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The phosphorylation and dephosphorylation switch of VCP/p97
regulates the architecture of centrosome and spindle
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The proper orientation of centrosome and spindle is essential for genome stability; however, the mechanism that governs these
processes remains elusive. Here, we demonstrated that polo-like kinase 1 (Plk1), a key mitotic kinase, phosphorylates residue Thr76
in VCP/p97 (an AAA-ATPase), at the centrosome from prophase to anaphase. This phosphorylation process recruits VCP to the
centrosome and in this way, it regulates centrosome orientation. VCP exhibits strong co-localization with Eg5 (a mitotic kinesin
motor), at the mitotic spindle, and the dephosphorylation of Thr76 in VCP is required for the enrichment of both VCP and Eg5 at the
spindle, thus ensuring proper spindle architecture and chromosome segregation. We also showed that the phosphatase, PTEN, is
responsible for the dephosphorylation of Thr76 in VCP; when PTEN was knocked down, the normal spread of VCP from the
centrosome to the spindle was abolished. Cryo-EM structures of VCPT76A and VCPT76E, which represent dephosphorylated and
phosphorylated states of VCP, respectively, revealed that the Thr76 phosphorylation modulates VCP by altering the inter-domain
and inter-subunit interactions, and ultimately the nucleotide-binding pocket conformation. Interestingly, the tumor growth in nude
mice implanted with VCPT76A-reconstituted cancer cells was significantly slower when compared with those implanted with VCPWT-
reconstituted cancer cells. Collectively, our findings demonstrate that the phosphorylation and dephosphorylation switch of VCP
regulates the architecture of centrosome and spindle for faithful chromosome segregation.
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INTRODUCTION
The centrosomes mainly acts as a microtubule-organizing center.
In dividing cells, the centrosome is duplicated during the S phase,
and moves to a bipolar position at M phase, thereby controlling
the nucleation, assembly, and orientation of the bipolar mitotic
spindle [1, 2]. The correct orientation of the bipolar mitotic spindle
is essential for faithful chromosome segregation, and this process
is tightly regulated by a cascade of protein phosphorylation and
proteolysis events centering on the cyclin B-Cdk1 complex, the
master mitotic kinase. The cyclin B-Cdk1 complex interacts with
other mitotic kinases (e.g., Aurora kinases and polo-like kinase 1
(Plk1)), to precisely control the progression of the M-phase,
including the orientation of the centrosome and the spindle [3, 4].
Errors in these processes can lead to mitotic catastrophe or
genome instability, which are hallmarks of many diseases,
including cancer [5].
Plk1 is composed of an N-terminal kinase domain and a

C-terminal duplicated polo-box domain (PBD) connected by a
short linker. Plk1 is activated after Aurora-A (with the help of Bora),
phosphorylates a threonine residue in the activation loop of Plk1.
The activated Plk1, in turn, phosphorylates a variety of substrates
via its PBD to regulate M phase progression, starting from mitotic

entry, and including centrosome maturation, bipolar spindle
formation, cohesin dissociation, chromosome alignment, the
spindle assembly checkpoint (SAC), APC/C activation, and cytokin-
esis. Plk1 is enriched in the centrosomes, kinetochores, and
midbody during M phase [6, 7]. Moreover, it is overexpressed in
different types of tumors, and several Plk1 inhibitors are currently
being tested in a number of anti-cancer clinical trials [8, 9].
Plk1 regulates centrosome separation via Eg5 (also known as

kinesin-5), which is a major motor protein for centrosome
movement. Eg5, a homotetramer, is widely dispersed in the
cytosol during interphase and it moves toward the plus-end of the
mitotic spindle during mitosis [10]. At the beginning of mitosis,
Plk1 phosphorylates the NIMA-family kinases, Nek6/7, and once
activated, Nek6/7 together with Cdk1 subsequently phosphorylate
various sites in Eg5 to promote its accumulation at the
centrosome [11–13]. Eg5 then “walks” toward the plus end of
the microtubule to establish the bipolar spindle [14]. Centrosome
movement is also regulated by PTEN (a dual-specificity protein
and lipid phosphatase known to be involved in tumor suppres-
sion), via dephosphorylation of Eg5 at Thr926 and/or by acting as
a scaffold protein [15, 16]. It has also been known that the
mechanical coupling of Eg5 is enhanced by the acetylation of
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Fig. 1 Plk1 interacts with VCP at centrosome during M phase. A, B HeLa cells were synchronized to M phase with nocodazole (Noc)
treatment. The cell lysates were incubated with IgG, anti-Plk1 antibody (A), or anti-VCP antibody (B), and Protein A/G beads. The pulldowns
were then subjected to immunoblot analysis against VCP or Plk1. C The interaction between VCP-ND1(1-481) and MBP-PLK1-PBD was assessed
by isothermal titration calorimetry (ITC). D 7 h after released from double thymidine block (DTB), HeLa cells were treated with or without Plk1
inhibitor BI2536 (50 nM) for 2 h. The cells were collected for PLA assay against VCP/Plk1. Quantifications for the positive PLA dots/per cells
were performed. Scale bar 5 μm. E Interaction of Plk1 and VCP was assessed by VN-VCP/VC-Plk1 BiFC (green) with γ-tubulin (red)
immunofluorescence staining in HeLa cells. Scale bar 5 μm. The percentage of Venus-Plk1/VCP puncta that are γ-tubulin positive against total
Venus-Plk1/VCP puncta (MCC) in mitotic HeLa cells was quantified. F–H HeLa cells were synchronized with DTB and released to M phase. Cells
were collected and stained with anti-VCP (red), anti-γ-tubulin (green) (F) or anti-α-tubulin (green) (H) antibodies, and DAPI (blue). Scale bar 5
μm. The colocalization coefficients (MCC) between VCP and γ-tubulin (G), as well as VCP and α-tubulin (I) in mitotic HeLa cells were quantified.
The blots, images, and graphs are representative data from at least three independent experiments.The difference between two groups was
analyzed using two-tailed Student’s t test, p < 0.05 was considered statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
MCC Manders colocalization coefficient.
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lysine 146, and in this way, its motor activity is fine-tuned [17].
However, the detailed mechanisms regarding the regulation of
Eg5 on centrosome and spindle remain elusive.
VCP/p97 (also known as Cdc48) contains a globular N-terminal

domain, followed by two AAA ATPase domains (called D1 and D2),
with a short linker between them, and a short C-terminal tail. VCP
mainly functions as a segregase in the form of hexamer, and it is
able to associate with various cofactors to participate in a wide
variety of cellular processes, ranging from ER-associated degrada-
tion, ribosome-associated degradation, endosomal tracking,
autophagy, mitochondria-associated degradation, to chromatin-
associated degradation [18–20]. The role of VCP or its cofactors in
G1 to S phase transition and DNA replication has been
documented [21–23], but investigations on the role of VCP in M
phase are limited mainly focusing on events, such as spindle
alignment, nucleus reformation, Golgi reassembly, spindle disas-
sembly, and cytokinesis [18, 19, 24–30]. Here, we demonstrated
that during the M phase, VCP is enriched at both the centrosome
and the spindle from prophase to anaphase. In addition, we
identified a dynamic phosphorylation and dephosphorylation
switch of the Thr76 residue in VCP during M phase, which is
mediated by Plk1 and PTEN, respectively. We further showed that
this switch participates in the orientation of the centrosome and
spindle for faithful chromosome segregation by regulating the
spindle localization of Eg5.

RESULTS
Plk1 interacts with VCP in centrosome during M phase
To identify the binding proteins of Plk1 in M phase progression,
we added the GST-Flag-Plk1 protein (Fig. S1A) into cycloheximide-
treated interphase egg extracts and treated the extracts with non-
degradable sea urchin cyclin B (Δ90-cyclinB). The addition of Δ90-
cyclinB induced the activation of p42MAPK, the phosphorylation
of Thr210 in Plk1, and the mobility shift of Plk1 (Fig. S1B). One
hour after Δ90-cyclinB addition, we purified the Plk1 complexes by
sequential GST and Flag affinity purification, and the final Flag
elution was subjected to mass spectrometry analysis (Fig. S1C). A
total 87 proteins were identified in the Plk1 complex, including
many that were validated as being Plk1 interacting proteins.
Interestingly, VCP/p97 was found in the Plk1 complex (Fig. S1D),
and we performed co-immunoprecipitation (co-IP) experiments to
assess if there might be an interaction between the two. In
nocodazole (Noc)-arrested mitotic HeLa cell lysates, an anti-Plk1
antibody pulled down both Plk1 and VCP (Fig. 1A), and an anti-
VCP antibody also brought down both VCP and Plk1 (Fig. 1B).
Similarly, in mitotic Twin-Strep-Plk1- and Flag-VCP-expressing
HEK293T cells, Strep-Tactin beads pulled down both Plk1 and
VCP (Fig. S1E), and Plk1 was found in the Flag-VCP immunocom-
plex (Fig. S1F). In asynchronous Twin-Strep-Plk1- and Flag-VCP-
expressing HEK293T cells, Strep-Tactin beads also pulled down
both Plk1 and VCP (Fig. S1G). BI2536 (a Plk1 inhibitor) treatment
markedly decreased the interaction between Plk1 and VCP
(Fig. S1H). Isothermal titration calorimetry (ITC) also confirmed
the interaction between VCP-ND1(1-481) and the MBP-PLK1-PBD
domain (367-603) and the dissociation constant (KD) between
them was ~0.915 ± 0.234 μM (Fig. 1C). VCP-ND1 showed very weak
binding to MBP protein alone (Fig. S1I). Of note, Plk1 was
previously found to be one of 288 putative interacting proteins in
VCP immunocomplex [31].
Proteomic screen and structural studies indicate that the core

consensus motif recognized by Plk1’s PBD is S-pT/pS-P/X by
[32, 33]. VCP contains two such motifs in T14 and T613, and
interestingly, VCPT14A or VCPT613A mutant was still found in the
Plk1 complex (Fig. S1J). We, thus, verified the interaction between
endogenous Plk1 and VCP by performing proximity ligation assays
(PLA) in HeLa cells [34]. Two distinct dots, resembling centro-
somes, appeared in both late G2 and mitotic HeLa cells, but not in

the secondary antibody control cells, which had been treated with
all the reagents except the primary antibodies. Also,
BI2536 significantly decreased positive PLA signals in mitotic
HeLa cells (Fig. 1D). We then assessed whether Plk1 might interact
with VCP at the centrosomes in HeLa cells with the bimolecular
fluorescence complementation (BiFC) assay [35]. Indeed, specific
VN-VCP/VC-Plk1 BiFC signals were detected in both late G2 and
mitotic HeLa cells, which co-localized well with γ-tubulin, a
centrosomal marker protein (Fig. 1E). Therefore, these data
indicate that Plk1 interacts with VCP at the centrosomes during
M phase.
We subsequently assessed whether VCP is indeed localized at

centrosome during M phase by double immunofluorescence
staining of VCP and either γ-tubulin or α-tubulin. Unexpectedly,
VCP was found to be enriched not only at the centrosome, but
also at the spindle from prophase to cytokinesis in HeLa cells
(Figs. 1F–I and S1K, L). In summary, these data indicate that VCP is
associated with both centrosome and spindle during M phase.

Plk1 phosphorylates the Thr76 residue in VCP at the
centrosome during M phase
D/E-X-S/T-Φ-X-D/E (such that X is any amino acid and Φ is a
hydrophobic amino acid) has previously been identified as an
optimal Plk1 phosphorylation motif [32, 36]. As VCP contains such
a potential Plk1 phosphorylation site, (i.e., Thr76) (Fig. S2A), it is
possible that Plk1 phosphorylates VCP during M phase. We
showed that in the lysate of HeLa cells, VCP exhibited a mobility
shift within 9–10 h after being released from double thymidine
block (DTB), and this mobility shift was abolished by λ-PPase
treatment (Fig. S2B), suggesting that VCP might be phosphory-
lated during M phase. To test this, we generated an antibody that
specifically recognizes VCP phosphorylated at Thr 76 (pT76-VCP).
The level of pT76-VCP was increased in Noc-arrested mitotic HeLa
cells when compared with that in asynchronous cells or in mitotic
cells treated with the Plk1 inhibitor, BI2536. Treatment of Noc-
arrested HeLa cell extract with λ-PPase also diminished the level of
pT76-VCP (Fig. S2C). We then performed an in intro Plk1 kinase
assay by incubating Twin-Strep-Plk1, which was purified from Noc-
arrested HEK293T cells, with recombinant VCPWT or VCPT76A

proteins purified from E. coli in kinase reaction buffer, followed by
phospho-VCP (T76) immunoblotting. We showed that in vitro,
mitotic Plk1 indeed phosphorylated VCPWT, but not the VCPT76A

mutant (Fig. 2A). Likewise, pretreatment of the mitotic Strep-Plk1
with BI2536 markedly inhibited the level of pT76-VCP (Fig. S2D).
Since Plk1 was found to be co-localized with VCP at the

centrosomes (Fig. 1D, E), we investigated if Plk1 phosphorylates
the Thr76 residue of VCP at the centrosome by performing dual-
immunofluorescence staining with the anti-phospho-VCP (T76)
and anti-γ-tubulin antibodies in Hela cells. We found that the
pT76-VCP signal was specifically detected at the centrosome from
prophase to anaphase in HeLa cells (Fig. S2E). To validate the
specificity of anti-phospho-VCP (T76) staining at centrosome, we
first knocked down the endogenous VCP in HeLa cells with a VCP-
specific shRNA and reconstituted the expression of VCP by
infecting these cells with a lentivirus encoding shRNA-resistant
Flag-VCPWT or Flag-VCPT76A (Figs. 2B and S2F). Since VCP, one of
the most abundant proteins in eukaryotic cells which accounts for
close to 1% of total cytoplasmic proteins, is essential for cell
viability [37], VCP-knockdown cells almost completely died 72 h
after VCP-shRNA lentivirus infection, and only the reconstitution of
shRNA-resistant VCP back to the knockdown cells rescued the
defects in cell viability (Fig. S2F). As expected, the pT76-VCP signal
was consistently detected at the centrosome in VCPWT-reconsti-
tuted HeLa cells (Fig. 2C, E), similar to that in control HeLa cells
(Fig. S2E). In contrast, no pT76-VCP signal was detected at the
centrosome in VCPT76A-reconstituted cells (Fig. 2D, E). We also
transiently transfected HeLa cells with VCP siRNAs to knock down
the expression of VCP, and showed that no positive pT76-VCP
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signals were detected at centrosomes in mitotic VCP-knockdown
cells (Fig. S2G). Likewise, we performed the same dual-
immunofluorescence staining experiments in a variety of human
and mouse cancer cell lines, and found that the pT76-VCP signal
was specifically localized at the centrosome during M phase in all

these cells (Fig. S2H–K). In addition, we performed dual-
immunofluorescence staining with anti-phospho-VCP (T76) and
anti-phospho-Plk1 (T210) antibodies, and found that although
active Plk1 was enriched at both centrosome, kinetochore, and
midbody in M phase cells, there was only strong co-localization
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between active Plk1 and pT76-VCP at the centrosome and only
from prophase to anaphase (Fig. 2F). Treatment of mitotic HeLa
cells with BI2536 abolished the centrosomal pT76-VCP signal
(Figs. 2G and S2L). Likewise, knocking down Plk1 via two distinct
siRNAs abolished p-T76-VCP signals in mitotic cells (Fig. S2M, N).
Of note, Plk1 knockdown also resulted in the asymmetric spindle,
such that the spindle poles were in different z planes in Plk1-
knockdown cells (Fig. S2M). We further performed N-SIM S super-
resolution imaging of the HeLa cells co-immunostained with the
anti-phospho-VCP (T76) and anti-phospho-Plk1 (T210) antibodies,
and confirmed the co-localization of pT76-VCP with active Plk1 at
the centrosome (Fig. 2G). We also assessed whether other mitotic
kinases are involved in the phosphorylation of Thr76-VCP.
Interestingly, although Barasertib (an Aurora B inhibitor) or CFI-
400945 (a Plk4 inhibitor) had no effects on pT76-VCP, Alisertib (an
Aurora A inhibitor) treatment of mitotic cells decreased pT76-VCP
signals at the centrosome (Fig. S2O, P). Of note, Aurora A has been
shown to participate in the activation of Plk1 during mitosis
[38, 39]. Indeed, treatment of mitotic cells with Alisertib markedly
decreased mitotic phospho-Plk1 levels (Fig. S2Q). Interestingly, in
VCPT76A-reconstituted HeLa cells, the localization of Plk1 in mitotic
cells was not affected (Fig. S2R). Taken together, these data
demonstrate that Plk1 phosphorylates the Thr76 residue in VCP at
the centrosome during the M phase.

VCP-Thr76 phosphorylation is important for chromosome
segregation and the orientation of the centrosome and
spindle
Since Plk1 phosphorylates Thr76 residue in VCP in mitotic cells
(Figs. 2 and S2), we investigated the role of this phosphorylation in
M phase progression. The Flag-VCPWT- or Flag-VCPT76A-reconsti-
tuted HeLa cells (Fig. 2B) were synchronized by DTB at the G1/S
boundary, released into the normal medium, collected at different
time points, and stained with propidium iodide (PI), followed by
flow cytometric analysis. The levels of the Flag-VCPWT or Flag-
VCPT76A in these reconstituted cells were similar to the endogen-
ous VCP in control cells (Fig. 2B). The Flag-VCPWT-reconstituted
cells exhibited a similar cell cycle progression pattern as control
HeLa cells (Fig. S3A). Although no defects in M phase entry were
identified in the Flag-VCPT76A-reconstituted cells, they appeared to
stay at the M phase longer than the control cells (Fig. S3A, B). To
more accurately measure the mitotic index, we infected the Flag-
VCPWT- or Flag-VCPT76A-reconstituted HeLa cells with a lentivirus
encoding H2B-RFP, and performed live-cell fluorescence imaging
to monitor their M phase progression (Supplementary Videos 1
and 2). Consistently, the Flag-VCPT76A-reconstituted cells spent
significantly longer completing chromosome segregation (from
prophase to the onset of anaphase) than the Flag-VCPWT-
reconstituted cells (Fig. 3A, B). A significant number of Flag-
VCPT76A-reconstituted cells also exhibited multiple chromosome
defects (e.g., mitotic catastrophe, chromotin bridge, and chromo-
some misalignment), than the Flag-VCPWT-reconstituted cells
(Fig. 3A, C). These data suggest that the phosphorylation of VCP
Thr76 is involved in chromosome segregation.

Since the mitotic spindle is responsible for chromosome
alignment and segregation during M phase, we next characterized
the morphology and orientation of the spindle in Flag-VCPT76A-
reconstituted HeLa cells by immunofluorescence staining of
centrin-2 (a structural protein of the centrosome) and α-tubulin,
followed by confocal planar z section analysis. In most of the Flag-
VCPWT-reconstituted cells, the mitotic spindle was symmetric. The
two spindle poles (located at opposite sides of the cell) were in
similar z planes at 9 h after DTB release. In contrast, in a significant
number of Flag-VCPT76A-reconstituted cells, the mitotic spindle
was asymmetric, such that the spindle poles were in different z
planes at 9 h after DTB release (Figs. 3D and S3C, D). The spindle
angle, obtained by measuring the z angles of the centrosomes in
the γ-tubulin staining cells, was also significantly larger in the Flag-
VCPT76A-reconstituted cells than in the control cells (Fig. 3E), again
confirming the misaligned spindle in VCPT76A-reconstituted cells.
Likewise, analysis of CREST (anti-kinetochore antibody) and anti-α-
tubulin dual-immunolabeled cells, indicated that a significant
portion of the Flag-VCPT76A-reconstituted cells (~55%) exhibited
kinetochore misalignment defects when compared with the Flag-
VCPWT-reconstituted cells (Figs. 3F and S3E). In addition, in the late
G2 phase and after nuclear envelope breakdown, the centrosome
(γ-tubulin) distance was significantly shorter in the Flag-VCPT76A-
reconstituted cells than in the Flag-VCPWT-reconstituted cells
(Figs. 3G and S3F). Notably, similar defects have been reported in
Plk1 knockdown cells [40–42]. Taken together, these data indicate
that the phosphorylation of Thr76 in VCP, mediated by Plk1, is
required for proper orientation of centrosome and spindle, and
chromosome segregation.
We speculated that the observed asymmetric spindle and/or

misaligned kinetochore in VCPT76A-reconstituted cells (Figs. 3D–F
and S3D–F) might activate SAC to delay chromosome segregation
and prolong the M phase (Figs. 3A–C and S3A, B) until cells correct
these defects. Therefore, VCPWT- or VCPT76A-reconstituted HeLa
cells were arrested in metaphase after being released from DTB in
the presence of MG132 (a proteasome inhibitor). These cells were
then stained with anti-Mad2 antibody and DAPI. MAD2 was used
as a marker for unattached kinetochores [43]. We showed that the
percentage of Mad2-positive VCPT76A-reconstituted cells is sig-
nificantly higher when compared to that in VCPWT- reconstituted
cells (left panel in Fig. S3G). As a positive control, treatment of
VCPWT- or VCPT76A-reconstituted cells with Eg5 inhibitor fully
activated SAC in both cells (right panel in Fig. S3G). Collectively,
these results suggest that SAC is activated in most VCPT76A-
reconstituted cells.

The phosphorylation of VCP Thr76 is required for the
recruitment of VCP and Eg5 to the centrosome
To further understand the role of VCP in spindle orientation, we
generated a BioID-VCP-expressing HeLa cell line (Fig. S4A). BioID2
is a promiscuous biotin ligase, which biotinylates proteins that are
the near-neighbors of the fusion protein under investigation in a
proximity-dependent manner in living cells [44]. We enriched
the number of mitotic BioID-VCP-expressing cells with the

Fig. 2 Plk1 phosphorylates the Thr76 residue in VCP during M phase. A Twin-Strep-Plk1, purified from Noc-arrested Twin-Strep-Plk1-
overexpressing HEK293T cell lysates, the Strep beads were washed three times with 1 M NaCl+ 0.5% CA630 and once with the in vitro kinase
buffer, then incubated with recombinant VCPWT or VCPT76A protein in the kinase reaction buffer for 1 h followed by phospho-VCP (T76)
immunoblotting. B The knockdown of VCP with shRNA and the reconstitution of shRNA-resistant VCPWT or VCPT76A in HeLa cells were
assessed by VCP immunoblotting. C–E VCPWT- (C) or VCPT76A-reconstituted (D) HeLa cells were synchronized to M phase with DTB release and
stained with anti-phospho-VCP (T76) (red), anti-γ-tubulin (green) antibodies, and DAPI (blue). The relative intensity of p-VCP at the centrosome
in VCPWT and VCPT76A cells was quantified (E). Scale bar 5 μm. After 7 or 9 h release from DTB, HeLa cells were treated without (F) or with
BI2536 (50 nM), a Plk1 inhibitor (G), and stained with anti-phospho-VCP (T76) (red), anti-phospho-Plk1 (T210) (green) antibodies, and DAPI
(blue). The colocalization coefficients (MCC) between p-VCP and p-Plk1 in HeLa (F) were quantified. Scale bar 5 μm. H The N-SIM S Super-
resolution imaging of phospho-VCP (T76) and phospho-Plk1 (T210) staining of mitotic HeLa cells. Scale bar 5 μm for upper panels, 0.5 μm for
lower panels. The blots, images, and graphs are representative data from at least three independent experiments. MCC Manders colocalization
coefficient.
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Noc-treatment in the presence of biotin, and identified the
biotinylated proteins in these cells via affinity purification and
mass spectrometry analysis. A total of 150 potential VCP binding
proteins were identified, including many VCP cofactors and known
substrates (Fig. S4B). Interestingly, Kinesin 5 (Eg5; also known as

KIF11) was found in the VCP complex. Here we verified the
interaction between VCP and Eg5 with co-IP experiments (Fig. 4A,
B). We then conducted dual-immunofluorescence staining experi-
ments with the anti-Eg5 and anti-α-tubulin antibodies to assess if
the expression of Eg5 in the centrosome or spindle might be
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affected in VCPT76A-reconstituted cells. Indeed, the mean intensity
of Eg5 at centrosome and spindle in the Flag-VCPT76A-recon-
stituted cells was significantly decreased when compared with
that in Flag-VCPWT-reconstituted cells (Figs. 4C–E and S4C).
Likewise, the anti-Flag antibody pulled down Eg5 only from the
mitotic Flag-VCPWT-reconstituted cells, but not from the Flag-
VCPT76A-reconstituted cells (Fig. 4B).
Since Plk1 was shown to be responsible for the phosphorylation

of Thr76 in VCP (Fig. 2), we treated mitotic cells with BI2536, and
then dual-immunostained them with the anti-Eg5 and anti-VCP
antibodies. As expected, the accumulation of Eg5 at the
centrosome and spindle was diminished by BI2536 treatment.
Unexpectedly, BI2536 abolished the localization of VCP at the
spindle as well at the centrosome (Fig. 4F–H). Since Plk1 is not
associated with the spindle, this suggests that centrosomal p76-
VCP and spindle-unphosphorylated VCP might be interconnected.
To investigate if this might be the case, we stained the Flag-VCPWT-
or Flag-VCPT76A-reconstituted HeLa cells with anti-VCP antibody.
We found that VCP only exhibited strong co-localization with α-
tubulin in Flag-VCPWT-reconstituted cells, and the spindle-
associated VCP staining was significantly decreased in Flag-
VCPT76A-reconstituted cells (Figs. 4I and S5A). The localization of
Eg5 at spindle, and the orientation of centrosome and spindle
were also compromised by DBeQ or CB5083 (VCP inhibitors)
(Fig. S5B–D). In summary, these results suggest that the recruit-
ment of VCP to the spindle relies on the phosphorylation of Thr76
by Plk1, and that centrosomal VCP promotes the localization of Eg5
at the spindle to ensure faithful centrosome orientation.
Of note, the total cellular ubiquitination levels in the Flag-

VCPT76A-reconstituted cells were similar to those in the Flag-
VCPWT-reconstituted cells; however, the treatment of cells with
CB5083 markedly induced the accumulation of either ubiquiti-
nated proteins or NRF1 (a VCP-mediated degradation substrate), in
cells (Fig. S5E). Similarly, CCAAT/enhancer-binding protein homo-
logous protein (CHOP), whose expression is markedly induced by
ER stress [45], was undetectable in the VCPWT- or VCPT76A-
reconstituted cells, and CB5083 treatment significantly induced
CHOP expression in these cells (Fig. S5F, G). Therefore, these
results suggest that the T76 mutations do not change the well-
established VCP function related to its ATPase activity.

PTEN is required for VCP Thr76 dephosphorylation during M
phase
VCP was not enriched at spindle in VCPT76A-reconstituted HeLa
cells (Figs. 4I and S5A), and the Thr76 in spindle-associated VCP in
control or VCPWT-reconstituted HeLa cells is not phosphorylated
(Figs. 2C and S2E). This suggests that Thr76 is dephosphorylated
when VCP is moved to the spindle. We, therefore, investigated
whether dephosphorylation of pT76-VCP is required for the
spindle accumulation of VCP. We mutated the Thr76 in VCP to
glutamic acid to mimic phosphorylation, and then reconstituted
the expression of VCP by infecting the VCP-knockdown HeLa cells
with a lentivirus encoding shRNA-resistant Flag-VCPT76E (Fig. S6A).

As expected, in these Flag-VCPT76E-reconstituted cells, VCP lost its
spindle localization, but it was enriched at the spindle pole during
M phase (Fig. S6B). Eg5 levels at the spindle, not the centrosome,
in VCPT76E-reconstituted cells were also significantly lower when
compared to VCPWT-reconstituted cells (Fig. 4C–E). Likewise, the
spindle pole was fragmented in a significant proportion (~40%) of
the Flag-VCPT76E-reconstituted cells when compared with the
control cells (Fig. S6C, D). The z angles of the centrosomes in the γ-
tubulin staining cells were also significantly larger in the VCPT76E-
reconstituted cells than in the control cells (Fig. S6E, F). We
infected the Flag-VCPT76E-reconstituted HeLa cells with a lentivirus
encoding H2B-RFP, and performed live-cell fluorescence imaging
to monitor M phase progression (Supplementary Video 3). The
Flag-VCPT76E-reconstituted cells spent significantly longer to
complete chromosome segregation than the control cells
(Fig. S6G). A significant number of Flag-VCPT76E-reconstituted
cells exhibited chromatin bridge and chromosome misalignment,
when compared to the control cells (Fig. S6H, I). Again, these data
indicate that the dephosphorylation of Thr76 in VCP (like its
phosphorylation at the centrosome by Plk1), is required for the
recruitment of VCP to the spindle in M phase, and participates in
M phase progression. Of note, the defects caused by T76A are
more severe than T76E (comparing Fig. 3 to Fig. S6). We speculate
that this is because T76A mutation completely abolished VCP
localization to both centrosome and spindle, whereas T76E
mutation only affected VCP enrichment at the spindle.
We then investigated which specific phosphatase is responsible

for the dephosphorylation of Thr76 in VCP at the spindle. We
generated siRNA pools to individually knock down seven of the
mitotic phosphatases reported in the literature. These were six
protein serine/threonine phosphatases (PP1α, PP1β, PP1γ, PP2A,
PP4, and PP6), and PTEN. The knockdown efficiency was then
verified by RT-qPCR (Fig. S7A). Interestingly, only PTEN knock-
down blocked the enrichment of VCP to the spindle (Fig. S7B). To
validate these siRNA knockdown data, we treated DTB-released
HeLa cells (i.e., ~7 to 9 h after release) with okadaic acid, a potent
PP1 and PP2A inhibitor [46], and found that it had little effect on
the recruitment of VCP or Eg5 to the spindle in M phase (Fig. S7C).
We also designed two PTEN specific sgRNAs and knocked down
the expression of PTEN in HeLa cells by CRISPR/Cas9 (Fig. 5A).
Although the knockdown of PTEN with these various sgRNAs
abolished the recruitment of VCP to the spindle in M phase cells
(Fig. 5B), it also enhanced the pT76-VCP signals at the centrosome
(Fig. 5C). Similarly, VCP was not found in the spindle in mitotic
PTEN-deficient PC3 cells (Fig. S7D). We then performed the
aforementioned in vitro Plk1 kinase assay using VCP as the
substrate, and the phosphorylated VCP was subsequently
incubated with HA-PTEN, which was immuno-purified from HA-
PTEN-overexpressing HEK293T cells treated with Noc, followed by
phospho-VCP (T76) immunoblotting. The HA-PTEN indeed
abolished the pT76-VCP signal (Fig. 5D). We performed co-IP
experiments to assess if PTEN interacts with VCP. When cells were
co-transfected with both HA-PTENWT and Twin-Strep-VCP, Strep-

Fig. 3 VCP-Thr76 phosphorylation is required for chromosome segregation, M phase progression, and centrosome and spindle
orientation. A–C The mitotic progression in RFP-H2B-expressing VCPWT or VCPT76A-HeLa cells was monitored by time-lapse microscopy. The
representative frames showing cells with normal or extended M phase, or cells with chromosome defects were shown for comparison (A). The
time of the cells spent at different phases in mitosis (B) and the various chromosome defects of the cells in the M phase (C) were quantified.
D VCPWT- or VCPT76A-reconstituted HeLa cells were stained with anti-Centrin2 (red) and anti-α-tubulin (green) antibodies, and DAPI (blue)
followed by confocal planar z section analysis. Representative images of z sections were shown, and the percentage of spindle misalignment
cells was quantified. E VCPWT- or VCPT76A-reconstituted HeLa cells were stained with anti-γ-tubulin (green) antibody and DAPI (blue) followed
by confocal planar z section analysis. Representative images of z sections were shown, and the average z angle of centrosomes was quantified.
F VCPWT- or VCPT76A-reconstituted HeLa cells were stained with CREST (red) and anti-α-tubulin (green) antibodies, and DAPI (blue). The
percentage of cells with misaligned chromosomes was quantified. G VCPWT- or VCPT76A-reconstituted HeLa cells were stained with anti-γ-
tubulin (green) antibody and DAPI (blue). The centrosomes distance was quantified over nuclear diameter. Scale bar 5 μm. The images and
graphs are representative data from at least three independent experiments. The difference between two groups was analyzed using two-
tailed Student’s t test, p < 0.05 was considered statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Tactin beads pulled down both Twin-Step-VCP and HA-PTENWT.
Interestingly, when cells were co-transfected with both Twin-
strep-VCP and HA-PTENC124S, the latter being a phosphatase dead
mutant [47], Strep-Tactin beads failed to pull down PTENC124S

(Fig. 5E). Collectively, these data demonstrate that PTEN is
required for the dephosphorylation of Thr76 in VCP during M
phase progression, and that this dephosphorylation is essential
for the recruitment of VCP to the spindle.
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T76 mutations influence inter-subunit communication of VCP
VCP mainly regulates various cellular events via the ATPase activity
of its D1-D2 domains and the cofactor binding activity of its
N-terminal domain. However, the ATPase activities of full-length
VCPT76A and VCPT76E proteins, representing the dephosphorylated
and phosphorylated states, respectively, were similar to wild-type
VCP protein (Fig. S8A). To investigate the effects of T76
phosphorylation on structure change of VCP, we acquired the
cryo-EM structures of VCPT76A and VCPT76E in the presence of ADP
and AMP-PNP (an ATP analog), respectively. When compared with
previously reported structures of wild-type VCP (PBD code 5ftk
and 5ftm) [48], VCPT76A and VCPT76E did not show any dramatic
overall structural changes (Fig. S8B, C). Structural superposition
indicated that the monomeric forms of VCPT76A, VCPT76E, and
VCPWT are all very similar (Fig. S8D–F). This is comparable to our
new findings and a previous report on IBMPFD pathogenic
mutations (Fig. S8G, H) [49]. However, we did observe subtle
differences in the inter-subunit interactions between the
nucleotide-binding pocket of one subunit and the arginine finger
of an adjacent subunit, which is essential for both the nucleotide-
binding of VCP [49, 50]. This arginine finger motif (called the SRH
motif), is a defining feature of the AAA+ ATPase family. The SRH
motif for the D1 domain of VCP is known as 359RFGR362. In wild-
type VCP, both R359 and R362 bind to the β-phosphate of ADP
when the ATPase is inactive, and they alter their positions to
accommodate the γ-phosphate of ATP when the D1 ATPase
exchanges the nucleotide to ATP. We found that in all the VCPT76A

structures, whether in the ADP- or AMP-PNP-bound form, the
whole SRH motif was twisted, which resulted in the dislocation of
residue R359 to a direction facing residue N348. The loss of
binding with residue R359 in VCPT76A caused conformational shifts
of ADP or AMP-PNP, and resulted in their terminal phosphate
group facing toward residue T252 and binding with T252, R256,
and K336 from a neighboring subunit (Fig. 6A–C). In contrast, in
the binding pocket of VCPT76E, the β-phosphate moiety of the
bound nucleotide faces toward residue R359 (Fig. 6D). The
conformational variations of the nucleotide-binding pocket
provide direct evidence that mutations of T76 affect the
nucleotide-binding environment of D1 ATPase by alternating the
inter-subunit communication of VCP protein.
To further investigate the mechanism of how the T76 site

influences D1 domain, we compared the N-D1 interfaces of
VCPT76A, VCPT76E, and VCPWT (PDB: 5ftm) (Fig. 6E). Although the
T76 site is located in a flexible loop that hangs below the
N-domain and is always exposed to solution, it still manages to
influence the N-D1 interface in an indirect way. In both VCPWT and
VCPT76E structures, residues T76 or E76 forms a hydrogen bond
with residue R83, but the bond is diminished in VCPT76A due to the
shift of residue R83 forming a hydrogen bond with residue D29,
which results in a slight movement of the helix 86RVVRAAL92 and
loop 29DEAINE34 located at the N-D1 interface. These observations
suggest that the T76A mutation eliminates the T76-R83 bond,

which, in turn, influences the inter-domain communication of
N-D1 and the inter-subunit communication of the D1 hexamer. In
contrast, phosphorylation of residue T76 would strengthen the
T76-R83 bond and therefore indirectly promote both inter-domain
and inter-subunit communications.

The VCP T76A mutation suppresses tumor formation in a
xenograft mouse model
Since genome instability is the hallmark of cancer and the
phosphorylation of Thr76 in VCP is important for proper
centrosome movement, spindle orientation, and chromosome
segregation (Figs. 3 and S3), we speculate that cancer cells
harboring the VCPT76A mutation might have a higher tumorigenic
ability than VCPWT-expressing cells. Thus, we knocked down VCP
in MDA-MB-231 cells with its specific shRNA, and reconstituted the
expression of VCP by infecting these cells with a lentivirus
encoding shRNA-resistant Flag-VCPWT or Flag-VCPT76A (Fig. 7A).
Unexpectedly, the Flag-VCPT76A-reconstituted MDA-MB-231 cells
grew slower in culture than the Flag-VCPWT-reconstituted cells
when kept in medium containing 2% FBS, although their growth
rates were similar when maintained in complete medium (10%
FBS) (Fig. S9A). Likewise, the VCPT76A-reconstituted cells were less
able to form tumor spheroids when compared with the VCPWT-
reconstituted cells, which suggests that the VCPT76A mutation
weakens the tumor-forming ability of cancer cells in vitro (Fig. 7B).
We then implanted the VCPWT- or VCPT76A-reconstituted MDA-MB-
231 cells into nude mice, and found that the tumor growth in mice
implanted with VCPT76A-reconstituted cells was significantly
slower when compared with those implanted with VCPWT-
reconstituted cells (Fig. 7C–E). Of note, p-VCP signals were
significantly weaker in VCPT76A tumor sections when compared
to VCPWT tumor sections (Fig. S9B).
To better understand the decreased tumor formation ability of

the VCPT76A-reconstituted cells, we isolated the primary tumor
tissues from the nude mice for RNA-Seq analysis. Of the 57,905
mapped whole-genome genes that were obtained in the isolated
tumors, we identified 234 differentially expressed genes (DEGs;
false discovery rate (FDR) < 0.1), including 111 downregulated
and 123 upregulated genes in the VCPT76A-expressing tumors
when compared with those in the VCPWT-expressing tumors
(Fig. S9C, D). Subsequent ingenuity pathway analysis (IPA) of the
DEGs revealed that several signaling pathways were significantly
affected. These included the TNF, nod-like receptor, IL-17, PI3K-
AKT, and MAPK signaling pathways, which are closely related to
apoptosis, cell division, and tumor growth (Fig. S9E). Thus, we
performed a gene set enrichment analysis using the whole gene
list generated from our RNA-seq, and found that the apoptosis
pathway was significantly enriched (FDR= 0.05), and the cell
cycle pathway and various cancer-related pathways also showed
a trend of significance (Figs. 7F and S9F). As expected, many pro-
apoptotic genes were upregulated in the VCPT76A-expressing
tumor tissues when compared with those expressing VCPWT

Fig. 4 The phosphorylation of VCP-Thr76 is required for the recruitment of VCP and Eg5 to the centrosome. A HEK293T cells were
transiently transfected with Flag-VCP and/or Twin-Strep-Eg5, and were then synchronized to M phase with Noc treatment. The cell lysates
were incubated with Strep-Tactin® Sepharose, and the pulldowns were subjected to immunoblot analysis against Flag or Strep. B Flag-VCPWT-
or Flag-VCPT76A-reconstituted HeLa cells were synchronized to M phase with Noc treatment and subjected to Flag IP. The cell lysates were
incubated with FLAG® M2 Magnetic Beads, and the pulldowns were subjected to immunoblot analysis against Flag or Eg5. C–E VCPWT or
VCPT76A- reconstituted HeLa cells were stained with anti-Eg5 (red) and anti-α-tubulin (green) antibodies, and DAPI (blue). Scale bar 5 μm (C).
The relative Eg5 intensities at centrosome (D) or spindle (E) were quantified. F–H HeLa cells treated with Plk1 inhibitor BI2536 (50 nM) were
stained with anti-Eg5 (red), anti-VCP (green) antibodies, and DAPI (blue) (F). The percentage of Eg5 that are VCP positive against total Eg5
puncta (MCC) in mitotic HeLa cells treated with or without BI2636 was quantified by MCC (G). Also, the relative fluorescence intensities Eg5 or
VCP in mitotic HeLa cells treated with or without BI2636 were quantified (H). I VCPWT- or VCPT76A-reconstituted HeLa cells were synchronized
with DTB and released to M phase. Cells were collected and stained with were stained with anti-VCP (red), anti-α-tubulin (green) antibodies,
and DAPI (blue). Scale bar 5 μm. The relative VCP fluorescence intensity over α-tubulin staining was quantified. The blots, images, and graphs
are representative data from at least three independent experiments. The difference between two groups was analyzed using two-tailed
Student’s t test, p < 0.05 was considered statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

K. Zhu et al.

2078

Cell Death & Differentiation (2022) 29:2070 – 2088



(Figs. 7G and S9F). For example, the tumor suppressor gene,
RARRES2, was transcriptionally downregulated in many tumors
and was reported to induce cell apoptosis in granulosa cells
[51, 52]. Other apoptotic genes, such as LSP1, TGFBI, and HSPB8
[53–55], were also found to be upregulated in the VCPT76A tumors
(Figs. 7G and S9F). In contrast, several tumor-promoting genes
were found to be downregulated in the VCPT76A-expressing
tumor tissues when compared with the VCPWT-expressing tumors

(Fig. 7G). For example, IL1A, IL6, and IL8 were all involved in the
tumor microenvironment and could facilitate tumor formation
[56–58]. We, therefore, performed the TUNEL assay in primary
tumor tissue sections isolated from nude mice, and showed that
the proportion of apoptotic cells in the VCPT76A-expressing tumor
tissues was indeed significantly higher than in the VCPWT-
expressing tumor tissues (Fig. 7H). In summary, these data
indicate that the cells harboring the VCPT76A mutation are less

Fig. 5 PTEN is required for the dephosphorylation of Thr76 in VCP during M phase. A The knockdown of PTEN by two sgRNAs was verified
by PTEN immunoblotting. B, C Scramble or PTEN knockdown HeLa cells were stained with anti-VCP (green) and anti-Eg5 antibodies (red) (B) or
with anti-phospho-VCP (T76) (red) and anti-γ-tubulin (green) antibodies (C). The relative phopho-VCP (T76) fluorescence intensity was
qualified over γ-tubulin. Scale bar 5 μm. D Twin-Strep-Plk1, purified from Noc-treated Twin-Strep-Plk1-overexpressing HEK293T cell lysates,
was incubated with recombinant VCPWT protein in a kinase reaction buffer for 1 h, and the phosphorylated VCP was subsequently incubated
with or without HA-PTEN purified from Noc-treated HA-PTEN-overexpressing HEK293T cells in dephosphorylation buffer and subjected to
phospho-VCP (T76) immunoblotting. E HEK293T cells were transiently transfected with HA-PTENWT or HA-PTENC124S and/or Twin-Strep-VCP,
and were synchronized to M phase with Noc treatment. The cell lysates were incubated with Strep-Tactin® Sepharose, and the pulldowns
were subjected to immunoblot analysis against HA or Strep. The blots, images, and graphs are representative data from at least three
independent experiments. The difference between two groups was analyzed using two-tailed Student’s t test, p < 0.05 was considered
statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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likely to develop into tumors. Along this line, no VCP-T76
mutations were identified in cancer patients (Fig. S9G and
Table S1). However, mutations in other VCP residues are reported
to be commonly associated with late-onset multisystem protei-
nopathy, for example, inclusion body myopathy with early-onset
Paget disease and frontotemporal dementia (IBMPFD), and
amyotrophic lateral sclerosis [18, 59].
In cancer patients, Plk1 was overexpressed in many types of

tumor tissues when compared with the corresponding normal
tissues; for example, the Log2FC was 1.333 and p value was less
than 0.001 in lung cancer patients (Fig. S9H). Thus, we investigated
whether the phosphorylation of Thr76 in VCP is a prominent
feature in cancer tissues by performing phospho-VCP (T76)
immunohistochemistry in lung cancer patient specimens. A total
of 50 lung cancer patients’ samples were examined, such that
there were 17 patients with squamous cell carcinoma, 31 patients
with adenocarcinoma and 2 patients with small cell lung cancer
(Table S2). We demonstrated that the pT76-VCP signal in the

tumor tissues was 1.5-fold stronger than that in normal tissues
(p < 0.0001) (Fig. 7I). We also found that the pT76-VCP signal
increased with the age of patients (Fig. S9I) but showed no
correlation with the patient gender, TNM stage or metastasis
conditions of the cancer (Table S2). In contrast, the expression
level of VCP in cancer patients did not differ much between the
tumor and normal tissues; for example, its Log2FC was −0.054 and
the p value was 0.056 in lung cancer patients (Fig. S9J). These data
suggest that the phosphorylation level of Thr76 in VCP might be
an indicator for cancer diagnosis.

DISCUSSION
VCP mainly acts as a segregase to extract ubiquitinated proteins
from complexes or membranes for degradation. VCP is also
involved in membrane fusion events in the endomembrane
system, playing a role in the reformation of the Golgi, ER, and
nuclear envelope after mitosis. Here, we found that VCP interacts

Fig. 6 T76 mutations influence the ATPase activity and inter-subunit communication of VCP. A Detailed comparison between the atomic
model of VCPT76A AMP-PNP-bound conformation (Green) and VCPWT (PDB 5ftm, Orange) around the nucleotide-binding pocket.
B–D Structures of VCPWT (PBD: 5ftm) (B), VCPT76A (AMP-PNP bound Conformation) (C), and VCPT76E (AMP-PNP bound Conformation) (D)
with inactive D1 ATPase, showing the orientation of β-phosphate. E Detailed comparison between the atomic models of the N-D1 interface of
the AMP-PNP-bound form of VCPT76A (Green), VCPT76E (Blue) and VCPWT (Orange, PDB: 5 ftm).
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with Eg5 (Fig. 4A, B). However, the level of Eg5 in VCPT76A-
reconstituted cells was no different from that in control cells
(Fig. 4B). The levels of total cellular ubiquitination or CHOP (an ER
stress marker) in the VCPT76A-reconstituted cells were also similar
to that in the VCPWT-reconstituted cells (Fig. S5E–G). These data

suggest that VCP does not act as a segregase to extract Eg5 for
degradation. Instead, the phosphorylation of Thr76 in VCP is
important for the recruitment of Eg5 to the spindle (Figs. 4C–E and
S4C), which suggests that VCP acts as a scaffold to assemble Eg5
to the spindle.
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The ATPase activity of VCP is indispensable for cell cycle
progression, especially in mitosis. For example, VCP works with
p37/p47 to regulate the centrosomal Aurora A level for spindle
alignment. It also cooperates with Ufd1/Npl4 to remove Aurora B
from chromatin to allow the nucleus formation [27, 30, 60]. Of
note, Thr76 mutations did not affect the ATPase activity of full-
length VCP proteins (Fig. S8A). Thr76 is located at the N-terminal
domain of VCP, which is responsible for the interaction with its
cofactors. It is also close to the D1 ATPase domain, which mediates
the oligomerization of VCP. A comparison of the cryo-EM
structures of both VCPT76A and VCPT76E revealed how residue
Thr76 might affect VCP. In VCPT76E, the glutamate act as a
phosphorylation mimetic, and forms a hydrogen bond with
residue Arg83. This, in turn, strengthens the interaction between
the N-domain and the D1-domain and eventually influences the
inter-subunit interactions (Fig. 6B–E). Thus, the phosphorylation of
Thr76 might promote the coordination of both intra- and inter-
subunit movement which may increase conformation-dependent
cofactor binding, whereas dephosphorylation of Thr76 might lead
to reduced coordination of VCP protein and hence decreased
cofactor binding. Through phosphorylation and dephosphoryla-
tion, as mimicked by T76A and T76E, respectively as the two
extremes, the functions of VCP might be subtly adjusted to suit
the corresponding signaling events.
VCP-Thr76 was phosphorylated by Plk1 at the centrosome,

and the treatment of mitotic cells with a Plk1 inhibitor abolished
the centrosome localization of VCP (Figs. 2A–G and S2K). In
addition, VCPT76A was not localized at centrosome (Fig. 2D), but
Plk1 was still found at the centrosome in VCPT76A-reconstituted
cells (Fig. S2N). These results indicate that the phosphorylation
of Thr76 in VCP by Plk1 is required for its centrosomal
localization, but Plk1’s centrosomal localization is independent
of VCP. Plk1 normally binds to a phosphorylation site on the
substrate via its PBD [32, 33], and intriguingly, although VCP
contains two potential motifs for PBD docking, mutation of the
potential sites, T14 or T613, in VCP to alanine did not abolish the
interaction between Plk1 and VCP (Fig. S1I). Notably, Plk1’s PBD
also binds to its own kinase domain, and the binding sequence
in the kinase domain is 315PITCLTIPPRF325 [61], which does not
match the PBD’s core binding motif and none of these sites are
phosphorylated. Along this line, we showed the interaction
between VCP-ND1(1-481) and the MBP-PLK1-PBD domain (367-
603) in vitro by ITC assay (Fig. 1C). Alternatively, it has been
proposed previously that Plk1’s PBD might bind to a phos-
phorylated scaffold at specific subcellular structures, e.g.,
centrosome or kinetochores, thereby allowing its kinase domain
to phosphorylate the substrates in close proximity to these
structures [62]. Two potential Plk1 scaffolds are Cdc23/Cut23 of
the anaphase promoting complex [63, 64], and Mklp1/2, a
kinesin-like protein [65, 66]. Therefore, it is also possible that
Plk1 might use a phosphorylated scaffold at centrosome to
phosphorylate VCP, although we showed the direct interaction
between Plk1 and VCP in vitro (Fig. 1C).

VCP was not found at the spindle in VCPT76A or VCPT76E-
reconstituted cells (Figs. 4G and S5A and S6B), and PTEN
knockdown abolished the spindle localization of VCP as well
(Figs. 5B and S7B). These data indicate that the dephosphorylation
of VCP-Thr76 is required for the recruitment of VCP from the
centrosome to the spindle. Regarding the cellular location where
the phosphorylated Thr76 in VCP is dephosphorylated by PTEN,
one possibility is that PTEN is only active in the spindle, although
reports indicate that it is expressed at both the centrosome and
spindle [15, 67]. If this is the case, then pVCP-T76 should be
dephosphorylated by PTEN only after it relocates to the spindle. It
is also possible that VCP is continuously phosphorylated by Plk1 at
the centrosome during M phase, and pVCP-T76 is then depho-
sphorylated at the centrosome and/or spindle by PTEN during its
recruitment from the centrosome to the spindle. This second
possibility is supported by our finding that PTEN knockdown
significantly increased the pVCP-T76 signals at the centrosome
(Fig. 5C), and that VCP was enriched at the centrosome in the
VCPT76E-reconstituted cells (Fig. S6B). We speculate that the
phosphorylation and dephosphorylation switch of Thr76 enables
VCP to recruit or remodel different substrates for centrosome
movement or spindle orientation. Indeed, we identified several
centrosome- or spindle-associated proteins in the BioID-VCP
complex (Fig. S4A, B). It is of interest to assess whether these
proteins interact with the phosphorylated or non-phosphorylated
form of VCP. If they do, then the mechanism underlying how VCP
regulates or remodels these proteins for centrosome or spindle
architecture can be determined.
In addition to being a phospholipid phosphatase, PTEN can

dephosphorylate polypeptides phosphorylated on Tyr, Ser, and
Thr in vitro [47, 68]. It has also been reported to be able to
dephosphorylate itself [47, 68] and various other protein
substrates, such as focal adhesion kinase [69]; cyclic AMP response
element-binding protein [70]; nonreceptor tyrosine kinase c-SRC
[71]; insulin receptor substrate-1 [72]; and Eg5 [15], during a
variety of physiologic or pathologic events. In addition, PTEN was
found to act as a scaffold to load phosphorylated Eg5 (mediated
by Nek9-Nek6 and Cdk1), to the centrosome via Dlg1, thereby
controlling proper centrosome movement and bipolar spindle
formation [16]. Here, we found that PTEN interacted with VCP
(Fig. 5E) and was able to dephosphorylate the Thr76 in VCP in vitro
(Fig. 5D). PTEN knockdown or deficiency abolished the localization
of unphosphorylated VCP onto the spindle (Figs. 5B and S7B, D),
and markedly increased the phosphorylation of Thr76 VCP signals
at the centrosome (Fig. 5C). Remarkably, the mitotic defects in
VCPT76E-expressing cells were similar to those observed in PTEN
knockdown cells, e.g., a fragmented spindle pole and catastrophic
mitotic failure (Fig. S6) [15, 16]. These data indicate that the
dephosphorylation of Thr76 in VCP by PTEN is essential for faithful
chromosome segregation. Although PTEN might act as a scaffold
to dock another protein serine/threonine phosphatase to depho-
sphorylate VCP, this possibility is low given that knockdown of
protein phosphatases such as PP1, PP2A, PP4, and PP6, or

Fig. 7 VCP T76A mutation suppresses tumor formation in xenograft mouse model. A The knockdown of VCP with shRNA and the
reconstitution of shRNA-resistant VCPWT or VCPT76A in MDA-MB-231 cells were assessed by VCP immunoblotting. B–H The VCPWT or VCPT76A-
reconstituted MDA-MB-231 cells were subjected to 3D culture in Matrigel, the tumor spheroids number was quantified. Scale bar, 50 μm (B).
The VCPWT or VCPT76A-reconstituted MDA-MB-231 cells were implanted into nude mice, the tumor volume (C) and excised tumor mass (D)
were measured, and the images of xenograft tumors were shown (E). The primary tumor isolated from nude mice implanted with VCPWT- or
VCPT76A-reconstituted MDA-MB-231 cells were subjected to RNA-Seq analysis, gene set enrichment analysis (GSEA) on apoptosis genes were
performed (NES=−1.38, Normalized p= 0.0255, FDR= 0.05) (F), and heat map of representative tumor-related genes was presented
(G). Formalin fixed paraffin embedded tumor tissues isolated from nude mice implanted with VCPWT- or VCPT76A-reconstituted MDA-MB-231
cells were subjected to TUNEL assay. Scale bar, 100 μm (H). I Representative images of phospho-VCP (T76) IHC staining of tumor tissue and
normal tissue in lung cancer patients were shown and their relative p-VCP signals were quantified. Scale bar, 100 μm. The blots, images, and
graphs are representative data from at least three independent experiments. The difference between two groups was analyzed using two-
tailed Student’s t test, p < 0.05 was considered statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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treatment of mitotic cells with okadaic acid, a pan-PP1 and PP2A
inhibitor, failed to affect the localization of VCP to the spindle
(Fig. S7B, C).
Although the aneuploidy that results from chromosome

instability generally results in tumorigenesis, recent studies have
indicated that aneuploidy can either promote or inhibit tumor-
igenesis depending on the cell type, genomic context, cellular
microenvironment, tumor stage, and immune system [73–75].
Here, we found that the VCPT76A mutation resulted in abnormal
chromosome segregation due to defects in centrosome and
spindle orientation (Fig. 3); however, the tumor growth in nude
mice implanted with VCPT76A-reconstituted cancer cells was
significantly slower when compared with those implanted with
VCPWT-reconstituted cancer cells (Fig. 7C–E). RNA-seq analysis
performed in tumor tissue harboring the VCPWT or VCPT76A

mutation showed that DEGs were in a cell death cluster and a
microenvironment cluster (Fig. 7F, G). For example, many genes
related to cell death were upregulated in tumors harboring the
VCPT76A mutation, and TUNEL assay confirmed that more cells in
the VCPT76A-expressing tumor tissues were apoptotic, when
compared with the VCPWT-expressing tumor tissues (Fig. 7H).
Yet, the role of VCPT76A mutation in tumorigenesis needs to be
further examined in cancer transgenic mouse models in the
background of VCPT76A mutation.
In summary, we have mechanistically studied the role of VCP

during the progression of the M phase. We demonstrated that
Plk1 phosphorylates Thr76 in VCP at the centrosome during the M
phase, and PTEN dephosphorylates Thr76. This dephosphorylation
is a prerequisite for the enrichment of VCP and Eg5 at the spindle.
We propose that VCP is first phosphorylated by Plk1 at the
centrosome, and that pVCP-T76 is then dephosphorylated by
PTEN during its recruitment to the spindle. This phosphorylation-
dephosphorylation switch continues to occur during mitosis, and
p-VCP can be continuously detected at the centrosome as long as
Plk1 is there. This spatially and temporally regulated dynamic
phosphorylation and dephosphorylation switch of VCP-Thr76
participates in the orientation of centrosome and spindle to
enable the faithful segregation of chromosomes and hence helps
maintain genome stability.

MATERIALS AND METHODS
Cell culture
HeLa cells, HEK 293T cells, MCF-7 cells, SK-OV-3 cells, MDA-MB-231 cells
(ATCC) were maintained in Dulbecco’s Modified Eagle Medium (DMEM)
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin in a
37 °C incubator with 5% CO2. Cells were passaged every 2–3 days. The
HeLa, MCF-7 and MDA-MB-231 cells were verified by STR profiling.

Antibodies and reagents
VCP antibody (#sc-133125), VCP antibody (#sc- sc-374055), normal mouse
IgG (#sc-2025), CHOP antibody (#sc-7351), HSP 70 antibody (#sc-24), PTEN
antibody (#sc-7974), Mad 2 antibody (#sc-374131) and Centrin-2 antibody
(#sc-27793-R) were from Santa Cruz. Plk1 antibody (#627702) and
phospho-Plk1 (Thr210) (#628902) antibody were from BioLegend. The α-
tubulin antibody (#T6074), γ-tubulin antibody (#T6557), HA antibody
(#11867423001) and Flag antibody (#F1804) were from Sigma. Eg5
antibody (#TA301478) was from Origene. GAPDH antibody (#60004-1)
was from ProteinTech. CHOP (L63F7) antibody (#2895) and NRF-1 antibody
(#8052S) were from Cell Signaling Technology. phospho-Plk1 (Thr210)
antibody (#558400) was from BD Biosciences. Strep-Tactin®-HRP (#1509-
0089) was from IBA Lifesciences. The custom phospho-VCP (Thr76)
antibody was generated by Abmart Inc.
DBeQ (#506190), Noc (#M1404), thymidine (#T9250), (+)-S-Trityl-L-

cysteine (#164739), aprotinin (#A1153), PMSF (#11359061001), polybrene
(#H9268), Duolink PLA kit (#DUO92101), Ni Sepharose High Performance
(#GE17-5268-01), Percoll (#GE17-5445-02) were from Sigma. Puromycin
(#A1113803), pepstatin A (#78436), leupeptin (#78435) were from

Invitrogen. BI2536 (#755038-02-9) was from Santa Cruz. HOpic (#S8651),
CB-5083 (#S8101), CFI-400945 (#S7552), Alisertib (#S1133) and Barasertib
(#S1147) were from Selleckchem. Okadaic acid (#5934) was from Cell
Signaling Technology. Strep-Tactin® Sepharose® (#2-1201-010) was from
IBA Lifesciences. Anti-Flag magnetic beads (B26101), Anti-HA magnetic
beads (#B26201), Protein A/G Magnetic Beads (#B23202) and phosphatase
inhibitors cocktail (#B15001) were from Bimake. The mRNA extraction kit
(#220010) was from Fastagen. PrimeScript™ RT reagent Kit with gDNA
Eraser (#RR047B) was from TAKARA. PEI (#689191) was from Shanghai
Maokang.

Molecular cloning
To knock down VCP, one 21 bp oligo based on human VCP gene (Table S3)
was cloned into the pLKO.1 (addgene, #10878) by following protocols from
addgene.
To knock out PTEN, two pairs of optimal sgRNA oligo were selected for

human PTEN gene (Table S3). These sequences were then cloned into the
lentiCRISPRv2 puro vector (addgene, #98290) by following protocols from
addgene.
pENTR-His6-Flag vector was constructed by replacing GFP with His6-Flag

in pENTR4-GFP-C1 vector (addgene, #17396). VCP cDNA resistant to its
shRNA was mutated with QuikChange™ Site-Directed Mutagenesis Kit and
it was then cloned into pENTR-His6-Flag vector to obtain the pENTR-His6-
Flag-VCPWT. VCPT76A and VCPT76E were then mutated based on pENTR-
His6-Flag-VCPWT. VCPWT, VCPT76A or VCPT76E in pENTR vector was finally
exchanged into pLenti-CMV-Puro-DEST (addgene, #17452) using Gateway
LR reaction (Invitrogen).
VCPWT was also cloned into pBiFC-VN173 (addgene, #22010), while Plk1

was cloned into pBiFC-VC155 (addgene, #22011) to study the interactions
between VCP and Plk1 during M phase. Twin-Strep-VCP, Twin-Strep- Plk1,
or Twin-Strep-Eg5 was cloned into pcDNA3.1(+) vector.

Cell synchronization
HeLa cells were synchronized to G1/S boundary using DTB method. Briefly,
HeLa cells were grown to about 40% confluence and then incubated with
thymidine (2mM) for 19 h. Thereafter, thymidine was released by PBS
washing for three times; and cells were then incubated with fresh medium
without thymidine for 9 h. Thymidine (2mM) was added back for another
16 h incubation to synchronize cells at G1/S boundary. Finally, cells were
washed with PBS for three times and incubated in fresh medium to
progress through the cell cycle.
Cells were also synchronized to prometaphase by overnight (around

16 h) treatment with Noc (50 ng/ml) and collected with mitotic shake-off.

Lentivirus production and infection
The lentivirus production and infection were performed as described
previously [76].

Western blot analysis and immunoprecipitation (IP)
Western blot analysis and immunoprecipitation (IP) were performed as
described previously [77]. The lysis buffer for endogenous IP is 50 mM Tris,
150mM NaCl, 0.5% Tween 20, pH 7.5. Lysates were incubated with primary
antibody or mouse IgG for overnight at 4 °C and collected for protein A/G
beads binding for 2 h at room temperature. The beads were washed with
lysis buffer for three times and subjected to western blot analysis.

Transient transfection
The plasmids or siRNAs were transiently transfected into HeLa cells or
HEK293T cells as described previously [77].

mRNA extraction and RT-qPCR
mRNA extraction and RT-qPCR were performed as described previously
[77].

3D culture
3D cultures were prepared as previously described [78]. Briefly, Flag-
VCPWT- and Flag-VCPT76A-expressing MDA-MB-231 cells were seeded in 96-
well plate with DMEM medium containing 10% FBS and 2% Matrigel. Assay
medium (~100 µl) was added every 4 days. The number of spheroids was
quantified.
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PI staining and FACS analysis
Hela cells were first synchronized to G1/S boundary with DTB in 6-well
plates, thymidine was then released, and cells were collected every 2 h
until 14 h after release. These cells were fixed in 70% ethanol for 30min on
ice and stored in 70% ethanol overnight at −20 °C. On the next day, cells
were collected by centrifugation, washed with PBS, and subjected to PI
staining (20mg/ml PI, 0.1 mg/ml RNase A, 0.05% Triton X-100 in PBS) for
20min in dark at room temperature. Thereafter, cells were washed with
PBS and re-suspended with PBS. These cells were then filtered with 0.4 um
cell filters and analyzed by FACS Canto II analytic flow cytometer. Data
were analyzed by FlowJo software.

Imaging
For live-cell imaging, Hela cells infected with H2B-RFP lentivirus were plated
on 6-well plates and synchronized to G1/S boundary by DTB. In total, 7 h
after second thymidine release, cells were subjected to live imaging. The
images were captured every 10min with ×40 objectives of Carl Zeiss LSM
510 Meta inverted microscope equipped with Cy3/EGFP/DAPI filters. Data
were analyzed with ImageJ software. The VCPWT-, VCPT76A-, and VCPT76E-
reconstituted cells were imaged and quantified all together in repeated
experiments but presented separately in Figs. 3A–C and S6G–I.
For fixed cell imaging, cells grown on coverslips were firstly

synchronized to mitosis with DTB release, fixed with 4% PFA in PBS for
20min at room temperature, washed with PBS, and then either fixed in
−20 °C with cold 100% methanol for 15min or not. These cells were then
blocked with 1% normal goat serum and 1% BSA in PBST (PBS+ 0.1%
Triton) for 1 h at room temperature. Cells were incubated with primary
antibody at room temperature for 2 h, or overnight at 4 °C, or at 37 °C for
0.5 h. After washing with PBST, cells were incubated with secondary
antibody for 1 h at room temperature. After washing with PBST, cells were
subjected to nuclei staining with DAPI (0.5 g/ml) for 5 min at room
temperature. Finally, cells were mounted with Prolong Gold Antifade
Reagent on slides. Images were taken by Carl Zeiss LSM 880 confocal
microscope or Nikon A1HD25 High speed and Large Field of View Confocal
Microscope using ×63 oil objective and analyzed by ZEN software or Nikon
offline software. For the angle of centrosomes, it was imaged with Carl
Zeiss LSM 880 and analyzed with software ICY. Super-resolution SIM
images were taken by Nikon N-SIM and analyzed by Nikon offline software.

Image analysis
The Manders’ colocalization coefficients (MCC) evaluation of VCP, p-VCP,
Eg5, or Venus-Plk1/VCP over γ-tubulin or α-tubulin was performed by Coloc
2 Plug-in in ImageJ software. In MCC, two MCC values (M1 and M2) are
calculated for two probes, e.g., R and G. M1 represents the fraction of R
(e.g., γ-tubulin in our analysis) colocalized with G (e.g., VCP in our analysis)
in total R, and M2, the fraction of G colocalized with R in total G. For
example, we used M1 to represent the percentage of γ-tubulin colocalized
with VCP or p-VCP in total γ-tubulin. In general, MCC methods based on
the workflow described by Dunn et al. were performed on single plane
images [79].
Eg5 at the mitotic spindle was quantified in ImageJ as the following

steps: the spindle area was first selected with an ROI, and the same ROI was
applied to Eg5 to measure the intensity of α-tubulin and Eg5. The
abundance of Eg5 was finally normalized with α-tubulin intensity.

In vitro kinase assay and in vitro phosphatase assay
For Plk1 in vitro kinase assay, Twin-Strep-Plk1 was transfected into
HEK293T cells. Cells were then synchronized to M phase by incubation with
Noc (50 ng/ml). The cells were lysed and Twin-Strep-Plk1 was pulled down
with Strep-Tactin® Sepharose® and washed three times with 1 M NaCl+
0.5% CA630. The beads were washed once with the in vitro kinase buffer
and subjected to an in vitro kinase assay. Recombinant VCPWT and VCPT76A

proteins were purified from bacterial culture. Twin-Strep-Plk1 beads were
incubated with VCPWT or VCPT76A proteins in the kinase assay buffer (20
mM Hepes-KOH, pH 7.7, 50 mM sucrose, 100mM KCl, 5 mM MgCl2, 0.5 mM
EGTA, 1 mM DTT, 0.05% Tween 20, 0.1 mg/ml BSA, and 1mM ATP) at room
temperature for 1 h. The reaction was stopped by adding 2x SDS buffer
and subjected to western blot analysis.
For the in vitro phosphatase assay of PTEN, HA-PTEN-expressing HEK

293T cells were treated with Noc (50 ng/ml) and HA-PTEN was purified with
HA beads. The HA-PTEN beads were then washed with phosphatase
washing buffer (20mM HEPES, pH 7.2, 1 mM DTT, 1 mM MgCl2, 0.1 mg/ml
BSA and 1mM EDTA with protease inhibitors). Also, recombinant VCP

protein was phosphorylated by Twin-Strep-Plk1 in aforementioned in vitro
kinase assay. The supernatant (phosphorylated VCP) were collected and
Twin-Strep-Plk1 beads were removed by centrifugation. Afterward, HA-
PTEN beads were incubated with phosphorylated VCP in phosphatase
reaction buffer (50mM Tris, pH 7.5, 100 mM NaCl, 10 mM MgCl2, 1%
glycerol, and 10mM DTT) at 30 °C for 1 h. The reaction was stopped by
adding 2x SDS buffer and subjected to western blot analysis.

Duolink® proximity ligation assay (PLA) technology
HeLa cells plated on coverglass were synchronized to M phase with DTB
release. Duolink® PLA assay was conducted according to the manufac-
turer’s protocol. Briefly, the cells were firstly fixed with 4% PFA followed by
methanol incubation. Cells on coverglass were then fixed with Duolink®
Blocking Solution in a heated humidity chamber at 37 °C for 60min. After
blocking, cells were incubated with primary antibody which was diluted in
the Duolink® Antibody Diluent at 4 °C for overnight. VCP or Plk1 antibodies
were 1:100 diluted, while α-tubulin antibody was 1:1000 diluted for the
assay. Afterwards, cells were washed with wash buffer A twice at room
temperature for 5 min, and were then incubated with Duolink® PLA Probe
for 1 h at 37 °C. After PLA probe incubation, cells were again washed with
wash buffer A twice at room temperature for 5 min followed by 30min
incubation with Duolink® Ligation buffer at 37 °C. Thereafter, cells were
washed again with wash buffer A twice at room temperature for 5 min and
incubated with polymerase in amplification buffer at 37 °C for 100min.
After polymerization, cells were finally washed with wash buffer B twice for
10min and 0.01x wash buffer B for 1 min followed by DAPI staining for
confocal imaging.

Bimolecular fluorescence complementation (BiFC)
During the DTB synchronization, 0.25 ug pBiFC-VN173-VCP and pBiFC-
VC155-Plk1 plasmid were co-transfected into HeLa cells in 24 well plates by
lipofectamine 2000. Cells at mitosis were collected and co-stained with
centrosome marker γ-tubulin for further confocal image analysis.

Protein expression and purification
VCPWT, VCPT76A, and VCPT76E were fused with a MBP tag and constructed
into pET28a plasmid by restriction enzyme cloning. Plk1-PBD (367-603)
was also fused with a MBP tag and constructed into a pRSET backbone.
All proteins were expressed in SHuffle T7 E. coli Cells (C3026 New
England Biolabs) by induction with IPTG (0.3 mM) at 0.8 of OD600 and
subsequent overnight incubation at 20 °C. Cells were re-suspended in
Ni2+ column buffer A (25 mM HEPES, pH 7.5, 300 mM KCl, 5 mM MgCl2,
5% Glycerol, 0.03‰ β-ME), lysed by nano homogenize machine (AH-
NANO ATS Engineering Limited) and purified by HisTrap HP purification
columns (GE Healthcare). After protein elution with Ni column buffer B
(25 mM HEPES, pH7.5, 300 mM KCl, 5 mM MgCl2, 500 mM Immidazole, 5%
Glycerol, 0.03‰ β-ME), proteins were further purified with MBPTrap HP
column (GE Healthcare) and dialyzed against TEV digestion buffer (50
mM Tris-Hcl, pH7.5, 150 mM NaCl, 5 mM MgCl2, 5 mM Sodium Citrate, 5%
Glycerol, 0.03‰ β-ME). MBP tag was then cleaved by TEV protease
overnight at 4°C and removed by Ni2+ HisTrap HP column. Proteins
were concentrated and re-diluted into gel filtration buffer (25 mM
HEPES, pH7.5, 300 mM KCl, 5 mM MgCl2, 0.01‰ β-ME) before removal of
prebound ADP by overnight Apyrase digestion at 4 °C, followed by gel
filtration as the final purification step. During gel filtration process, only
protein fractions corresponding to hexamers were collected. Protein
samples were finally concentrated to 20 mg/ml, flash-frozen by liquid
nitrogen, and stored at −80 °C.

Animal study
NSG mice was purchased from the Jackson Laboratory (USA) and maintained
in pathogen-free conditions with a 12 h light/dark cycle. All animal studies
were performed according to the guidelines approved by the Animal Ethics
Committee of City University of Hong Kong. For xenograft experiments,
female mice at 6-weeks-old were selected. A total of ten mice were randomly
and equally divided into two experimental groups. Ten million Flag-VCPWT-
or Flag-VCPT76A-expressing MDA-MB-231 cells were diluted in 100 µl PBS
mixed with an equal volume of Matrigel (BD Biosciences) and inoculated via
subcutaneous route into the flank of NSG mice. Once palpable tumors were
established, the tumor volumes were measured every 5 days. Tumor weight
was measured at the end of the experiment. Investigators were blinded
when conducting the animal experiments.
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RNA sequencing
The tumors derived from Flag-VCPWT- or Flag-VCPT76A-expressing MDA-
MB-231 cells (n= 3) were collected for sequencing according to the
standard protocol. Briefly, total RNA of each sample was extracted using
TRIzol Reagent (Invitrogen)/RNeasy Mini Kit (Qiagen). Total RNA of each
sample was quantified and qualified by Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA), NanoDrop (Thermo Fisher Scientific Inc.),
or 1% agarose gel. Total RNA (1 μg) with RIN value above 6.5 was used for
library preparation. Next-generation sequencing library preparations were
constructed according to the manufacturer’s protocol. The poly(A) mRNA
isolation was performed using Poly(A) mRNA Magnetic Isolation Module or
rRNA removal Kit. The mRNA fragmentation and priming were performed
using First-Strand Synthesis Reaction Buffer and Random Primers. First-
strand cDNA was synthesized using ProtoScript II Reverse Transcriptase
and the second-strand cDNA was synthesized using Second-Strand
Synthesis Enzyme Mix. The purified double-stranded cDNA by beads was
then treated with End Prep Enzyme Mix to repair both ends and add a dA-
tailing in one reaction, followed by a T-A ligation to add adapters to both
ends. Size selection of adapter-ligated DNA was then performed using
beads, and fragments of ~420 bp (with the approximate insert size of 300
bp) were recovered. Each sample was then amplified by PCR for 13 cycles
using P5 and P7 primers, with both primers carrying sequences which can
anneal with flow cells to perform bridge PCR and P7 primer carrying a six-
base index allowing for multiplexing. The PCR products were cleaned up
using beads, validated using a Qsep100 (Bioptic, Taiwan, China), and
quantified by Qubit3.0 Fluorometer (Invitrogen, Carlsbad, CA, USA). Then
libraries with different indices were multiplexed and loaded on an Illumina
HiSeq instrument according to manufacturer’s instructions (Illumina, San
Diego, CA, USA). Sequencing was carried out using a 2 × 150 bp paired-end
configuration; image analysis and base calling were conducted by the
Novaseq Control Software RTA3 on the Illumina NovaSeq 6000 instrument.
The sequences were processed and analyzed by GENEWIZ. For the
mapping, reference genome sequences and gene model annotation files
of relative species were firstly downloaded from the genome website, such
as UCSC, NCBI, ENSEMBL. Secondly, Hisat2 (v2.0.1) was used to index the
reference genome sequence. Finally, clean data were aligned to the
reference genome via software Hisat2 (v2.0.1). For the expression analysis,
transcripts in fasta format were converted from known gff annotation files
and indexed properly. Then, with the file as a reference gene file, HTSeq
(v0.6.1) estimated gene and isoform expression levels from the pair-end
clean data. Differential expression analysis was performed by using the
DESeq2 Bioconductor package, a model based on the negative binomial
distribution. The estimates of dispersion and logarithmic fold changes
incorporate data-driven prior distributions, and Padj of genes were set <0.1
to detect differential expressed ones. The RNA sequences have been
deposited into GEO with accessing codes of GSE147636.

TUNEL assay
TUNEL assay was performed with the DeadEnd™ Fluorometric TUNEL kit
(Promega) following the manufacturer’s protocol. Briefly, paraffin-
embedded tumor tissue sections were washed twice in xylene for 5 min
to remove paraffin. The sections were immersed in 100% ethanol for 5 min
and then washed in decreasing concentrations of ethanol (100, 95, 70, and
50%), 5 min for each wash. After that, the section was washed with PBS for
5 min. The sections were then fixed with 4% PFA in PBS for 15min and
washed twice with PBS. The sections were incubated with proteinase K
solution (20 µg/ml) for 10min and then washed once with PBS. The
sections were fixed again with 4% PFA and washed with PBS, and
incubated with equilibration buffer (~100 µl). Following the equilibration,
the sections were labeled with TdT reaction mix (~50 µl) at 37 °C for 1 h
and the reaction was stopped with incubation in 2x SSC buffer for 15min.
The sections were washed with PBS and stained with DAPI, and the green
fluorescence of apoptotic tissue was detected under microscope.

Immunohistochemistry for patient sample
Pathological sections of lung cancer patients were obtained from the
Pathology Department of the Second Affiliated Hospital of Chongqing
Medical University, with informed consent and approval from the Clinical
Research Ethics Committee of the Second Affiliated Hospital of Chongqing
Medical University. The patients were provided and signed the consent
forms. Tumor sections were incubated with the antibodies against
phospho-VCP (Thr76) overnight at 4 °C. The remaining steps were
performed using the Immunohistochemistry kit. The relative intensity of
IHC sample was quantified with the image-pro plus software.

ATPase activity determination
ATPase activity was detected by measuring inorganic phosphate released
during ATP hydrolysis, which reacts with a complex of molybdate and
malachite green. A total amount of 10 μg protein was added into 50 μl
assay buffer (50mM Tris-HCl, pH 8.0, 20 mM MgCl2, 1 mM EDTA, 1 mM DTT
and 4mM ATP) and incubated at 37 °C for 10min. In total, 800 μl dye buffer
(A fresh mix of 0.045% malachite green in a 1:3 ratio with 1.4% ammonium
molybdate tetrahydrate in 4 N HCl) was added to the reaction solution to
stop the reaction, followed by addition of 100 μl 34% sodium citrate. After
another 10min incubation at room temperature, 16 μl 10% Tween-20 was
added to the solution and mixed by pipetting. Absorbance was measured
at 660 nm on VARIOSKAN LUX (Thermo Scientific). Further calculation was
performed with the system software.

Determination of binding affinity between PLk1 and VCP by
ITC
ITC experiments were carried out using MicroCal PEAQ-ITC. Protein
samples were dialyzed against ITC Buffer (20mM Tris, PH8.0, 50 mM NaCl)
and filtered by 0.22 μm syringe filter (MiliQ). The experiment was
performed by titrating 300 μl of 50 mM MBP-PBD protein or MBP protein
with 60 μl of 500 mM VCP-WT-ND1 protein. All titration assays were
performed at 25 °C and the binding affinity was calculated by system-
integrated software.

EM specimen preparation and data collection
Sample homogeneity was first determined by negative staining with 2%
uranyl Acetate. The negative staining samples were examined with 120 kV
FEI Talos TEM machine (Thermo Fisher Scientific) in the Cryo-EM center at
Southern University of Science and Technology, with a nominal
magnification around ×50,000.
To prepare cryo-EM specimens, protein samples were diluted with

sample buffer (25 mM HEPES, 50 mM NaCl, 5 mM MgCl2, 0.01‰ β-ME,
PH7.5), and then concentrated to 2mg/ml for grid preparation. ATP analog
AMP-PNP and ADP were added to samples 30min before grid preparation.
In total, 3 μl of prepared samples were applied to glow-discharged M004-
Cu300-R1.2/1.3 Copper grid (CryoMatrix) and blotted for 2.5 s in FEI
Vitrobot (Thermo Fisher Scientific). Samples were frozen by liquid ethane
after blotting and stored in liquid nitrogen.
The samples were examined in the Cryo-EM center at Southern

University of Science and Technology. Grids were imaged on Titan Krios
G3 (Thermo Fisher Scientific) with FEI Falcon 3 detector. Images were
recorded at a nominal magnification of ×96,000, corresponding to a
calibrated pixel size of 1.073 Å. For each image, 39 frames were recorded
with an accumulative doze of 60 e−/Å2.

Image processing
Motion correction and CTF find were performed with Relion 3.0.6. Each
picture was manually inspected and selected based on image quality, after
which, around 1000 particles were manually picked for each dataset as
templates of autopicking process.
For VCPT76A+ ADP dataset, 528,526 particles were autopicked and

extracted from 2724 pictures. The particle stack was then subjected to 20
rounds of 2D classification and 222,628 particles were selected and re-
extracted thereafter. The initial model was produced by CisTEM beta-1.0.0.
The particle stack was subject to 20 rounds of 3D classification and one
class with highest estimated resolution (53,858 particles) was selected and
subjected to 3D refinement. Final resolution of density map is 3.9 Å.
For VCPT76E+ ADP dataset, 562,693 particles were autopicked and

extracted from 1993 pictures. After 20 rounds of 2D classification, 273,610
particles were selected and re-extracted. Initial model was produced by
CisTEM beta-1.0.0. Particles were subjected to 25 rounds of 3D classifica-
tion and 243,820 particles were selected based on 3D classification results.
A 3.6 Å final map is generated based on this final particle stack.
For VCPT76A+ AMP-PNP dataset, around 2.2 M particles were autopicked

from 2451 pictures and extracted with a boxsize of 360 × 360 pixels. The
particles were then subjected to 25 rounds of 2D Classification, 1,524,038
particles were selected and re-extracted. Extracted particle stack was then
imported into CisTEM beta-1.0.0. Initial model was generated by Ab-Initio
module of CisTem, 20 rounds of global 3D refinement was carried out
using 6 classes. Three classes were discarded because of low occupation
and poor resolution. The three remaining classes – Class1 (291,035
particles), Class2 (532,334 particles) and Class3 (701,131 particles) were
then subjected to auto-refine procedure. The outlines of Class1 and
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Class2 showed better resolution around the N-domain and corresponded
to the “Down” and “Up” forms, respectively. Class3 showed relatively low-
resolution around the N-domain. Class1 and Class2 were further re-
extracted and subclassed. A 3.3 Å final density map for Class1 was obtained
with a subclass of 229,297 particles. Final resolution for Class2 density map
was around 4.1 Å with a final particle stack of 354,977 particles.
For VCPT76E+ AMP-PNP dataset, around 2.1 M particles were autop-

icked from 2531 pictures. Particles were extracted with boxes of 360 ×
360 pixels size. The particle stack was subjected to 25 rounds of 2D
Classification, after which 1,650,009 particles were selected and re-
extracted. Extracted particle stack was then imported into CisTEM beta-
1.0.0. Initial model was generated by Ab-Initio module, and 25 rounds of
global 3D refinement were carried out using 8 classes. Six classes were
eliminated from the project due to low occupation and poor resolution.
Only two major classes with high occupation were retained: Class1
(474,530 particles) and Class2 (727,253 particles). These two classes were
further processed by autorefine module. Class1 showed density
corresponding to the “Down” form and density map for class2
corresponded to the “Up” form. However, the density for the N-domain
region was very obscure in both classes. Class1 was further classified into
two subclasses of 229,297 particles and 245,233 particles. The first
subclass showed better rigidity for N-domain and was subjected for
construction of final map of 4.2 Å resolution. Class 2 was also further
processed by two rounds of sub-classification and ended up with a final
map of 4.8 Å resolution generated from 533,495 particles.

Model building and refinement
The structures of human VCP protein (PDB ID: 5ftl; 5tfn; 5dyg; 6g2z; 5dyg;
3hu1) were used as initial models for model building and model templates
for refinement. The initial model of VCP single subunit was produced in
COOT 0.9 and nucleotides were fitted into the binding pockets of D1 and
D2 domains. Initial Model was docked into density maps using Dock in
Map module of Phenix 1.16 and was then subjected to multiple rounds of
Real-space refinement. Six-fold symmetry was maintained during refine-
ment process and rigid body option was always selected for every
refinement run. The final models were checked in COOT and verified with
the Comprehensive Validation module of Phenix.
The coordinates and EM maps for VCPT76A+ ADP, VCPT76A+ AMP-PNP,

VCPT76E+ ADP and VCPT76E+ AMP-PNP have been deposited into Protein
Data Bank with accessing codes of 7BP8, 7BPA, 7BP9 and 7BPB,
respectively.

Statistical analysis
Sample sizes were determined based on the amount of data required to
give the statistical significance (n ≥ 3). Significant differences between two
groups were determined by unpaired Student’s t test using GraphPad
Prism 8.0 software. All statistical results were expressed as mean values ±
SEM, and p < 0.05 was considered statistically significant.

DATA AVAILABILITY
Data supporting the present study are available from the corresponding author upon
reasonable request.
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