, CUL5 is a relatively
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FIGURE 6 | ASB6 functions in HCC cells by regulating p62. (A) IB analysis of HCC cell lines SNU739 and SNU182 that were transfected with ASB6 siRNAs. Tubulin
was used as loading control. (B) SNU739 cells infected with indicated shRNAs were harvested for IB analysis. Vinculin served as a loading control. (C) The cells from
(B) were counted and seeded into six-well plates (500 cells per well) to perform colony formation assay. The number of colonies were counted and analyzed. Data
represent the mean ± SEM. **P < 0.01, ***P < 0.001, by Student’s t-test. (D) Huh1 cells were treated with lentiviral shRNAs against ASB6 and p62. The resulting
cells were harvested and analyzed by IB with indicated antibodies. Tubulin served as loading control. (E) The cells from (D) were counted and transferred to six-well
plates (500 cells per well) to perform colony formation assay. The number of colonies was measured and analyzed after 10 days. Data represent the mean ± SEM.
*P < 0.05, by Student’s t-test. (F) IB analysis of SNU739 cells pre-treated with ASB6 stably knockdown and ASB6 re-expression (a mutant resistant to shRNA
treatment). Resulting cells were treated with glucose deprivation for 16 h to induce autophagy. Vinculin was used as loading control. (G) Huh1 cells stably expressing
mCherry-GFP-LC3 were treated with viral vectors encoding ectopic FLAG-ASB6 WT or 1SOCS-box mutant. Glucose deprivation was performed for 16 h to induce
autophagy. GFP and mCherry puncta were measured and analyzed under confocal microscope, and the average percentage of cells containing red-only puncta,
which represents the matured antophagosome, was determined and blotted. Scale bars, 20 µm. Data represent the mean ± SEM. ns, non-significant; *P < 0.05,
by Student’s t-test. (H) IB analysis of Huh1 cells generated in (G). Tubulin was used as loading control. (I) The cells from (G) were counted and transferred to six-well
plates (500 cells per well) to perform colony formation assay. The number of colonies was measured and analyzed after 10 days. Data represent the mean ± SEM.
ns, non-significant; **P < 0.01, by Student’s t-test.

late identified member for the Cullin family (Burnatowska-
Hledin et al., 1995). The following studies revealed that CUL5
forms a series of CRL5 E3 ligase complex together with RING

protein RBX1/2, adaptor proteins EloB/C, and, most importantly,
the substrate recognition subunit SOCS-box proteins. With more
and more studies published, various roles of CRL5 E3 ligase
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FIGURE 7 | Schematic model of the CRL5–ASB6 E3 complex mediated p62
degradation.

in viral infection, signaling transduction, and carcinomagenesis
have been revealed (Zhao and Sun, 2013). Although CUL5
protein is found downregulated in multiple cancers, the exact
function of each CRL5 E3 ligase complex in oncogenesis is very
diverse since CRL5 E3 ligases could promote the degradation of
both oncoproteins and tumor suppressors. For example, we have
found that the CRL5–SOCS3 complex degrades ITGB1 to inhibit
small cell lung cancer cell migration and metastasis, and the
CRL5–SOCS6 complex governs Sin1 level and limits mTORC2
function (Cui et al., 2019; Zhao et al., 2019). Moreover, other
groups found that the CRL5–ASB13 complex degrades SNAI2
and the CRL5–SPSB3 complex degrades SNAIL to inhibit cancer
metastasis (Liu et al., 2018; Fan et al., 2020). These evidences
suggested that certain CRL5 E3 complexes could exert tumor
suppressor function in cancer cells. On the other hand, CRL5–
WSB1 has been shown to promote tumor metastasis and promote
cell cycle via degrading tumor suppressors VHL, RhoGDI2,
ATM, etc. (Cao et al., 2015; Kim et al., 2015, 2017). Therefore,
the role of CRL5 E3 complexes in cancer regulation is very
complicated and possibly context dependent. Interestingly, CUL5
has also been implicated in regulating autophagy by promoting
the turnover of mTORC1 inhibitor DEPTOR, a process that
could be blocked by AMBRA1 (Antonioli et al., 2014). Notably,
the reported CUL5–DEPTOR–mTORC1 regulation of autophagy
is rather indirect and related to the onset stage of autophagy,
since it mainly goes via phosphorylation and inhibition of ULK1
(Antonioli et al., 2014). Therefore, our study established a new
regulatory role of CUL5 in autophagy via governing p62.

ASB6 contains six ankyrin repeats at its N-terminal and a
SOCS-box at its C-terminal, which enable it to be integrated
as part of the CRL5 E3 complex via EloB/C. ASB6 was first
identified via yeast two hybrid as an interaction protein of APS
(also known as SH2B2), an adaptor protein that is involved
in the activation of multiple tyrosine kinases (Wilcox et al.,
2004). The interaction between APS and ASB6 was further
validated by immunoprecipitation and immunofluorescence
methods, and ASB6 was shown to possibly recruit EloB/C
and other binding partners to the plasma membrane to cause
the degradation of APS and ASB6 itself upon activation of
insulin receptor. Later, ASB6 was found upregulated in oral

squamous cell carcinoma, which is a possible consequence
of exposure to Areca nut extracts and is co-related with
poor survival (Hung et al., 2009). Another recent following
study from the same group suggested that accumulation of
ASB6 may impede ER stress and cause gain of stemness and
metastasis feature of oral squamous cell carcinoma, although
the underlying molecular mechanism remains elusive (Hung
et al., 2019). Therefore, the detailed molecular function of ASB6,
especially in pathological conditions, is largely unknown. In the
current study, we characterized ASB6 as a substrate recognition
subunit of CRL5 E3 ligase that governs p62 abundance. Notably,
depletion of ASB6 promotes colony formation of HCC cell
line Huh1, which could be reversed by further knockdown of
p62, indicating that the function of ASB6 in inhibiting HCC
cell proliferation is largely through p62. Consistent with the
necessary role of p62 in promoting autophagy, overexpression
of ASB6 (but not the 1SOCS-box ASB6 truncate) degrades
endogenous p62 and suppresses proceeding of autophagy
and colony formation in Huh1 cells. So, it is possible that
the function of ASB6 in control cell proliferation–autophagy
homeostasis is dependent on p62 status. Nevertheless, a more
mechanistic study is required to fully address the biological
meaning of the CRL5–ASB6–p62 regulation in physiological and
pathological conditions.

Taken together, we have identified the CRL5–ASB6 complex as
a functional ubiquitin E3 ligase that promotes the ubiquitination
and degradation of p62, through which it regulates cell
proliferation and autophagy. Our finding may shed new light on
understanding the complex regulation of p62 function and cell
proliferation–autophagy homeostasis.
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