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ABSTRACT
Macroautophagy/autophagy is a cellular process in which cytosolic contents are degraded by lysosome
in response to various stress conditions. Apart from its role in the maintenance of cellular homeostasis,
autophagy also involves in regulation of cell cycle progression under nutrient-deprivation conditions.
However, whether and how autophagy is regulated by the cell cycle especially during mitosis remains
largely undefined. Here we show that WIPI2/ATG18B (WD repeat domain, phosphoinositide interacting
2), an autophagy-related (ATG) protein that plays a critical role in autophagosome biogenesis, is a direct
substrate of CUL4-RING ubiquitin ligases (CRL4s). Upon mitosis induction, CRL4s are activated via
neddylation, and recruit WIPI2 via DDB1 (damage specific DNA binding protein 1), leading to poly-
ubiquitination and proteasomal degradation of WIPI2 and suppression of autophagy. The WIPI2 protein
level and autophagy during mitosis could be rescued by knockdown of CRL4s or treatment with
MLN4924/Pevonedistat, a selective inhibitor of CRLs, via suppression of NAE1 (NEDD8 activating enzyme
E1 subunit 1). Moreover, restoration of WIPI2 rescues autophagy during mitosis and leads to mitotic
slippage and cell senescence. Our study thus discovers a novel function of CRL4s in autophagy by
targeting WIPI2 for polyubiquitination and proteasomal degradation during mitosis.

Abbreviations: ACTB, actin beta; ATG, autophagy-related; AMPK, AMP-activated protein kinase; AURKB/
ARK2, aurora kinase B; BafA1, bafilomycin A1; CCNB1, cyclin B1; CDK1, cyclin dependent kinase 1; CHX,
cycloheximide; CQ, chloroquine; CRL4s, CUL4-RING ubiquitin ligases; DDB1, damage specific DNA bind-
ing protein 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GFP, green fluorescent protein; GST,
glutathione S-transferase; MAP1LC3B/LC3B, microtubule associated protein 1 light chain 3 beta; STK11/
LKB1,serine/threonine kinase 11; MTORC1/MTOR complex 1, mechanistic target of rapamycin kinase
complex 1; NAE1, NEDD8 activating enzyme E1 subunit 1; NOC, nocodazole; RING, really interesting new
gene; RBX1, ring-box 1; SA-GLB1/β-gal, senescence-associated galactosidase beta 1; TSC2, TSC complex
subunit 2; TUBA, tubulin alpha; WIPI2, WD repeat domain, phosphoinositide interacting 2
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Introduction

Autophagy is an evolutionarily conserved process in which
cytoplasmic contents are engulfed by a double-membrane struc-
ture named autophagosome and then fuses with lysosome for
degradation [1,2]. At present, it has been well-established that
the autophagic process, in particular the autophagosome biogen-
esis is controlled by a group of proteins coded by the autophagy-
related (ATG) genes [3–5]. Up to date, more than 40 Atgs have
been identified in yeast. Among them, about 16 are well con-
served in mammalians and play key roles in control of autopha-
gosome formation. In recent years, there is emerging evidence
demonstrating that the WIPI (WD-repeat protein domain,

phosphoinositide interacting) family plays an important role in
facilitating the nucleation and expansion of phagophore mem-
branes [6,7]. There are 4 members of WIPI (WIPI1, WIPI2,
WDR45B/WIPI3 and WDR45/WIPI4/WDRX1) [8]. Among
them, WIPI1/Atg18 is considered to function upstream of LC3
lipidation, although its exact role in autophagy has not yet been
defined [9]. WDR45B andWDR45 were recently reported to act
upstream of phosphatidylinositol-3-phosphate (PtdIns3P) by
regulating the STK11/LKB1-AMPK-TSC2 signaling circuit and
in controlling the size of nascent autophagosome [10].
Importantly, there is strong evidence demonstrating the critical
role of WIPI2 in autophagy: WIPI2 mediates the recruitment of
the ATG12–ATG5-ATG16L1 complex to the class III
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phosphatidylinositol 3-kinase-positive omegasome by directly
interacting with ATG16L1, and such interaction is indispensable
for LC3 lipidation and autophagosome biogenesis in starvation-
induced autophagy [11]. Thus, targeting WIPI proteins espe-
cially WIPI2 would be a direct and efficient way to modulate
autophagy activity. However, how these WIPI proteins are regu-
lated remains largely unknown.

At present, the relationship between autophagy and cell
cycle remains elusive. On the one hand, autophagy is
involved in cell cycle regulation. Activation of autophagy
by starvation or by autophagy inducers leads to cell cycle
arrest in the G1 or G2 phase [12–14]. Under starvation
condition, autophagy has been shown to be required for
cell cycle progression and for maintenance of genome
stability [15]. Moreover, autophagy has been revealed to
be required for midbody ring digestion during the cyto-
kinesis phase to ensure successful separation of the two
daughter cells [16–20]. On the other hand, it remains
unclear or controversial whether and how cell cycle reg-
ulates autophagy. It has been reported that autophagy is
activated during mitosis [21,22]. In contrast, there are
compelling evidence showing impaired autophagy during
mitosis. For instance, autophagy is inhibited during mito-
sis and the autophagosome structure is only observed in
late telophase where the envelope of the nuclear is
reformed [23]. Consistently, it has been demonstrated
that CDK1 (cyclin dependent kinase 1) phosphorylates
PIK3C3/VPS34 (phosphatidylinositol 3-kinase catalytic
subunit type 3), which then disrupts the association of
PIK3C3 with BECN1/Beclin1 and thereby inhibits autop-
hagy during mitosis [24]. More work is needed to fully
understand the regulation of autophagy in mitotic cells.

Ubiquitination is one of the key forms of protein post-
translational modifications, a process catalyzed by the
coordinated action of the ubiquitin-activating enzyme
(E1), ubiquitin-conjugation enzyme (E2) and ubiquitin
protein ligase (E3) [25]. The ubiquitin E3 ligases consist
of two major families, the HECT (homologous to the E6-
AP carboxyl terminus) family and the RING (really inter-
esting new gene) family. The CUL/cullin-RING E3 ligases
(CRLs) belongs to the RING family and is the largest
family of ubiquitin E3 ligases that account for approxi-
mately 20% of the protein substrates degraded [26]. There
are 4 main groups of CRLs: CRL1, CRL2/5, CRL3 and
CRL4 [27]. Among them, CRL4s (CRL4A and CRL4B)
are assembled with CUL4, adaptor protein DDB1, RBX1
and a DWD (or WD) domains-containing-substrate recog-
nition protein. At present, there is substantial evidence
demonstrating the critical roles of CRLs in regulation of
autophagy. For instance, CRL1-FBXL20 (or SCF-FBXL20)
mediate the poly-ubiquitination and proteasomal degrada-
tion of PIK3C3, leading to suppression of autophagy [28].
CRL3-ZBTB16 control the initiation of autophagy by med-
iating the degradation of ATG14, an essential player
responsible for mediating PtdIns3P production [29].
Moreover, CRL3-KLHL20 also govern the ubiquitination
and proteasomal degradation of ULK1 (unc-51 like autop-
hagy activating kinase 1) and PIK3C3 to terminate autop-
hagy in prolonged starvation [30]. As the studies described

above reveal that both CRL1s and CRL3s possess inhibi-
tory effects on autophagy by degradation of key ATG
proteins, the involvement of CRL4s in autophagy appears
to be rather intriguing. While earlier reports have shown
that CRL4s positively regulate the MTORC1 pathway to
inhibit autophagy [31,32], CRL4s also mediate K63-linked
poly-ubiquitination of BECN1 via AMBRA1 (autophagy
and BECN1 regulator 1), thereby facilitating the formation
of the PIK3C3 complex and promoting starvation-induced
autophagy [33]. However, in prolonged starvation, CRL4s
directly targets AMBRA1 for poly-ubiquitination and
degradation to terminate autophagy [33].

Apart from their potential roles in autophagy, CRLs are
also important in cell cycle regulation [34]. For instance,
CRL4A-SKP2 acts to facilitate the transition from G1 to
S phase by targeting CDKN1B/p27, one of the main inhi-
bitors of CDK, for proteasomal degradation [35]. CRL4-
DCAF11/WDR23 catalyze the non-proteolytic polyubiqui-
tination of SLBP (stem-loop binding protein) to ensure the
histone supply during DNA replication [36]. Also, CRL4-
DTL/CDT2 mediate the polyubiquitination and degrada-
tion of CDT1 (chromatin licensing and DNA replication
factor 1) to ensure proper DNA replication during the
S phase [37,38]. Moreover, during the mitotic phase,
CRL4A mediates the degradation of RASSF1A (Ras asso-
ciation domain family 1, isoform A) to suppress its ability
to induce mitotic arrest [39]. These findings thus suggest
that CRL4s play an active role in cell cycle progression.
Given the fact that CRL4s are activated during mitosis, it
remains to be investigated whether CRL4s connect autop-
hagy with cell cycle.

In this study, we identified WIPI2 as a direct substrate
of CRL4s. During mitosis, CRL4s are activated via neddyla-
tion, and the activated CRL4s recruit WIPI2 via DDB1,
leading to its polyubiquitination and proteasomal degrada-
tion and eventually suppression of autophagy during mito-
sis. Our study thus discovers a novel mechanism underlying
the defective autophagy during mitosis and provide new
insights into the intricate relationship between autophagy
and cell cycle regulation.

Results

Autophagy is inhibited during mitosis and rescued by
MLN4924, a CRLs inhibitor

While some studies have indicated that autophagy activity
is inhibited during mitosis [23,24], other reports argued
that mitotic cells have high autophagic activity [21,22],
rendering the regulation of autophagy in mitosis controver-
sial. In this study, we first examined the autophagy level
during mitosis by using HeLa cells stably expressing GFP-
LC3, a well characterized autophagosome marker. We first
studied the autophagy level in asynchronously proliferating
cell populations by examining the number of GFP-LC3
puncta in cells at different cell cycle stages. We observed
that cells at the mitotic phases have much fewer number of
LC3 puncta than cells in the interphase, and the number of
the GFP-LC3 puncta recovers after the cells enter the
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Figure 1. Autophagy is inhibited during mitosis.
(a) HeLa GFP-LC3 stable cell line were treated with 50 μM chloroquine (CQ) 2 h before being fixed with 4% PFA and stained with anti-TUBA. The coverslips were then
mounted with mounting medium containing DAPI. The distribution of LC3 puncta was observed in mitotic cells under microscope. Scale bar: 10 µm.
(b) Quantification of the number of LC3 puncta in cells of different mitotic phases (n = 10). Columns, mean; bars, ± S.D. (**, P < 0.01; ***, P < 0.001; One way ANOVA
with Dunnett’s multiple comparisons test).
(c and d) HeLa cells (c) or HEK293T cells (d) were treated with 250 ng/ml nocodazole (NOC) for 16 h. Cells were treated with either DMSO or 25 μM CQ for 2 h before
being harvested and were subsequently subjected to western blot analysis. AURKB/ARK2 was used as a G2/M phase marker.
(e) HeLa cells were treated with either MLN4924 (1 μM), NOC (200 ng/ml) or NOC (200 ng/ml) plus MLN4924 (1 μM) for 16 h, the cells were then treated with or
without CQ (25 μM) for 2 h and subjected to western blot analysis.
(f) HeLa GFP-LC3 stable cell line were treated with either DMSO or MLN4924 (1 μM) for 16 h. Cells were then fixed with 4% PFA and stained with anti-TUBA. The
coverslips were then mounted with mounting medium containing DAPI. The coverslips were subsequently subjected to immunofluorescence analysis as indicated.
Scale bar: 5 µm.
(g) HeLa cells were transfected with siRNA targeting UBE2M for 48 h and were treated with either DMSO or nocodazole (200 ng/ml) for 16 h. The cells were then
treated with or without BafA1 (100 nM) for 2 h and subjected to western blot analysis.
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cytokinesis phase (Figure 1(a,b)). It has been reported that
GFP-LC3 fluorescence signal could be quenched by lyso-
some [40]. To exclude the possibility that the reduced GFP-
LC3 puncta during mitosis is due to enhanced flux to
lysosome, we also performed an immunofluorescence
assay using anti-LC3B antibody to examine the endogenous
LC3. Similar to the results obtained from the GFP-LC3-
HeLa cells, we observed that the endogenous LC3 puncta
signal diminishes during the mitotic phase (Figure S1(a,b)).
Consistent with this result, cells arrested at the G2/M phase
by nocodazole, a microtubule poison that is known to cause
mitotic arrest by inhibiting microtubules polymerization
and formation of the mitotic spindle, also showed an evi-
dent reduction in GFP-LC3 puncta (Figure S1(c)). Next, we
further checked the changes of autophagic flux by detection
of LC3B-I to LC3B-II conversion in the presence of chlor-
oquine (CQ) using immunoblotting. As expected, reduced
autophagic flux was found in cells treated with nocodazole
in both HeLa (Figure 1(c)) and HEK293T cells (Figure 1
(d)). Similar results were also found in HeLa cells which
were first double-blocked with thymidine at G1 phase and
then released into fresh medium until it reached the G2/M
phase at 10 h (Figure S1(d)). It has been reported that
microtubules play a critical role in stress (such as starva-
tion)-induced autophagosome formation and autophago-
some-lysosome fusion [41], while disruption of
microtubules does not affect basal autophagy [42–44].
Consistent with these studies, we found that nocodazole
has almost no effects on the autophagy flux at the early
time point (up to 8 h), while it can strongly inhibit the
autophagy flux at the late time point (at 12 and 16 h) where
the cells were arrested in the mitotic phase (Figure S1(e)).
These results collectively demonstrate that autophagy is
indeed inhibited during mitosis.

To understand the underlying mechanisms that mediate
the mitotic inhibition of autophagy, we attempted to rescue
autophagy by using different autophagy inducers. MTORC1
is a key negative regulator for autophagy by directly sup-
pressing the ULK1 complex [45,46]. Thus, suppression of
MTORC1 by starvation or MTORC1 inhibitors could effec-
tively activate autophagy [2]. We therefore investigated the
effects of starvation (EBSS) and 2 MTORC1 inhibitors,
rapamycin and PP242, on mitotic inhibition of autophagy.
Our results revealed that neither EBSS, nor rapamycin or
PP242 was able to fully reactivate autophagy in the mitotic
cells synchronized by nocodazole (Figure S1(c and f)).
Furthermore, in the naturally occurred mitotic cells, PP242
failed to rescue the inhibition of autophagy (Figure S1(g)).
Such observations indicate that the mitotic inhibition of
autophagy is possibly independent of the MTORC1
pathway.

MLN4924 is a specific CRLs inhibitor via inhibition of
NAE1 [26,47] and it efficiently induces autophagy [48,49].
Given that CRLs also play an important role in mitosis [34],
we asked whether MLN4924 can rescue autophagy during
mitosis. Indeed, we observed that MLN4924 was capable of
elevating the LC3B-II level in nocodazole-treated HeLa cells
(Figure 1(e)) and HEK293T cells (Figure S1(h)). Moreover,
MLN4924 could dramatically elevate the number of GFP-LC3

puncta in the naturally occurred mitotic cells (Figure 1(f)).
Furthermore, knockdown of UBE2M/UBC12 (ubiquitin-
conjugating enzyme E2M; the NEDD8 conjugating enzyme)
also resulted in a marked elevation of the autophagic flux in
the nocodazole-treated cells (Figure 1(g)) similar to the effect
of MLN4924. Hence, our data collectively demonstrate that
the mitotic inhibition of autophagy is associated with the
functions of CRLs.

WIPI2 is downregulated during mitosis and restored by
MG132 and MLN4924

WIPI2 is a WD40 protein that contains 7-bladed β-
propeller [50], which could potentially serve as an adaptor
protein or substrate for CRL4s. Based on our earlier find-
ings that MLN4924, a CRLs inhibitor, is able to rescue
autophagy in mitotic cells (Figure 1(e,f) and S1(h)), we
examined the changes of WIPI2 protein level under such
conditions. We first measured the formation of the WIPI2
puncta, a marker of early stage of autophagy [51]. We
observed decreased number of WIPI2 puncta in the mito-
tic cells when compared to that in the interphase cells,
similar to the changes of GFP-LC3 puncta (Figure 2(a)).
We further measured and compared the protein level of
WIPI2 in different cell cycle phases using immunoblotting.
Using the double thymidine block model, we found that
WIPI2 remained stable in the G1/S phase similar to that of
the asynchronized cells (Figure S2(a,b)). Notably, it dra-
matically decreased in the G2/M phase cells (about
10–12 h after released from double thymidine block)
(Figure S2(a,b)) or in cells arrested in G2/M phase induced
by nocodazole (Figure 2(b,e)). Moreover, the protein level
of WIPI2 recovered after releasing from nocodazole treat-
ment with concomitant elevation of LC3B-II conversion
(Figure 2(b,c)), suggesting that reduced WIPI2 protein
level during mitosis may contributes to the reduction of
autophagy activity during mitosis. The FRRG motif within
the WIPI2 protein is responsible for its binding to
PtdIns3P at omegasome and mutation of FRRG to FTTG
abolished this binding and leads to defective recruitment
of ATG12–ATG5-ATG16L1 complex and impaired LC3
lipidation [11,52]. As shown in Figure S2(c), WIPI2
FTTG mutant protein was also decreased, similar to that
of WT WIPI2, in nocodazole-treated cells, indicating that
the degradation of WIPI2 is likely to be independent of its
binding to PtdIns3P.

To understand the molecular mechanisms underlying
WIPI2 downregulation in mitotic cells, we first measured
the mRNA level of WIPI2. RT-PCR analysis revealed that
the mRNA level of WIPI2 in cells treated with nocodazole
was comparable to that in the untreated cells (Figure S2
(d)), indicating that this reduction in WIPI2 protein level is
not due to transcriptional downregulation. It is known that
WIPI2 localizes on both the inner and outer membrane of
the autophagosome [53]. However, given that autophagy is
inhibited during mitosis, it is unlikely that this reduction of
WIPI2 is resulted from autophagy. Consistent with our
speculation, we observed that both CQ and bafilomycin
A1 (BafA1) failed to rescue the WIPI2 protein level in the
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mitotic cells (Figure 2(d, S2e)). In contrast, MG132,
a proteasome inhibitor, was able to effectively restore
WIPI2 level in the mitotic cells (Figure 2(e and S2f)). In
addition, nocodazole treatment significantly reduced the

WIPI2 protein stability examined by treatment with cyclo-
heximide (CHX) (Figure 2(f and S2g)). Our earlier observa-
tions demonstrate that the mitotic inhibition of autophagy
could be rescued by MLN4924 (Figure 1(f)), here we

Figure 2. WIPI2 is downregulated during mitosis.
(a) HeLa-GFP-LC3 cells were treated with CQ (25 μM) for 2 h. The cells were then fixed with 4% PFA and subjected to immunofluorescence analysis with anti-WIPI2 antibody.
Scale bar: 10 µm.
(b) HeLa cells were treated with or without NOC (200 ng/ml) for 16 h. One group of the NOC treated cells were released into fresh medium for another 6 h. Subsequently, the
cells were harvested for FACS analysis.
(c) HeLa cells were treated with or without NOC (200 ng/ml) for 16 h. One group of the NOC treated cells were released into freshmedium for another 6 h. Subsequently, the cells
were treated with or without BafA1 (50 nM) for 2 h before being harvested for western blot analysis.
(d) HeLa cells were treated with nocodazole (NOC, 200 ng/ml) for 16 h. Cells were treated with either CQ (25 μM) or bafilomycin A1 (BafA1, 50 nM) for 2 h before being harvested
and were subsequently subjected to western blot analysis.(e) HeLa cells were treated with 200 ng/ml nocodazole (NOC) for 16 h. The medium was then removed and the cells
were cultured in fresh medium containing the indicated concentration of MG132 for 1.5 h and were then subjected to western blot analysis.
(f) HeLa cells were treated with nocodazole (NOC, 200 ng/ml) for 16 h to arrest the cells in G2/M phase andwere subsequently treatedwith CHX (100 μg/ml) and harvested at the
indicated time points. Cells were lysed and subjected to western blot with the indicated antibodies.
(g) HeLa cells stably expressing GFP-WIPI2 were treated with eitherMLN4924 (1 μM), nocodazole (NOC, 200 ng/ml) or NOC plus MLN4924 (1 μM) for 16 h andwere harvested for
western blot analysis with the indicated antibodies.
(h) HeLa cells were transfected with siRNA targeting UBE2M for 48 h and were treated with either DMSO or nocodazole (NOC, 200 ng/ml) for another 16 h. The cells were then
harvested and subjected to western blot analysis.
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further investigated the effect of MLN4924 on WIPI2 pro-
tein level and found that MLN4924 markedly rescued
WIPI2 protein level in the mitotic cells (Figure 2(g and
S2h)). Consistent with this result, knockdown of UBE2M
also effectively rescued WIPI2 protein level in the mitotic
cells (Figure 2(h)). Therefore, data from this part of our
study indicate that CRLs are involved in the proteasome-
dependent degradation of WIPI2 during mitosis.

CRL4s are activated via neddylation during mitosis

Among the CRLs, CRL4s have been reported to be impli-
cated in the regulation of cell cycles, including G1, S and
G2 [36,54,55]. An earlier study showed that Cul4a-deleted
cells are deficient in early M phase progression [56],
suggesting that CRL4s may possess a role in mitosis reg-
ulation. Moreover, it is known that CRL4s recruit and
target WD40 domain-containing proteins as substrate
receptors or substrates [27]. At present, multiple WD40
domain-containing proteins such as AMBRA1 and RPTOR
(regulatory associated protein of MTOR complex 1) have
been reported to be regulated via interacting with CRL4s
through DDB1 during autophagy [31–33,57]. These find-
ings prompted us to ask whether the downregulation of
WIPI2 protein level in mitosis is associated with activated
CRL4s. We first checked the E3 ligase activity of CRL4s by
examining its neddylation status by western blot. The E3
ligase activity of CRLs is regulated by conjugation of
NEDD8 to the CUL (cullin) scaffold protein [58], thus
the neddylated form of CUL (active form) migrates slower
than the unmodified counterpart during SDS-PAGE elec-
trophoresis. Cells synchronized in the M phase with dou-
ble thymidine block showed a higher ratio of NEDD8-
CUL4A:CUL4A or NEED8-CUL4B:CUL4B than that in
asynchronized cells (Figure 3(a)). Because neddylated
CULs are unstable and could be degraded by the protea-
some [59], we utilized MG132, a proteasome inhibitor, to
block the degradation of neddylated CULs and found that
this elevated neddylation in the M phase is much more
evident after treatment of MG132 (Figure 3(a)). In addi-
tion, HeLa cells and HEK293T cells arrested at
the M phase by nocodazole also displayed a marked

increase in CUL4 neddylation and this neddylation is not
affected by CQ treatment (Figure 3(b and S3a)), suggest-
ing that activation of CRL4s are not directly related to the
autophagy-lysosomal pathway. More importantly, this ele-
vated neddylation induced by nocodazole could be effi-
ciently abolished by MLN4924 treatment (Figure 3(c and
S3b)) or by knockdown of UBE2M (Figure S3(c)).
Therefore, data from this part of our study suggest that
CRL4s are activated during mitosis and the activated
CRL4s may contribute to regulation of autophagy in mito-
tic cells.

CRL4s interact with WIPI2

Earlier observations from our study implicate CRL4s in
regulation of autophagy during mitosis, possibly via target-
ing WIPI2. To further establish the regulatory effects of
CRL4s on WIPI2, here we examined the protein-protein
interaction between CRL4s and WIPI2. Our result showed
that CUL4A and CUL4B interacted with both ectopic
WIPI2 (Figure 4(a,b) and endogenous WIPI2 (Figure S4(a,
b)). Consistently, WIPI2 could efficiently interact with
CUL4A and CUL4B (Figure 4(c,d)). To understand the
interacting region of CRL4s, we cloned CUL4A N440
(amino acids [aa] 1–440) and CUL4B N594 (aa 1–594)
which lack the C terminus responsible for the binding of
RBX1 and found that their binding to endogenous WIPI2
was not affected (Figure S4(c,d)), indicating that the
N terminus, but not the C terminus of CRL4s, is respon-
sible for the interaction with WIPI2. It is known that the
N-terminal domain of CUL4A or CUL4B binds to DDB1,
which acts as the adaptor protein for recruiting substrate
receptors or substrates [60]. We then evaluated the inter-
action of WIPI2 with DDB1. We found that DDB1 interacts
with both ectopic and endogenous WIPI2 (Figure 4(e,g)),
whereas ectopic WIPI2 could efficiently interact with ecto-
pic DDB1 and endogenous DDB1 (Figure 4(f,h)).
Consistently, endogenous DDB1 also mutually interacts
with endogenous WIPI2 (Figure S4(e,f)). Moreover, this
mutual interaction between DDB1 and WIPI2 was signifi-
cantly enhanced in the mitotic cells synchronized by treat-
ment with nocodazole (Figure 4(g,h)), suggesting that

Figure 3. CRL4s are activated via neddylation during mitosis.
(a) HeLa cells were subjected to a double block with thymidine (2.5 μM) and released into fresh medium. After 6 h, the cells were treated with MG132 (10 μM) for
another 4 h and were harvested for western blot analysis.
(b) HeLa cells were treated with nocodazole (NOC, 200 ng/ml) for 16 h. The medium was then removed and the cells were cultured in fresh medium containing CQ
(25 μM) for 2 h before being harvested and were subsequently subjected to western blot analysis.
(c) HeLa cells were treated with either MLN4924 (1 μM), nocodazole (NOC, 200 ng/ml) or NOC plus MLN4924 (1 μM) for 16 h and were harvested for western blot
analysis with the indicated antibodies.
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Figure 4. WIPI2 interacts with CRL4s.
(a) HEK293T cells were transfected with MYC-WIPI2 and/or FLAG-CUL4A as indicated for 24 h and were lysed with IP lysis buffer. The cell lysates were subjected to FLAG IP and
blotted with the indicated antibodies.
(b) HEK293T cells were transfected with MYC-WIPI2 and/or FLAG-CUL4B as indicated for 24 h. Cells were lysed with IP lysis buffer. The cell lysates were subjected to FLAG IP and
blotted with the indicated antibodies.
(c) HEK293T cells were transfected with FLAG-WIPI2 and/or V5-CUL4A as indicated for 24 h and were lysed with IP lysis buffer. The cell lysates were subjected to FLAG IP and
blotted with the indicated antibodies.
(d) HEK293T cells were transfected with FLAG-WIPI2 and/or MYC-CUL4B as indicated for 24 h and were lysed with IP lysis buffer. The cell lysates were subjected to FLAG IP and
blotted with the indicated antibodies.
(e) HEK293T cells were transfected with MYC-WIPI2 and/or FLAG-DDB1 as indicated for 24 h. FLAG-DDB1 was pulled down using anti-FLAG M2 agarose and blotted with the
indicated antibodies.
(f) HEK293T cells were transfected with FLAG-WIPI2 and/or V5-DDB1 as indicated for 24 h. Cells were lysed with IP lysis buffer. The cell lysates were subjected to FLAG IP and
blotted with the indicated antibodies.
(g) HEK293T cells were transfected with FLAG-DDB1 for 24 h. Subsequently, cells were treatedwith or without nocodazole (NOC, 200 ng/ml) for 16 h andwere then released into
fresh medium containing 20 μM MG132 for 1.5 h. The cells were harvested, lysed with IP lysis buffer and subjected to immunoprecipitation with anti-FLAG M2 agarose.
(h) HEK293T cells were transfected with MYC-WIPI2 for 24 h. Subsequently, cells were treated with or without nocodazole (NOC, 200 ng/ml) for 16 h and were then released into
fresh medium containing 20 μM MG132 for 1.5 h. The cells were harvested, lysed with IP lysis buffer and subjected to immunoprecipitation with anti-MYC agarose.
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CRL4s are the potential ubiquitin E3 ligases responsible for
WIPI2 degradation during mitosis.

Knockdown of CRL4s restores WIPI2 protein level and
autophagy during mitosis

To further study the regulatory effects of CRL4s on WIPI2
and autophagy, we next modulated the expression level of
CRL4s and then checked WIPI2 protein level. We observed
that overexpression of CUL4A or CUL4B led to
a significant reduction in WIPI2 protein level, which
could be rescued by the proteasome inhibitor MG132
(Figure S5(a,b)). Furthermore, overexpression of different
components of CRL4s including CUL4A, CUL4B and
DDB1 all increased the turnover of WIPI2 (Figure S5
(c-e)). Next, we used opposite approaches by knocking
down the key components of CRL4s in cells synchronized
in the mitotic phase. We observed that knockdown of
CUL4A and CUL4B significantly restored the protein level
of WIPI2 (Figure 5(a)). Similarly, knockdown of DDB1 or
RBX1 significantly mitigated the reduction of WIPI2 in the
mitotic cells (Figure 5(b,c)). Together, these data suggest
that downregulation of WIPI2 during mitosis is mediated
by CRL4s. To further confirm that the mitotic inhibition of
autophagy is mediated by CRL4s, we examined the effects
of knocking down CUL4A and CUL4B, DDB1 or RBX1 in
nocodazole-treated GFP-LC3-HeLa or HeLa cells and found
that knockdown of CUL4A/4B, DDB1 or RBX1 all led to
elevated autophagy flux in cells treated with nocodazole, as
evidenced by the increased number of the GFP-LC3 puncta
(Figure 5(d,e)) and enhanced conversion of LC3B-I to
LC3B-II (Figure 5(f–k)). Collectively, these data suggest
that CRL4s-mediated proteasomal degradation of WIPI2 is
responsible for autophagy inhibition in mitotic cells.

CRL4s are the E3 ligases mediating polyubiquitination
of WIPI2 in vivo and in vitro

The above-mentioned findings led us reason that CRL4s are
the E3 ligases responsible for polyubiquitination and degra-
dation of WIPI2 during mitosis. To confirm this notion, we
first examined the ubiquitination level of WIPI2 in the
mitotic phase synchronized by nocodazole. We found that
nocodazole treatment markedly elevated the K48 poly
ubiquitination of WIPI2 (Figure 6(a and S6a)), which was
significantly attenuated by treatment of MLN4924 (Figure 6
(a)). Similar effects were also observed in cells with over-
expression of CUL4A/4B together with RBX1 (Figure 6(b)).
Conversely, knockdown of CUL4A or CUL4B, as well as
CUL4A plus CUL4B dramatically reduced the K48 polyubi-
quitination level of WIPI2 (Figure 6(c)). Of note, knock-
down of CUL4A plus CUL4B abolished the K48
polyubiquitination of WIPI2 induced by nocodazole treat-
ment (Figure 6(d)). Similar effects were observed in cells
with knockdown of DDB1 (Figure S6(b)), indicating that
the WIPI2 K48 polyubiquitination during mitosis is indeed
mediated by CRL4s. Finally, we performed the in vitro
ubiquitination assay. To this end, we purified the GST-
WIPI2 protein from E. coli (Figure S6(c,d)) and the

CRL4s complex using the same method described earlier
[61]. The in vitro ubiquitination assay showed that CRL4s
could efficiently catalyzed the polyubiquitination of WIPI2
(Figure 6(e)). Taken together, these data from this part of
our study clearly demonstrate that CRL4s directly target
WIPI2 for polyubiquitination and proteasomal degradation
during mitosis.

Rescue of autophagy by MLN4924 during mitotic phase
induces mitotic slippage and senescence

In this part of our study, we attempted to understand the
functional implication of autophagy suppression during mito-
sis. We found that while nocodazole efficiently induced cell
cycle arrest at the G2/M phase, MLN4924 dramatically
reduced the proportion of the G2/M phase cells arrested by
nocodazole (from 72% to 47.3%), which was associated with
a concomitant increase in G0/G1 phase cells (from 3.17% to
23.9%) (Figure 7(a,b)). Moreover, this rescuing effect by
MLN4924 was alleviated in the WIPI2 KO cells (Figure S7
(a)). Such data indicate the possibility that activation of
autophagy by MLN4924 during mitosis may lead to mitotic
slippage. Consistently, MLN4924 treatment led to marked
reduction of phospho-Histone H3 at Ser10 (a maker of mito-
tic cells), degradation of CCNB1, dephosphorylation of
BUB1B/BUBR1 (BUB1 mitotic checkpoint serine/threonine
kinase B; a maker of the spindle assembly checkpoint), and
dephosphorylation of MCL1 (a direct target of CDK1) in the
cells treated with nocodazole. (Figure 7(c)). Taken together,
such data support the notion that reactivation of autophagy
by MLN4924 may lead to mitotic slippage.

Post-slippage cells undergo either G1 arrest with sub-
sequent senescence, or post-slippage cell death [62].
A previous report demonstrated that autophagosome is
able to promote senescence to restrain cell proliferation
and thereby prevent tumorigenesis upon oncogenic insults
[63]. We thus asked whether activation of autophagy in
the mitotic cells leads to senescence. The TP53/p53-
CDKN1A/p21 pathway is involved in the process of
senescence and accumulation of CDKN1A occurs upon
senescence induction [64]. We observed that MLN4924
markedly increased CDKN1A protein level in the noco-
dazole-treated cells (Figure 7(d)), which also led to sig-
nificant reduction of BrdU uptake (Figure S7(b,c)). Next,
we evaluated senescence-associated GLB1/β-galactosidase
(SA-GLB1/β-gal) activity in the cells with designated
treatments and observed that MLN4924 markedly
increased the number of SA-GLB1-positive cells in the
nocodazole group (Figure 7(e,f)). Secretion of senescence-
associated secretory phenotype (SASP) factors is another
characteristic feature of senescence cells [65]. MLN4924
treatment also led to increased mRNA level of SASP
factors (including IL1A [interleukin 1 alpha], IL6, IL8
and CCL3 [C-C motif chemokine ligand 3]) in cells trea-
ted with nocodazole (Figure 7(g)). Consistently, MLN4924
treatment lead to increased secretion of IL8 protein in
cells treated with nocodazole measured by ELISA (Figure
7(h)). Therefore, these results collectively indicate that
MLN4924 induce senescence in cells treated with
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Figure 5. Knockdown of CRL4s rescues the reduction of WIPI2 and autophagy.
(a to c) HEK293T cells were transfected with the siRNA against CUL4A/4B (a), DDB1 (b) or RBX1 (c) for 48 h and were subsequently treated with nocodazole (NOC, 200 ng/ml) for
16 h. The cells were then harvested, lysed and subjected to western blot analysis.
(d and e) HeLa-GFP-LC3 cells were transfected with the indicated siRNA for 48 h. The cells were then treatedwith nocodazole (NOC, 200 ng/ml) for 16 h and released into either
fresh medium or fresh medium containing 25 μM CQ for 1.5 h. Cells were subsequently imaged with confocal microscope
(d). Scale bar: 5 µm. The relative intensity of LC3 puncta in the samples treated as in (d)was quantified
(e). The intensity of the LC3 puncta in the DMSO group without CQ treatment was normalized as 1. Columns, mean; bars, ± S.D. (n.s., no significance; ***, P < 0.001; ****,
P < 0.0001; One way ANOVA with Dunnett’s multiple comparisons test).
(f and g) HeLa cells were transfectedwith siCUL4A plus siCUL4B for 48 h. The cells were then treatedwith NOC (200 ng/ml) for 16 h and released into either freshmedium or fresh
medium containing 25 μM CQ for 1.5 h. The cells were harvested, lysed and subjected to western blot analysis
(f). The relative ratio of LC3B-II to ACTB was shown in
(g). The ratio of LC3B-II:ACTB in the control groupwas normalized as 1. Columns,mean; bars, ± S.D. of 3 independent experiments (n.s., no significance; *, P < 0.05; ***, P < 0.001;
****, P < 0.0001; One way ANOVA with Dunnett’s multiple comparisons test).
(h and i) HeLa cells were transfected with siDDB1 for 48 h. The cells were then treated with NOC (200 ng/ml) for 16 h and released into either fresh medium or fresh medium
containing 25 μM CQ for 1.5 h. The cells were harvested, lysed and subjected to western blot analysis
(h). The relative ratio of LC3B-II to ACTB was shown in
(i). The ratio of LC3B-II:ACTB in the control groupwas normalized as 1. Columns, mean; bars, ± S.D. of 3 independent experiments (n.s., no significance; **, P < 0.01; ***, P < 0.001;
****, P < 0.0001; One way ANOVA with Dunnett’s multiple comparisons test).
(j and k) HeLa cells were transfected with siRBX1 for 48 h. The cells were then treated with NOC (200 ng/ml) for 16 h and released into either fresh medium or fresh medium
containing 25 μM CQ for 1.5 h. The cells were harvested, lysed and subjected to western blot analysis
(j). The relative ratio of LC3B-II to ACTB was shown in
(k). The ratio of LC3B-II:ACTB in the control group was normalized as 1. Columns, mean; bars, ± S.D. of 3 independent experiments (n.s., no significance; **, P < 0.01; ****,
P < 0.0001; One way ANOVA with Dunnett’s multiple comparisons test).
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Figure 6. CRL4s target WIPI2 for ubiquitination in vivo and in vitro.
(a) HEK293T cells were transfected with FLAG-WIPI2 for 24 h. The cells were then treated with DMSO, nocodazole (NOC, 200 ng/ml) or NOC (200 ng/ml) plus
MLN4924 (1 μM) for another 16 h. The cells were subsequently treated with 10 μM MG132 for 4 h and harvested for denature FLAG IP.
(b) HEK293T cells were transfected with FLAG-WIPI2 or FLAG-WIPI2 plus V5-CUL4A, MYC-CUL4B and MYC-RBX1 for 24 h. The cells were subsequently treated with or
without MLN4924 (1 μM). After 16 h, the cells were treated with 10 μM MG132 for 4 h and harvested for denature FLAG IP.
(c) HeLa cells stably expressing FLAG-HA-WIPI2 were transfected with siCUL4A, siCUL4B or siCUL4A plus siCUL4B for 48 h. Cells were lysed with denature IP lysis buffer
and subjected for FLAG IP and analyzed with the indicated antibodies.
(d) HEK293T cells were transfected with FLAG-WIPI2 and/or siCUL4A plus siCUL4B for 48 h. The cells were then treated with or without nocodazole (200 ng/ml) for
16 h and were then released into fresh medium containing 20 μM MG132 for 1.5 h. The cells were harvested, lysed with RIPA lysis buffer and subjected to
immunoprecipitation with anti-FLAG M2 agarose.
(e) In vitro ubiquitination assay for WIPI2. GST-WIPI2 purified from Rosetta E. Coli. cells was subject to ubiquitination in the presence of E1, E2, ATP, and/or E3 ligase
complex and was analyzed by western blot with anti-GST antibody. The input of E3 ligase complex was shown on the bottom.
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Figure 7. Reactivation of autophagy during mitosis leads to mitotic slippage and senescence.
(a andb) HeLa cells (at the confluency of approximately 30%)were treatedwith the indicated chemicals (NOC 250 ng/mL,MLN4924 1 µM) for 18 h and subsequently subjected to
FACS analysis. Representative histogramswere presented for each group (a) and the percentage of cells in different phases were presented asmean ± S.D. (b). Experiments were
performed in triplicate. Columns, mean; bars, ± S.D. (**, P < 0.01; ****, P < 0.0001; Oneway ANOVAwith Dunnett’smultiple comparisons test).(c) HeLa cells were treated as in (a).
The cells were lysed and subjected to western blot analysis with the indicated antibodies.
(d) HeLa cells were treated as in (a). The medium was removed and the cells were cultured with fresh medium for another 24 h and harvested for western blot analysis.
(e and f) HeLa cells were treated as in (a) for 16 h. The medium was removed and the cells were cultured with fresh medium for another 24 h. SA-GLB1/β-Gal activity was then
analyzed with phase contrast microscopy
(e). Scale bar: 25 µm. Five randomly selected areas from each slide were selected to quantify the percentage of GLB1/β-Gal-positive cells
(f). All experiments were performed in triplicate. Columns, mean; bars, ± S.D. (****, P < 0.0001; One way ANOVA with Dunnett’s multiple comparisons test).
(g) HeLa cells were treated as in (a) for 16 h. Themediumwas removed and the cells were culturedwith freshmedium for another 24 h. Subsequently, the cells were harvested for
RT-PCR analysis. The relative fold change of the indicated genes under the indicated treatmentswas plotted. ThemRNA level of DMSOgroupwas normalized as 1. All experiments
were performed in triplicate. Columns, mean; bars, ± S.D. (n.s., no significance; *, P < 0.05; ***, P < 0.001; One way ANOVA with Dunnett’s multiple comparisons test).
(h) HeLa cells were treated as in (a), the medium was collected for ELISA analysis. The plot shows the relative fold change of IL8 secretion. Columns, mean; bars, ± S.D. of 3
independent experiments. (**, P < 0.01; One way ANOVA with Dunnett’s multiple comparisons test).
(i) HeLa cells were transfected with either control siRNA or siRNA targetingWIPI2 for 40 h. The cells were then lysed and subjected to western blot analysis with the indicated
antibodies.
(j and k) HeLa cells were transfected with or without siWIPI2 for 24 h. Cells were treated with nocodazole (NOC, 250 ng/mL) plus MLN4924 (1 μM) for 16 h. The medium was
replaced with fresh medium for another 24 h. SA-GLB1/β-Gal activity was then analyzed with phase contrast microscopy
(j). Scale bar: 25 µm. Five randomly selected areas from each slide were selected to quantify the percentage of GLB1/β-Gal positive cells (k). All experiments were performed in
triplicate. Columns, mean; bars, ± S.D. (****, P < 0.0001; One way ANOVA with Dunnett’s multiple comparisons test).
(l) Schematic model for CRL4s-mediated WIPI2 polyubiquitination and degradation during mitosis.
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nocodazole. Notably, this effect was largely mitigated
upon WIPI2 depletion (Figure 7(i–k)) or by inhibition
of autophagy via treatment of Wortmannin (Figure S7
(d-g)), suggesting that MLN4924-mediated senescence in
the nocodazole-treated cells is regulated in a WIPI2-
autophagy-dependent manner. These results are consistent
with a recent study demonstrating that autophagy induc-
tion during mitotic slippage is required for senes-
cence [66].

Discussion

In this study, we uncover a novel mechanism by which
autophagy is inhibited during mitosis via identifying
a critical function of CRL4s in this process. During mitosis,
activated CRL4s recruit WIPI2 and mediate its polyubiquiti-
nation and proteasomal degradation, leading to the mitotic
inhibition of autophagy, as summarized in Figure 7(l).

In this study, we first provide compelling evidence demon-
strating that autophagy is inhibited in mitotic cells in either
naturally occurred mitosis or induced by two commonly used
methods: treatment with nocodazole or thymidine block and
release (Figure 1(a-d) and S1(a–d)). Our findings are indeed
consistent with the earlier reports in which autophagy is
suppressed in the mitotic phase [23,24]. Intriguingly, there
are some studies showing robust autophagy flux during the
mitotic phase [21,22]. The reasons for such discrepancy are
not clear, most probably due to the different cell types and
methods of induction of mitosis used. One point to note in
our study is that we also examined the formation of WIPI2
puncta, which has also been used as an autophagy marker,
representing autophagosome formation [51]. The significant
reduction of the number of WIPI2 puncta was found in the
mitotic cells (Figure 2(a)), further confirming the suppression
of autophagy during mitosis.

Mechanistically, it has been demonstrated that CDK1-
mediated phosphorylation of PIK3C3 disrupts its interaction
with BECN1, leading to abolishment of PtdIns3P generation
and subsequent autophagy inhibition during mitosis [24].
We have tried to rescue the inhibited autophagy with the
specific CDK1 inhibitor RO3306 in nocodazole-treated cells
and found that RO3306 could only slightly elevate the autop-
hagy level in the mitotic cells (data not shown), suggesting
the involvement of other important mechanisms in this
process. In search of the mechanisms mediating the mitotic
inhibition of autophagy, we attempted to reactivate autop-
hagy in the mitotic cells using different autophagy inducers
including amino acid starvation (culturing in EBSS) and
MTOR inhibitors rapamycin and PP242. Consistent with
a previous study [23], we observed that neither starvation
nor rapamycin or PP242 is able to effectively reactivate
autophagy during mitosis (Figure S1(c and f-g), suggesting
that the MTOR pathway does not play an important role in
regulation of autophagy during mitosis. Notably, MLN4924,
a well characterized specific inhibitor of CRLs, is capable of
reactivating autophagy in the mitotic cells (Figure 1(e,f)),
indicating the potential involvement of CRLs in the mitotic
inhibition of autophagy.

So far, several CRLs have been reported to regulate the key
machinery of autophagy. For instance, CRL3s are able to
negatively regulate autophagy via mediating the ubiquitina-
tion and proteasomal degradation of the ULK1 and PIK3C3
complexes [30]. CRL4s have also been shown to inhibit autop-
hagy by directly targeting AMBRA1 for polyubiquitination
and degradation [33]. In this study, we focused our mechan-
istic study on CRL4s, based on the following reasons. First, we
observed evident activation of CRL4s, especially CRL4B dur-
ing mitosis (Figure 3 and Figure S3). Second, knockdown of
various components of CRL4s, including CUL4A plus CUL4B,
DDB1 and RBX1, led to reactivation of autophagy in mitotic
cells (Figure 5(d-k)), while no similar results were found with
knockdown of CUL3 (data not shown). Third and more
importantly, we identified WIPI2 as the potential target for
CRL4s. WIPI2 is a WD40 protein containing 7-bladed β-
propeller [50] and it has been well established the WD40
proteins are recruited and targeted by CRL4s as substrate
receptors or substrates [27]. Therefore, it is reasonable to
link the reduced WIPI2 protein level during mitosis with the
function of CRL4s.

After establishing the critical role of CRL4s in suppres-
sion of autophagy during mitosis via targeting WIPI2, there
is one important question: why autophagy needs to be
inhibited during mitosis? Of note, in the course of mitosis,
the nuclear membrane is dissolved and chances are that this
event may expose the chromosomes to the cytoplasmic
autophagy machinery. In fact, it has been documented
that the mitotic chromosomes could be engulfed by autop-
hagosome in the mitotic cells [67]. Moreover, organelles
such as mitochondrial or Golgi apparatus undergo frag-
mentation during mitosis, which is crucial for their distri-
bution between the two daughter cells and degradation of
these organelles may lead to mitotic abnormalities [68–70].
Thus, inhibition of autophagy during mitosis is possibly
a protective mechanism to avoid unintended chromosome
or organelles damage/degradation. It is thus of interest and
importance to know the consequence of excessive autop-
hagy activity in the mitotic cells. In our study, we observed
that reactivation of autophagy by MLN4924 in the nocoda-
zole-treated cells leads to mitotic slippage and subsequent
senescence (Figure 7). Our findings are indeed consistent
with an earlier report in which autophagy mediates the
mitotic senescence transition and deletion of ATG5 or
ATG7 led to delayed senescence transition [71]. Our find-
ings are also consistent with a recent study demonstrating
that autophagy induction during mitotic slippage is
required for senescence and deletion of ATG5 led to sup-
pression of senescence post mitotic slippage [66].

The role of CRL4s in mediating WIPI2 ubiquitination
and proteasomal degradation and suppression of autophagy
in mitosis is also supportive to the reported oncogenic
function of CRL4s. For instance, higher levels of CRL4s
were observed in various cancers including breast cancer
and ovarian cancer and were also associated with poor
prognosis [72–74]. Moreover, overexpression or deletion
of CRL4B has been found to promote or inhibit tumorigen-
esis, respectively [75,76]. The main mechanisms underlying
the oncogenic functions of CRL4s especially CRL4B include
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alterations of epigenetic regulation via DNA methylation,
histone monoubiquitination, acetylation and methylation
[75–78]. Therefore, results from our study provide another
possible mechanisms for the oncogenic function of CRL4s:
activation of CRL4s during mitosis suppresses autophagy
via ubiquitination and proteasomal degradation of WIPI2.
Moreover, MLN4924, a specific inhibitor of NEDD8 acti-
vating enzyme, possesses broad-spectrum anticancer activity
in a number of preclinical studies [47] and has been shown
to sensitize breast cancer and ovarian cancer to radiation
therapy or chemotherapy [79,80]. Yet, it remains unclear
whether this anti-tumor activity of MLN4924 is related to
its effects on autophagy. In this study, we find that
MLN4924 is able to reactivate autophagy in mitotic cells
by stabilizing WIPI2 protein level, leading to mitotic slip-
page and subsequent senescence. This may represent an
important mechanism of MLN4924 to suppress cancer by
inducing WIPI2-dependent autophagy. Of note, data from
the Human Protein Atlas (www.proteinatlas.org/pathology)
showed an inverse correlation between CRL4s and WIPI2
expression in breast cancer, ovarian cancer and cervical
cancer (data available from www.proteinatlas.org/
ENSG00000157954-WIPI2/pathology). Therefore, manipu-
lation of autophagy by targeting the CRL4s-WIPI2 axis in
the mitotic cells may represent a novel strategy for cancer
therapy.

In summary, our study identifies a novel mechanism in
suppression of autophagy in mitotic cells: activated CRL4s
recruit WIPI2 and mediate its polyubiquitination and proteaso-
mal degradation. Understanding such a mechanism provides
deeper insights into the intricate relationship between autophagy
and cell cycle regulation.

Materials and methods

Reagents and antibodies

Antibodies specific against WIPI2 (8567), CUL4A (2699),
RBX1 (4397), UBE2M (5641), CCNB1 (4135), CCNE1 (4129),
MYC Tag (2276), GST (2624), K48 Ub (8081), CDKN1A/p21
(2946) and phospho-histone H3 Ser10 (p-H3; 9701) were pur-
chased from Cell Signaling Technology. Antibodies specific
against WIPI2 (SAB4200399), CUL4B (HPA011880), CUL4A
(C0371), ACTB (A5441), TUBA (T6199), LC3B (L7543), and
FLAG-M2 (F1804) were purchased from Sigma-Aldrich.
Antibodies specific against WIPI2 (ab105459), LC3B
(ab192890) and DDB1 (ab109027) were purchased from
Abcam. Antibodies specific against AURKB/ARK2 (sc-25426),
HA (sc-7392), V5 (sc-83849R), Ub (sc-8017) and MCL1/MCL-
1 (sc-819) were purchased from Santa Cruz Biotechnology.
Antibodies specific against BUB1B/BUBR1 (612503) were pur-
chased from BD Transduction Laboratories. For reagents used
in this study, nocodazole (M1404), thymidine (T1895), BafA1
(B1793), CQ (C6628), rapamycin (R8781), PP242 (P0037),
EBSS (E2888), and CHX (C7698) were purchased from Sigma-
Aldrich. MLN4924 (5.05477.0001CN) and MG132 (474790)
were purchased from Merck Millipore. For reagents used for
in vitro ubiquitination assay, Creatine kinase (C3755), Creatine
phosphate (27920), Adenosine 5′-triphosphate disodium salt

hydrate (A2383) and Sodium fluoride (67414) were purchased
from Sigma-Aldrich; HA-ubiquitin (U-110), Ubiquitin alde-
hyde (Ub-H) (U-201), UBE1/ubiquitin activating enzyme
(E-305) and UBE2D1/UbcH5a (E2-616) were purchased from
Boston Biochem.

Cell line, siRNA and plasmids

HEK293T (CRL-3216) and HeLa (CCL-2) cells were pur-
chased from ATCC. siRNA targeting CUL4A #1 (5ʹ
UCCUGCAUUAACCUUUGG 3ʹ, used in this study [81])
and CUL4A #2 (5ʹ AUCUUCAUUAUUCUGACG 3ʹ, used
in this study [81]) was a gift from Dr. Thilo Hagen from
National University of Singapore. CUL4A #3 (5ʹ
CCAUGUAAGUAAACGCUUATT 3ʹ, used in this study
[82]), CUL4B #2 (5ʹ GGUUCUUACACACCAUUAATT 3ʹ,
used in this study [82]) and CUL4B #3 (5ʹ
CAAUCUCCUUGUUUCAGAATT 3ʹ, used in this study
[82]) were synthesized in Singapore Advanced Biologics
company. CUL4B #1 (sc-37573) was purchased from Santa
Cruz Biotechnology. siRNA targeting WIPI2 (hs.Ri.
WIPI2.13), RBX1 (hs.Ri.RBX1.13) and DDB1(hs.Ri.
DDB1.13) were purchased from Integrated DNA
Technologies. For plasmids used in this study, FLAG-CUL
4A and V5-CUL4A were provided by Dr. Thilo Hagen from
National University of Singapore [81]; FLAG-DDB1 was
a gift from Dr. Yue Xiong (Addgene, 19918) [32]; GFP-
WIPI2 FTTG mutant was generated in Dr. Sharon
A. Tooze’s lab [11]; FLAG-CUL4B, MYC-CUL4B, FLAG-
HA-CUL4A N440, FLAG-HA-CUL4B N594, FLAG-WIPI2,
FLAG-HA-WIPI2, MYC-WIPI2, GST-WIPI2 and GFP-
WIPI2 were generated in Dr. Han-Ming Shen’s lab.

Cell culture

HeLa and HEK293T cells were cultured in DMEM
(HyClone, SH30022.01) supplemented with 10% fetal
bovine serum (HyClone, SV30160.03), 100 U/ml penicillin
and 100 μg/ml streptomycin (Gibco, 15140122). All cell
lines were maintained at 37°C in a humidified incubator
with 5% CO2 and were tested and confirmed to be negative
for mycoplasma infection. For serum starvation experi-
ments, cells were washed twice with PBS (GE Healthcare,
SH30256.01) and then incubated in EBSS medium for 2 h.
To study autophagy flux, cells were treated either with
25 µM CQ or 100 nM BafA1 for 2 h before harvesting
the cells. For treatment of cells with the MTORC1 inhibi-
tors, cells were treated either 100 nM rapamycin or 1 µM
PP242 for 18 h. For treatment with the NAE1-specific
inhibitor MLN4924, cells were treated with 1 µM
MLN4924 for 16 h.

Transfection

For plasmid transfection, transfections were by a liposome-
mediated method. One day before the transfection, HeLa or
HEK293T cells were seeded in the dishes at the confluency of
around 40%-50%. After one day’s growth, transfections were
performed using certain amounts of plasmids and
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Lipofectamine 2000 (Invitrogen, 11668019) or Lipofectamine
3000 (Invitrogen, L3000075) according to the manufacturer’s
introduction. After transfection for 24–48 h, the cells were
harvested and subjected to western blotting or immunopreci-
pitation etc. For small interfering RNA (siRNA) transfection,
the scrambled RNAi and siRNAs targeting specific genes were
transfected into HeLa or HEK293T cells with Lipofectamine
RNAiMAX reagent (Invitrogen, 13778150). After transfection
for 48–72 h, the cells were harvested for western blotting or
immunoprecipitation etc.

Establishment of the FLAG-HA-WIPI2-HeLa stable cell line

HeLa cells were transfected with either pcDNA3.1 empty
vector (Thermo Fisher Scientific, V87072) or
pcDNA3.1-FLAG-HA-WIPI2 plasmids for 24 h. The cells
were then reseeded into 10-cm dishes at a confluency of
10%, 1% and 0.1% and selected with hygromycin (Thermo
Fisher Scientific, 10687010) (700 μg/ml) for two weeks. The
positive cell lines were verified by western blot with anti-
FLAG, anti-HA and anti-WIPI2 antibodies.

Western blotting

After the designed treatments, Laemmli SDS buffer (62.5 mM
Tris-HCl, pH 6.8, 25% glycerol, 2% SDS, phosphatase inhibi-
tor and proteinase inhibitor cocktail [Thermo Fisher
Scientific, 78446]) were used to lyse the harvested cells. An
equal amount of protein was resolved by SDS-PAGE and
transferred to PVDF membrane (Bio-Rad Laboratories,
1620177). After blocking with 5% non-fat milk (Bio-Rad
Laboratories, 1706404) for 1 h or blocking buffer (Thermo
Fisher Scientific, 37538) for 10 min, the membrane was
probed with primary and secondary antibodies (Jackson
ImmunoResearch, 115–035-003 and 111–035-144; Abcam,
ab131366; Cell Signaling Technology, 5127), developed with
the enhanced chemiluminescence method (Thermo Fisher
Scientific, 34076) and visualized with the ImageQuant LAS
500 (GE Healthcare).

Immunoprecipitation

Cells were suspended with the immunoprecipitation (IP)
lysis buffer (10 mM Tris-HCl, pH 7.4 [Vivantis
Technologies, PB0852], 100 mM NaCl [Vivantis
Technologies, PB0570], 2.5 mM MgCl2, 0.5% Triton X-100
[Sigma-Aldrich, T8787], phosphatase inhibitor and protei-
nase inhibitor cocktail). The suspensions were subjected to
sonication and centrifuged at 12,000 g for 10 min. Part of
the supernatant (1–1.5 mg) was transferred to a new tube
and diluted with the IP lysis buffer to achieve the concen-
tration at 1–1.5 μg/μl. For FLAG IP or MYC IP, the super-
natant was incubated with 10 μl ANTI-FLAG M2 Affinity
Gel (Sigma-Aldrich, A2220) or Pierce™ Anti-c-Myc Agarose
(Thermo Fisher Scientific, 20168) and mixed overnight with
gentle rotation at 4°C. Subsequently, the immunoprecipi-
tates were washed with IP lysis buffer 3 times. The immu-
noprecipitates were then eluted by boiling for 5 min in
sample loading buffer (Bio-Rad Laboratories, 1610737).

Last, the eluted immunoprecipitates were subject to SDS-
PAGE and blotted with specific antibodies. As for endo-
genous IP, firstly, 10 μl protein A/G (Thermo Fisher
Scientific, 20422) was added to the supernatant for the
preclear process for 1 h and was subsequently
discarded. Second, control IgG or primary antibody was
added to the supernatant and incubated at 4°C for 2 h or
overnight with gentle rotation. Third, 10 μl protein A/G
was added to supernatant incubated with primary antibody
and mixed for 6 h with gentle rotation at 4°C. Last, the
immunoprecipitates were washed with IP lysis buffer 3
times. The immunoprecipitates were then eluted by boiling
for 5 min in sample loading buffer and subjected to western
blot analysis.

Reverse transcription and quantitative real-time PCR

After the designed treatments, RNA was extracted from the
cells with RNeasy Kit (QIAGEN, 217004). A reverse transcrip-
tion reaction was performed using 1 μg of total RNA with
High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, 4368814). The mRNA levels were evaluated by
real-time PCR using SsoFastTM EvaGreen Supermix (Bio-Rad
Laboratories, 172–5201) and CFX96 TouchTM Real-Time PCT
Detection System (Bio-Rad Laboratories). GAPDH (glyceral-
dehyde-3-phosphate dehydrogenase) was used as an internal
control of RNA integrity. Real-Time PCR was performed in
triplicate. The primers used in this study were described in
Supplemental online material Table S1.

Immunofluorescence staining and confocal microscopy

GFP-LC3-expressing stable HeLa cells were seeded to a cover
glass slide at the confluency of approximately 50%, and after
the designed treatment, the cells were fixed with 4% parafor-
maldehyde (PFA; Santa Cruz Biotechnology, sc-281692) for
10–15 min at room temperature and was washed 3 times with
PBS. Followed by permeabilization with 0.25% Triton X-100
for 20 min. The cells were next blocked with 1% BSA (Sigma-
Aldrich, A2153) for 4–6 h at room temperature and were
incubated with specific primary antibody overnight at 4°C.
In the next day, the primary antibody was removed and the
cells were washed 3 times with cold PBS for 3 min each, and
incubated with Alexa Fluor secondary antibody
(1:200 ~ 1:500) (Invitrogen, A-11029, A-11034, A-11032 or
A-11037) at room temperature for 1 h. The cells were again
washed 3 times with cold PBS for 3 min each. The cells were
visualized using a confocal microscope (Olympus Fluoview
FV1000, Olympus America Inc., PA) and representative cells
were selected and photographed.

Cell synchronization by double thymidine block

At the confluency at 30–40%, HeLa cells were treated with 2.5
µM thymidine and after 18 h, cells were washed 3 times with
PBS and were released into fresh medium for 8 h. Subsequently,
cells were treated with 2.5 µM thymidine for another 18 h and
were again washed 3 times with PBS and released into fresh
medium. The cells were collected at 0, 1, 2, 4, 6, 8, 10, 12 and
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14 h, and were subjected to western blot analysis. AURKB/
ARK2 and CCNB1 were used as a G2/M phase marker, while
CCNE1 was used as a G1 phase marker.

In vivo ubiquitination assay

After the designed treatment, the cells were harvested and
lysed with denature IP lysis buffer (50 mM Tris-HCl, pH
7.4, 1% SDS, 5 mM EDTA [Vivantis Technologies, PB0245],
phosphatase inhibitor and proteinase inhibitor cocktail),
heated at 100°C for 10 min and centrifuged at 12,000 g for
10 min. The supernatant was transferred to a new tube and
1–1.5 mg of the lysate was taken out and diluted with 10
volume IP lysis (10 mM Tris-HCl, pH 7.4, 100 mM NaCl,
2.5 mM MgCl2, 0.5% Triton X-100, phosphatase inhibitor and
proteinase inhibitor cocktail) to achieve the concentration of
SDS at less than 0.1%. The diluted lysates were then subjected
to FLAG IP and subsequent western blot analysis of the
WIPI2 polyubiquitination level with anti-ubiquitin (P4D1)
antibody or anti-K48-specific-polyubiquitination antibody.

In vitro ubiquitination assay

For GST-WIPI2 protein purification, pGEX-6p-3-WIPI2 plas-
mid was transformed into Rosetta super competent cells
(Merck Millipore, 71400). The positive strains were cultured
in LB medium (Sigma-Aldrich, L3022) and the expression of
GST-WIPI2 was induced by 0.25 M IPTG (Sigma-Aldrich,
6758) at 16°C overnight when the OD600 reached 0.6–0.8.
The induced sample was next centrifuged and the supernatant
was discarded, while the pellet was lysed by the E. coli lysis
buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% Triton
X-100, 2 mM EDTA, 1 mM PMSF [Sigma-Aldrich, 93482]
and 1 mg/ml lysozyme [Sigma-Aldrich, L6876]) and incu-
bated on ice with gentle rotation for 30 min. Followed by
sonication and centrifugation. The supernatant was subjected
to GST immunoprecipitation using the GST affinity gel
(Sigma-Aldrich, G0924) and eluted with L-glutathione
(Sigma-Aldrich, G4251). The purified GST-WIPI2 protein
was subsequently subjected to SDS-PAGE and verified by
Coomassie Brilliant Blue staining and western blot with anti-
GST and anti-WIPI2 antibodies. For DDB1-CUL4-RBX1
complex purification, HEK293T cells were transfected with
FLAG-CUL4A, FLAG-CUL4B, V5-DDB1 and MYC-RBX1.
After 48 h, the cells were harvested, lysed with IP lysis buffer
and subjected to FLAG IP. The CRL4s complex bound on the
beads were then incubated in a 20-μl reaction mixture as
described previously [61].

Senescence assay

HeLa cells were seeded at a confluency of approximately 30%
and were treated with either DMSO, NOC (200 ng/mL),
MLN4924 (1 µM), or MLN4924 (200 ng/mL) plus NOC
(1 µM) for 16 h and were then released into fresh medium
for 24 h. The cells were then fixed for senescence-GLB1
staining according to the manufacturer’s protocol (Cell
Signaling Technology, 9860).

Measurement of IL8 secretion

IL8 secretion was measured using a commercialized ELISA kit
(Thermo Fisher Scientific, 88–8086-77). Briefly, HeLa cells
were treated with either DMSO, NOC (200 ng/mL),
MLN4924 (1 µM) or MLN4924 (200 ng/mL) plus NOC
(1 µM) for 16 h. The supernatants were collected after cen-
trifugation. An ELISA assay was then performed according to
the manufacturer’s manual.

BrdU assay

Cells were incubated with BrdU (Sigma-Aldrich,
11296736001) for 1 h and stained with anti-BrdU antibody
and visualized with an immunofluorescence microscope
according to the manufacturer’s manual.

Statistics analysis

The statistical significance of the mean differences observed
between samples was determined by the Student two-tailed
t test using GraphPad Prism 7. One-way ANOVA Dunnett’s
multiple comparisons test was used to compare means of
more than 3 samples using GraphPad Prism 7. Data are
shown as means ± SD of the results of at least 3 independent
experiments. Values of P < 0.05 were considered significant.
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