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WDR63 inhibits Arp2/3-dependent actin
polymerization and mediates the function of p53 in
suppressing metastasis
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Abstract

Accumulating evidence suggests that p53 plays a suppressive role
in cancer metastasis, yet the underlying mechanism remains
largely unclear. Regulation of actin dynamics is essential for the
control of cell migration, which is an important step in metastasis.
The Arp2/3 complex is a major nucleation factor to initiate
branched actin polymerization that drives cell migration. However,
it is unknown whether p53 could suppress metastasis through
modulating Arp2/3 function. Here, we report that WDR63 is tran-
scriptionally upregulated by p53. We show with migration assays
and mouse xenograft models that WDR63 negatively regulates cell
migration, invasion, and metastasis downstream of p53. Mechanis-
tically, WDR63 interacts with the Arp2/3 complex and inhibits
Arp2/3-mediated actin polymerization. Furthermore, WDR63 over-
expression is sufficient to dampen the increase in cell migration,
invasion, and metastasis induced by p53 depletion. Together, these
findings suggest that WDR63 is an important player in the regula-
tion of Arp2/3 function and also implicate WDR63 as a critical
mediator of p53 in suppressing metastasis.
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Introduction

p53 plays a pivotal role in tumor prevention [1–4]. The importance

of p53 as a tumor suppressor is highlighted by the findings that p53

deficiency drives spontaneous tumorigenesis in mice and p53 is

frequently inactivated in the development of human cancer [5,6].

The tumor-suppressive function of p53 has been largely attributed

to its intrinsic nature as a master transcription factor [7]. By

modulating target gene expression, p53 restrains cell proliferation in

response to a variety of cellular stresses by inducing cell cycle

arrest, apoptosis, and senescence [8]. In addition, p53 has also been

shown to regulate other cellular processes such as cell metabolism,

autophagy, and ferroptosis [9–12].

Increasing evidence suggests that p53 plays a critical role in

suppressing metastasis [4,13–16]. The suppressive function of p53

in metastasis involves the regulation of several canonical metastasis

pathways, including cell adhesion, migration, and invasion. For

instance, it has been shown that the loss of p53 activates Rho family

GTPases Rac1, RhoA, and Cdc42, which are important regulators of

actin cytoskeleton dynamics, thereafter promoting cell migration

and invasion [17–21]. In addition, p53 also indirectly reduces

expression levels of Snail, Slug, and Zeb1, which are key transcrip-

tion factors in regulating epithelial–mesenchymal transition (EMT),

to suppress cell invasion [22–24]. Moreover, a number of proteins

have been linked to p53’s function in inhibiting cell migration and

invasion, including maspin, PAI-1, MET, caldesmon, PCDH10, and

GLS2 [25–30]. However, the detailed mechanism of how p53

suppresses metastasis still remains largely unclear.

As an important step in metastasis, cell migration requires

membrane protrusion at the leading edge of cells [31,32].

Membrane protrusion is powered by the actin-related protein 2/3

(Arp2/3)-mediated branched actin polymerization [33]. The Arp2/3

complex is composed of seven evolutionarily conserved subunits

(Arp2, Arp3, and ArpC1-5), which serves as a nucleation core for de

novo actin polymerization [34]. On its own, the Arp2/3 complex

displays low intrinsic actin nucleation activity and needs to be

activated by nucleation-promoting factors (NPFs), such as Wiskott–

Aldrich syndrome protein (WASP) and WASP family verprolin-

homologous protein (WAVE). The NPFs bind to and activate Arp2/3

via their verprolin, cofilin, and acidic (VCA) domains [35,36]. Given

the critical role of Arp2/3 in actin polymerization, it is not surprising

that Arp2/3 function is subjected to intricate regulation in cells. For

example, via the interaction with the Arp2/3 complex, PICK1 and

arpin inhibit, whereas Exo70 stimulates, the function of Arp2/3
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[37–39]. In addition, cortactin enhances Arp2/3-mediated actin

polymerization directly via activating Arp2/3 or indirectly via N-

WASP, while coronin 1B antagonizes cortactin and inhibits Arp2/3

function [40–43]. Moreover, cofilin affects Arp2/3-mediated actin

polymerization by promoting disassembly of actin filaments [44].

These findings suggest the complexity of the regulation of Arp2/3-

mediated actin polymerization.

As mentioned earlier, p53 is able to inhibit cell migration and

invasion via negatively regulating Rho family GTPase-mediated

modeling of the actin cytoskeleton. However, it is unknown

whether p53 could regulate cell migration and invasion through

modulating Arp2/3 function. In the present study, we report WD

repeat-containing protein 63 (WDR63) as a direct transcriptional

target of p53. WDR63 functions as a negative regulator of cell

migration, invasion, and metastasis through inhibiting Arp2/3-

mediated actin polymerization. Furthermore, WDR63 is shown to

mediate p53’s function in suppressing metastasis. Our study

demonstrates WDR63 as an important regulator of Arp2/3 func-

tion and provides new insights into the mechanisms of how p53

suppresses metastasis.

Results

WDR63 inhibits cell migration, invasion, and metastasis

To generate new insights into the pivotal role of p53 in suppressing

cancer metastasis, we sought to interrogate p53 target gene(s) with

ability to regulate cell migration and invasion. The previous bioin-

formatic and experimental studies have documented a large amount

of genuine and potential p53 target genes. By analyzing the top 116

p53-activated target genes identified by different genome-wide stud-

ies [45], we chose six potential p53-activated targets (CCDC90B,

NTPCR, WDR63, ZNF561, EPS8L2, and MAST4) with unknown

function for further investigation. In the wound-healing assay,

knockdown of CCDC90B, NTPCR, ZNF561, EPS8L2, or MAST4

showed no obvious effect on the migration of A549 cells (Fig EV1A

and B). Intriguingly, knockdown of WDR63 strongly enhanced

directional cell migration toward a “wound”, whereas overexpres-

sion of WDR63 markedly inhibited it in both A549 and H292 cells

(Figs 1A and EV1C–E). The inhibitory effect of WDR63 on the

migration of A549 and H292 cells was further verified by transwell

migration assay and single-cell tracking analysis (Figs 1B and C,

and EV1F–I). To examine whether WDR63 could also regulate cell

invasion, we performed transwell invasion assay. Knockdown of

WDR63 greatly increased, whereas overexpression of WDR63 signif-

icantly decreased, the invasive ability of A549 and H292 cells

(Figs 1D and EV1J). Neither knockdown nor overexpression of

WDR63 was shown to affect cell proliferation, cell cycle progres-

sion, and apoptosis (Fig EV1K–O). Collectively, these data indicate

that WDR63 specifically inhibits cell migration and invasion. In

support of this, WDR63 knockdown-increased cell migration and

invasion could be reversed by ectopic expression of shRNA-resistant

WDR63 (Figs 1E–G and EV1P and Q).

To further determine the role of WDR63 in cancer cell metastasis,

we used a xenograft model of metastasis. A549 cells expressing

control shRNA or WDR63 shRNA were injected via tail vein into

nude mice. The tumor formation in whole animals and lungs was

examined by D-luciferin-based bioluminescence. Mice that were

injected with tumor cells expressing WDR63 shRNA exhibited

enhanced tumor extravasation compared to mice injected with cells

expressing control shRNA (Fig 1H). Analysis of tumor formation in

lungs further verified the increased lung extravasation by WDR63

knockdown (Fig EV2A). Taken together, these data suggest that

WDR63, as a potential p53-activated target, inhibits cell migration,

invasion, and metastasis. In support, WDR63 was shown to be

down-regulated in both lung adenocarcinoma (LUAD) and lung

squamous cell carcinoma (LUSC) compared to their normal tissues

(Fig EV2B and C). The expression levels of WR63 were also corre-

lated with the malignancy of lung cancers, especially LUSC

(Fig EV2D and E).

WDR63 is a direct transcriptional target of p53

To verify whether WDR63 is a genuine p53 target, we first evaluated

the effect of p53 on WDR63 expression. Ectopic expression of p53

increased, whereas knockdown of p53 decreased, both mRNA and

protein levels of WDR63 in A549, H292, and HCT116 cells (Fig 2A

and B). Treatment with the DNA-damaging agents doxorubicin or

etoposide in A549 cells led to a time-dependent increase in WDR63

expression (Figs 2C and EV2F). However, this increased WDR63

expression was prevented when p53 was knocked down (Figs 2C

and EV2F), indicating that WDR63 induction upon doxorubicin or

etoposide treatment is p53-dependent. Moreover, Nutlin-3, a p53

activator [46], strongly induced WDR63 expression in A549 and

HCT116 p53+/+ cells, but not p53 knockdown in A549 and HCT116

p53�/� cells (Fig EV2G and H). Together, these results demonstrate

WDR63 as a p53-inducible gene. In accordance with the relationship

between p53 and WDR63 expression, analysis of TCGA database

revealed that WDR63 was expressed at lower levels in both LUAD

and LUSC harboring mutant TP53 gene than in TP53 wild-type

tumors (Fig EV2I and J).

To examine whether p53 transcriptionally upregulates WDR63

expression, we used three tumor-associated p53 mutants (R175H,

R273H, and G279E), which have lost the p53 transcriptional activ-

ity [5]. Unlike wild-type p53, all these three p53 mutants exhib-

ited no inducible effects on WDR63 expression (Fig 2D),

indicating that p53 could regulate WDR63 expression at the tran-

scriptional level. We next sought to explore whether WDR63 is a

direct target gene of p53. We used the JASPAR database to

inspect the upstream and intronic regions of the WDR63 gene

[47]. Two putative p53 binding sites (BS1 and BS2) were identi-

fied within the first intron (Fig 2E). Analysis of published p53

ChIP-seq datasets [48–53] revealed the potential binding of p53 to

the BS1 site (Fig 2E). The subsequent ChIP assay indeed verified

the interaction of p53 with the chromatin fragment comprising

the BS1 site (Fig 2F). To further determine whether the BS1 site

confers p53-dependent activity, luciferase reporter assay was

performed. The transcriptional activity of luciferase reporter

containing the wild-type, but not the mutant BS1 site, was

induced by ectopic expression of p53 and reduced by knockdown

of p53 (Figs 2G and EV2K). In addition, Nutlin-3 enhanced the

transcriptional activity of reporter with the wild-type BS1 site in

control A549 cells, but not in p53 knockdown A549 cells

(Fig 2H). Taken together, these data suggest that WDR63 is a

bona fide transcriptional target of p53.
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WDR63 interacts with the Arp2/3 complex

To investigate how WDR63 inhibits cell migration, invasion, and

metastasis, we employed a GST pull-down experiment to identify

WDR63-interacting proteins. The mass spectrometry analysis

revealed Arp2 as a potential interacting partner for WDR63 (Fig 3A).

Arp2 is a key component of the Arp2/3 complex, a seven-subunit

conserved complex that initiates branched actin polymerization [34].

To further verify the interaction between WDR63 and Arp2, we

performed immunoprecipitation assays. The results showed a strong

interaction between exogenously expressed WDR63 and Arp2

(Fig 3B and C). Using a co-immunoprecipitation assay with anti-

WDR63 antibody, the interaction between endogenous WDR63 and

Arp2 was readily detected (Fig 3D). Furthermore, in vitro binding

assays with purified WDR63 and Arp2 proteins showed that WDR63

is directly associated with Arp2 (Fig 3E and F). In addition to binding

to the Arp2 subunit of the Arp2/3 complex, WDR63 was also shown

to associate with Arp3, ArpC4, and ArpC5 when these proteins were

exogenously expressed (Fig 3G). However, WDR63 did not interact

with several well-known Arp2/3-regulating factors, such as coronin

1B, cortactin, N-WASP, and cofilin (Fig EV3A and B). Collectively,

these data indicate that WDR63 is a novel and specific binding part-

ner for the Arp2/3 complex. In support of this, multiple endogenous

subunits of Arp2/3, including Arp2, Arp3, ArpC2, and ArpC3, were

successfully pulled down by WDR63 (Figs 3D and EV3C).

To delineate the regions of WDR63 that are responsible for its

interaction with the Arp2/3 complex, we generated a panel of

WDR63 deletion mutants and performed an in vitro binding assay.

Similar to full-length WDR63, WDR63 deletion mutants (aa 394–891

and aa 394–817) that contain the central WD repeats region,

WDR63 (aa 201–393), and WDR63 (DWD) are strongly associated

with Arp2/3 (Fig 3H). In contrast, WDR63 (aa 1–200) exhibited no

interaction with Arp2/3 (Fig 3H). These data suggest that multiple

regions of WDR63 except the region of aa 1–200 mediate the interac-

tion with the Arp2/3 complex.

WDR63 suppresses Arp2/3-mediated actin polymerization

The Arp2/3 complex initiates the formation of the branched actin

network at the leading edge of motile cells [31]. Given the interac-

tion of WDR63 with the Arp2/3 complex, we sought to investigate

whether WDR63 could regulate Arp2/3 function. We first analyzed

the cellular localization of WDR63. The results showed that WDR63

was predominantly and evenly distributed in the cytoplasm

(Fig EV3D and E). The immunofluorescence assay revealed that

ectopic expression of WDR63 was able to inhibit FBS (fetal bovine

serum)-stimulated lamellipodia formation by impairing the recruit-

ment of Arp2 to the leading edge of migrating cells (Figs 4A and

EV3F). The pyrene actin polymerization assay showed that WDR63

dose-dependently reduced the rate of VCA-stimulated Arp2/3-

mediated actin polymerization (Fig 4B). Unlike full-length WDR63,

the Arp2/3 binding-defective mutant of WDR63 (aa 1–200) failed to

show any effect on Arp2/3-mediated actin polymerization (Fig 4C),

indicating that the interaction with Arp2/3 is critical for WDR63 to

inhibit actin polymerization. To further investigate the effect of

WDR63 on Arp2/3-dependent actin branching, we performed elec-

tron microscopy. The results showed that the fewer actin-branched

junctions were generated by Arp2/3 and VCA in the presence of

WDR63 (Fig 4D). These data collectively indicate the inhibitory role

of WDR63 in Arp2/3-mediated actin polymerization.

We next sought to investigate how WDR63 exerts its function.

The immunoprecipitation assay showed that WDR63 did not inter-

act with VCA (Fig EV3G). We therefore asked whether WDR63

could compete with VCA for binding to the Arp2/3 complex.

WDR63 indeed inhibited the association of VCA with Arp2/3 in a

dose-dependent manner (Fig 4E). However, the Arp2/3 binding-

defective mutant of WDR63 (aa 1–200) did not exhibit the similar

effect (Fig 4F), which explained why this WDR63 mutant failed to

regulate Arp2/3-mediated actin polymerization (Fig 4C). Together,

these data suggest that WDR63 suppresses Arp2/3-mediated actin

polymerization by disrupting the VCA-Arp2/3 interaction.

WDR63 inhibits cell migration and invasion through the
Arp2/3 complex

We next explored whether WDR63 regulates cell migration and

invasion via the Arp2/3 complex. WDR63 and Arp2 were knocked

down individually or combined in A549 and H292 cells. The migra-

tory ability of these cells was then examined by wound-healing,

transwell migration, and single-cell tracking assays. Knockdown of

WDR63 consistently enhanced the migration of A549 and H292 cells

(Figs 5A–C and EV4A–E). However, when Arp2 was knocked down

◀ Figure 1. WDR63 inhibits cell migration, invasion, and metastasis.

A, B A549 cells expressing control shRNA, WDR63 shRNA#1, WDR63 shRNA#2, PCDH control, or PCDH-Flag-WDR63 were subjected to wound-healing (A) and transwell
migration (B) assays. The shown images are representative of three independent experiments. Data shown are mean � SD (n = 3). **P < 0.01; ***P < 0.001; one-
way ANOVA. Scale bar in (A): 200 lm. Scale bar in (B): 100 lm. The successful knockdown and overexpression of WDR63 are shown in Fig EV1C.

C Effect of WDR63 knockdown on the migration of A549 cells was analyzed by single-cell tracking with time-lapse microscopy at 10-min intervals for 4 h. Scale bar:
200 lm. Cell migration speed, persistence, and mean-squared displacement (MSD) were also analyzed using an Excel macro described by Gorelik and Gautreau.
Data shown are mean � SD. n = 3 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; one-way ANOVA. The knockdown efficiency of WDR63 is shown
in Fig EV1G.

D A549 cells expressing control shRNA, WDR63 shRNA#1, WDR63 shRNA#2, PCDH control, or PCDH-Flag-WDR63 were subjected to transwell invasion assay. The
shown images are representative of three independent experiments. Data shown are mean � SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001; one-way ANOVA.
Scale bar: 100 lm.

E–G A549 cells expressing control shRNA, WDR63 shRNA#1, or WDR63 shRNA#1 plus shRNA-resistant Flag-WDR63 were subjected to transwell migration (E), single-cell
tracking (F), and transwell invasion (G) assays. The shown images are representative of three independent experiments. Cell migration speed, persistence, and
mean-squared displacement (MSD) were also analyzed using an Excel macro described by Gorelik and Gautreau. Data shown are mean � SD. n = 3 independent
experiments. *P < 0.05; **P < 0.01; ***P < 0.001; one-way ANOVA. Scale bar in (E and G): 100 lm. Scale bar in (F): 200 lm. The successful knockdown and
overexpression of WDR63 are shown in Fig EV1Q.

H A549 cells expressing control shRNA, WDR63 shRNA#1, or WDR63 shRNA#2 (each also expressing luciferase) were injected via tail vein into nude mice (n = 6 for
each group). Three weeks after injection, tumor formation was monitored by bioluminescence imaging. Data shown are mean � SD; *P < 0.05; one-way ANOVA.

4 of 13 EMBO reports 21: e49269 | 2020 ª 2020 The Authors

EMBO reports Kailiang Zhao et al



in these cells, WDR63 did not exhibit any effect on cell migration

(Figs 5A–C and EV4A–E). In addition, the transwell invasion assay

showed that knockdown of WDR63 greatly increased the invasive

ability of A549 and H292 cells; however, this promoting effect was

minimized by Arp2 knockdown (Figs 5D and EV4F). Similar to

knockdown of Arp2, inhibition of Arp2/3 by its specific inhibitor

CK666 also greatly reversed the enhancing effect of WDR63 knock-

down on cell migration and invasion (Fig EV4G and H). These find-

ings indicate that WDR63 indeed regulates cell migration and

invasion via the Arp2/3 complex.

To further determine whether the interaction with Arp2/3 is

essential for WDR63 to regulate cell migration and invasion, we

used two deletion mutants of WDR63 (aa 1–200 and aa 394–817)

that lost and retained the Arp2/3-binding ability, respectively

(Fig 3H). Both full-length WDR63 and WDR63 (394–817) could

reverse WDR63 knockdown-increased cell migration and invasion

(Figs 5E–G and EV4I). However, WDR63 (1–200) failed to show the

similar effect (Figs 5E–G and EV4I). Taken together, these data

suggest that WDR63 inhibits cell migration and invasion through

interacting with the Arp2/3 complex.

WDR63 mediates p53’s function in suppressing cell migration,
invasion, and metastasis

p53 plays a critical role in inhibiting cancer metastasis. Given the

above findings that WDR63 is transcriptionally upregulated by p53
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Figure 2. WDR63 is a transcriptional target of p53.

A WDR63 mRNA and protein levels in A549, H292, and HCT116 cells transduced with empty vector (PCDH) or PCDH-p53. Data shown are mean � SD; n = 3
independent experiments. **P < 0.01; ***P < 0.001; two-tailed Student’s t-test.

B WDR63 mRNA and protein levels in A549, H292, and HCT116 cells transduced with control (shctrl) or p53 (shp53) shRNA. Data shown are mean � SD; n = 3
independent experiments. ***P < 0.001; two-tailed Student’s t-test.

C A549 cells expressing control or p53 shRNA were treated with doxorubicin (Dox, 1 lg/ml) for the indicated periods of time. WDR63 mRNA and protein levels were then
examined. Data shown are mean � SD; n = 3 independent experiments. ***P < 0.001; two-tailed Student’s t-test.

D WDR63 mRNA levels in H1299 cells transfected with empty vector (�), wild-type p53, or the indicated p53 mutants. Data shown are mean � SD; n = 3 independent
experiments. ***P < 0.001; two-tailed Student’s t-test.

E Schematic illustration of the first two exons of WDR63 gene. BS1 and BS2 represent 2 putative p53 binding sites predicted by the JASPAR database. Black bars
represent p53 binding sites identified in the indicated p53 ChIP-seq datasets. The pGL3-based wild-type and mutant reporter constructs used for luciferase assay are
also shown.

F Lysates from A549 cells were subjected to ChIP assay using control IgG or anti-p53 antibody. ChIP products were amplified by real-time PCR. Data shown are
mean � SD; n = 3 independent experiments. ***P < 0.001; two-tailed Student’s t-test.

G A549 cells were transfected with empty vector (ctrl) or Flag-p53 plus the indicated reporter constructs. Twenty-four hours later, reporter activity was measured. Data
shown are mean � SD; n = 3 independent experiments. **P < 0.01; ***P < 0.001; two-tailed Student’s t-test.

H A549 cells expressing control or p53 shRNA were transfected with pGL3-BS1 and Renilla luciferase plasmids. Twenty-four hours later, cells were treated with or
without Nutlin (10 lM) for another 12 h. Reporter activity was then measured. Data shown are mean � SD; n = 3 independent experiments. **P < 0.01; two-tailed
Student’s t-test.
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and WDR63 is able to inhibit cell migration, invasion, and metasta-

sis, we asked whether WDR63 could mediate p53’s function in

suppressing cancer metastasis. Knockdown of p53 significantly

enhanced the migration and invasion of both A549 and H292 cells,

however, which was reversed by ectopic expression of WDR63

(Figs 6A–D and EV5A–D). We next evaluated the effects of WDR63

deletion mutants (aa 1–200 and aa 394–817) on p53-regulated cell

migration and invasion. Similar to full-length WDR63, WDR63

(394–817), which retained the Arp2/3-binding ability, was able to

reduce p53 knockdown-increased cell migration and invasion

(Figs 6E and F, and EV5E and F). However, WDR63 (aa 1–200),

which lost the Arp2/3-binding ability, failed to show any effect on

p53-regulated cell migration and invasion (Figs 6E and F, and EV5E

and F), indicating the critical role of the WDR63–Arp2/3 axis in

mediating the suppressive effect of p53 on cell migration and inva-

sion. By using a xenograft model of metastasis, we showed that

knockdown of p53 dramatically increased lung extravasation of

A549 cells (Figs 6G and EV5G). However, the promoting effect of

p53 knockdown on lung extravasation was greatly abolished by

overexpression of WDR63 (Figs 6G and EV5G). These results

116

66

Pull down

45

35

25

Arp2

GST-WDR63

Arp2 Peptides identified  in 
WDR63 IP:

ILLTEPPMNPTK

DLMVGDEASELR
SMLEVNYPMENGIVR
VGNIEIKDLMVGDEASELR

1
2
3
4

A

B C
D

E G H

F

WDR63
1-200

ΔWD

WD
repeat

Coiled coil
domain

394-891

-

+
+

Binding potential

+

201-393 +

394-817 +

HA-Arp2

Flag-WDR63
45

Flag-WDR63

+
+HA-Arp2 +

- +
++

-

Input IP: anti-Flag

116

G-WDR63116

Flag-Arp2

Flag-Arp2 +
+GFP-WDR63 +

- +
++

-

Input IP: anti-Flag

45

Arp2

WDR63

Input

45

116

IP

Arp3

ArpC2

ArpC3

45
35

25

GST-Arp2

GST

116 F-WDR63

66

25

45

116

35

Input Pull-down

GST-WDR63

GST

45 Arp2

66

25

45

116

35

Input Pull-down

45

45

G-WDR63

F-Arp2
F-Arp3

In
pu

t
IP

:a
nt

i-F
la

g

Flag- -
GFP-WDR63 + + + + + + + +

F-ArpC1
F-ArpC2

F-ArpC3
F-ArpC4
F-ArpC5

GFP-WDR63

F-Arp2
F-Arp3

F-ArpC1
F-ArpC2

F-ArpC3
F-ArpC4
F-ArpC5

25

35

18

116

25

35

18

116

F-WDR63 -
Arp2/3 complex + + + + +

45

66

35

45

116

25

45

Pull-down

Input

F-WDR63(1-200)

F-WDR63-FL

F-WDR63(ΔWD)

F-WDR63(394-817)

Arp2

Arp2

F-WDR63(201-393)

F-WDR63(394-891)

+ +-

Figure 3. WDR63 interacts with the Arp2/3 complex.

A A ~ 44 kD protein band specifically pulled down by GST-WDR63 from A549 cell lysates was identified as Arp2 by mass spectrometry analysis. The Arp2 peptide
sequences obtained by MS are shown.

B Lysates from HEK293T cells expressing HA-Arp2 alone or together with Flag-WDR63 were immunoprecipitated by anti-Flag antibody, followed by Western blot
analysis. Data shown represent three independent experiments.

C Lysates from HEK293T cells expressing GFP-WDR63 alone or together with Flag-Arp2 were immunoprecipitated by anti-Flag antibody, followed by Western blot
analysis. Data shown represent three independent experiments.

D Lysates from A549 cells were immunoprecipitated with control IgG or anti-WDR63 antibody, followed by Western blot analysis. Data shown represent three
independent experiments.

E Purified GST or GST-Arp2 proteins immobilized on glutathione beads were incubated with purified Flag-WDR63. Input and bead-bound proteins were analyzed by
Western blot. Data shown represent three independent experiments.

F Purified GST or GST-WDR63 proteins immobilized on glutathione beads were incubated with purified Arp2. Input and bead-bound proteins were analyzed by Western
blot. Data shown represent three independent experiments.

G Lysates from HEK293T cells expressing GFP-WDR63 alone or together with the indicated Flag-tagged each single subunit of the Arp2/3 complex were
immunoprecipitated with anti-Flag antibody, followed by Western blot analysis. Data shown represent three independent experiments.

H Purified Flag-tagged full-length or the indicated truncated WDR63 proteins immobilized on anti-Flag M2 beads were incubated with the purified Arp2/3 complex
(Cytoskeleton, Inc.) in vitro. Input and bead-bound proteins were analyzed by Western blot. Data shown represent three independent experiments.
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demonstrate that WDR63 is an important mediator of p53 in

suppressing cell migration, invasion, and metastasis.

Discussion

The tumor suppressor p53 plays a prominent role in the protec-

tion against cancer [2,54]. Increasing evidence suggests a suppres-

sive function of p53 in cancer metastasis [13,55]. The tumor-

derived p53 mutants also gain additional functions that promote

metastasis [14,56]. It has been well recognized that as a master

transcription factor, p53 transcribes its target genes to regulate a

variety of cellular processes, which is central to its role as a

tumor suppressor. While previous studies on the tumor-suppres-

sive function of p53 are mainly focused on its canonical anti-

proliferative effects, such as apoptosis, cell cycle arrest, and senes-

cence, the mechanism of how p53 suppresses metastasis is much

less understood. Therefore, identification of new p53-responsive

target with ability to regulate cell migration and invasion is of

great importance to the comprehensive understanding of p53 biol-

ogy. In this study, we report WDR63 as a bona fide transcrip-

tional target of p53. The importance of p53-induced WDR63

expression is also supported by the observation that WDR63 was

expressed at lower levels in LUAD and LUSC harboring mutant

TP53 gene. Functionally, WDR63 is able to mediate p53’s function

in suppressing metastasis through inhibiting Arp2/3-mediated

actin polymerization. Therefore, WDR63 is an important player in

the regulation of p53 function.

WDR63 is the orthologue of the Chlamydomonas inner dynein

arm intermediate chain (IC) gene IC140 [57]. Via the association

with WDR78 (IC138 orthologue), WDR63 is potentially involved in

the regulation of cilia function [58]. WDR63 is also able to enhance

osteogenic differentiation of dental tissue-derived mesenchymal

stem cells [59]. The intragenic deletion of WDR63 has been
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Figure 4. WDR63 suppresses Arp2/3-mediated actin polymerization.

A Immunolocalization of Arp2 in a wound-healing assay. A549 cells expressing control or WDR63 were serum-starved for 6 h before they were scratched. Cells were
then treated with or without 10% FBS for 30 min, followed by immunofluorescence assay. The branched actin networks were shown by immunostaining with anti-
cortactin antibody. Data shown represent three independent experiments. Scale bar: 20 lm. The lamellipodia formation was quantified by measuring the length of
the outer margin of lamellipodia in individual cell (n = 20 for each condition) and expressed as the proportion of the total length of the cell perimeter. Data shown
are mean � SD; n = 3 independent experiments. ***P < 0.001; one-way ANOVA.

B, C Effects of full-length WDR63 (B) and WDR63 (1–200) (C) on Arp2/3-mediated actin polymerization were examined by pyrene actin polymerization assays. Various
concentrations of WDR63 (B) or WDR63 (1–200) (C) were incubated with 2 lM actin (50% pyrene-labeled), 10 nM Arp2/3, and 400 nM GST-VCA as indicated. Data
shown represent three independent experiments.

D Effect of WDR63 on Arp2/3-mediated branched actin polymerization was analyzed by electron microscopy. 0.6 lM WDR63 was incubated with 2 lM actin, 10 nM
Arp2/3, and 400 nM GST-VCA as indicated. Actin structures were then stabilized with addition of 2 lM phalloidin, followed by electron microscopy analysis. The
arrows indicate actin branch junctions. The percentage of branched actin filaments was expressed as the ratio of the number of actin filaments with branch
junctions to the total numbers of actin filaments. For each condition, over 150 actin filaments were counted. Data shown are mean � SD; n = 3 independent
experiments. ***P < 0.001; two-tailed Student’s t-test. Scale bar: 200 nm.

E, F Increasing amounts of purified Flag-WDR63 (0.1, 0.2, and 0.4 lM) (E) or Flag-WDR63 (1–200) (0.25, 0.5, and 1 lM) (F) were incubated with the Arp2/3 complex
(10 nM) and GST-VCA as indicated in vitro, followed by GST pull-down assay. Data shown represent three independent experiments.
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implicated in human occipital encephalocele [60]. However, the

detailed function of WDR63 awaits further characterization.

Here, we clearly demonstrate that WDR63 is a negative regulator

of cell migration and invasion. Further mechanistic investigation

shows that WDR63 exerts its function through the Arp2/3 complex.

WDR63 is able to interact with the Arp2/3 complex. As a result,

WDR63 suppresses Arp2/3-mediated actin polymerization by

competing with VCA for binding to the Arp2/3 complex. The inter-

action with Arp2/3 appears to be essential for WDR63 to inhibit

Arp2/3 function, as revealed by the findings that the Arp2/3 bind-

ing-defective mutant of WDR63 (1–200) fails to show any regulatory

effect on Arp2/3-mediated actin polymerization, cell migration, and

invasion. It has been shown that in agreement with the important

role of Arp2/3-mediated actin polymerization in cell migration [61],

the deregulation of the Arp2/3 complex and its regulators has been

linked to the progression of a variety of human cancers, indicating

the important role of the Arp2/3 system in the regulation of cancer

progression [62]. Therefore, it is not surprising that accompanying

with the inhibitory effect of WDR63 on cell migration and invasion,

WDR63 is able to suppress lung extravasation of A549 cells.

As mentioned earlier, due to the low intrinsic actin nucleation

activity of Arp2/3 on its own, Arp2/3 needs to be activated by

nucleation-promoting factors (NPFs). However, the NPFs normally

adopt an autoinhibitory conformation [35]. The VCA domains used

to stimulate Arp2/3 have to be released from this inhibition by

convergent signals involving activated Rho family GTPase [63].

For example, cell migration and invasion involve activation of

Rac1 and Cdc42, resulting in NPF-stimulated Arp2/3-mediated

actin polymerization [64]. It has been previously reported that p53

is capable of inhibiting the activity of Rac1 and Cdc42 [19,21].

We here show that p53-induced WDR63 is able to suppress

Arp2/3-mediated actin polymerization. Therefore, it is possible that
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Figure 5. WDR63 inhibits cell migration and invasion through the Arp2/3 complex.

A–D A549 cells expressing control shRNA, WDR63 shRNA#1, Arp2 shRNA, or both WDR63 and Arp2 shRNA were subjected to wound-healing (A), transwell migration (C),
and transwell invasion (D) assays. Lysates from these cells were also analyzed by Western blot (B). The shown images are representative of three independent
experiments. Data shown are mean � SD (n = 3). *P < 0.05; ***P < 0.001; N.S., no significance; one-way ANOVA. Scale bar in (A): 200 lm. Scale bars in (C and D):
100 lm.

E–G A549 cells expressing either control shRNA or WDR63 shRNA#1 were infected with lentiviruses expressing Flag-tagged full-length or truncated WDR63 proteins as
indicated. Cells were then subjected to transwell migration (E) and transwell invasion (G) assays. Lysates from these cells were also analyzed by Western blot (F).
The shown images are representative of three independent experiments. Data shown are mean � SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001; one-way ANOVA.
Scale bar: 100 lm.

8 of 13 EMBO reports 21: e49269 | 2020 ª 2020 The Authors

EMBO reports Kailiang Zhao et al



p53 may inhibit cell migration and invasion through both Rho

GTPase- and WDR63-dependent regulation of Arp2/3-mediated

actin polymerization. Together, our study reveals that WDR63 is

an important mediator of p53 in suppression of metastasis.

Although we here clearly show that WDR63 mediates p53’s func-

tion in suppressing cell migration and invasion, it is unlikely that

WDR63 is the only determinant of the metastasis-suppressive func-

tion for p53, because it has been previously reported that p53 is

capable of inhibiting metastasis via several other mechanisms. For

instance, p53 is able to inhibit tumor invasion and metastasis by

down-regulating IDO1 expression [65]. In addition, the p53/p21

complex is shown to suppress cancer cell invasion by targeting

Bcl-2 family proteins [66]. Moreover, a polymorphism in TP53 at

amino acid 72 enhances migration and invasion of tumors through

the ability to bind and regulate PGC-1ɑ [67]. These findings

indicate that p53 may exert its function in suppressing metastasis

through multiple different mechanisms.

Materials and Methods

Reagents and antibodies

The following reagents were used in this study: doxorubicin (Sigma,

1 lg/ml), doxycycline (Sigma, 1 lg/ml), etoposide (Sigma, 50 lM),

CK666 (Sigma, 100 lM), Nutlin-3 (Sigma, 10 lM), FITC-labeled

phalloidin (Sigma, P5282), complete EDTA-free protease inhibitor

cocktail (Roche Applied Science), glutathione beads (GE Healthcare),

antibodies against Arp2 (Santa Cruz, sc-166103, 1: 1:500), Arp3

(Proteintech, 13822-1-AP, 1:200), ArpC2 (Proteintech, 15058-1-AP,
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Figure 6. WDR63 mediates p53’s function in suppressing cell migration, invasion, and metastasis.

A–D A549 cells expressing control shRNA, p53 shRNA, or p53 shRNA plus Flag-WDR63 were subjected to wound-healing (A), transwell migration (C), and transwell
invasion (D) assays. Lysates from these cells were also analyzed by Western blot (B). The shown images are representative of three independent experiments. Data
shown are mean � SD (n = 3). **P < 0.01; ***P < 0.001; one-way ANOVA. Scale bar in (A): 200 lm. Scale bars in (C and D): 100 lm.

E, F A549 cells expressing either control shRNA or p53 shRNA were infected with lentiviruses expressing Flag-tagged full-length or truncated WDR63 proteins as
indicated. Cells were then subjected to transwell migration (E) and transwell invasion (F) assays. The shown images are representative of three independent
experiments. Data shown are mean � SD (n = 3). *P < 0.05; ***P < 0.001; one-way ANOVA. Scale bar: 100 lm. The successful knockdown of p53 and
overexpression of WDR63 proteins are shown in Fig EV5F.

G A549 cells expressing control shRNA, p53 shRNA, or p53 shRNA plus Flag-WDR63 (each also expressing luciferase) were injected via tail vein into nude mice (n = 6
for each group). Three weeks after injection, tumor formation was monitored by bioluminescence imaging. Data shown are mean � SD; *P < 0.05; one-way
ANOVA.
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1:200), ArpC3 (Proteintech, 14652-1-AP, 1:200), WDR63 (Abcam,

ab216126, 1:200), p53 (Santa Cruz, sc-126, 1:1,000), p21 (Sigma,

P1484, 1:4,000), GAPDH (Santa Cruz, sc-166545, 1:5,000), GFP

(Santa Cruz, sc-9996, 1:1,000), Flag for WB (Sigma, F3165, 1:4,000),

Flag for immunofluorescence (Proteintech, 20543-1-AP, 1:200), HA

for WB (Sigma, H9658, 1:4,000), HA for immunofluorescence

(Sigma, H9658, 1:200), cortactin for immunofluorescence (Protein-

tech, 11381-1-AP, 1:200), HRP-conjugated secondary antibodies

against mouse (115-035-062, 1:10,000) and rabbit (111-035-144,

1:10,000) (Jackson ImmunoResearch), rhodamine-conjugated

secondary antibodies against mouse (115-025-146, 1:200) and rabbit

(111-025-144, 1:200) (Jackson ImmunoResearch), FITC-conjugated

secondary antibody against mouse (115-095-146, 1:200) (Jackson

ImmunoResearch), and normal mouse and rabbit IgG (Santa Cruz,

sc-2025 and sc-2027).

Cell culture

A549, H292, and H1299 cells were maintained in RPMI 1640 medium

(Sigma) supplemented with 10% FBS and 1% penicillin/strepto-

mycin. HCT116 and HEK293T cells were cultured in DMEM (Invitro-

gen) supplemented with 10% FBS and 1% penicillin/streptomycin.

All cell lines were routinely tested for mycoplasma contamination.

Generation of the lentiviral expression system

To generate lentiviruses expressing the indicated shRNAs, HEK293T

cells were transfected with shRNAs (cloned in PLKO.1), pREV,

pGag/Pol/PRE, and pVSVG with a ratio of 2:2:2:1. To generate lenti-

viruses expressing the indicated proteins, HEK293T cells were trans-

fected with PCDH-based construct, pmd2.g, and pspax2 with a ratio

of 2:1:2. Twelve hours after transfection, cells were cultured in fresh

medium for another 24 h. The culture medium containing lentivirus

particles was filtered through a 0.45-lm PVDF filter and used for

infection. The shRNA target sequences are listed in Table EV1.

Real-time RT–PCR

1 lg of total RNA isolated using TRIzol reagent (Invitrogen) was

used to synthesize cDNA using the PrimeScriptTM RT Reagent Kit

(TaKaRa) according to the manufacturer’s instructions. Real-time

PCR was performed using SYBR Premix EX Taq (TaKaRa) and

analyzed with the StepOnePlus Real-Time PCR System (Thermo

Fisher Scientific). The primer sequences are shown in Table EV1.

Protein expression and purification

The DNA sequence encoding WDR63 or Arp2 was cloned into

pGEX-4T-1 vector, which contains a TEV protease cleavage site. The

constructs were transformed into Escherichia coli Rosetta 2 (DE3).

After induction with isopropyl D-thiogalactoside for 20 h at 16°C,

GST-fusion proteins were purified by glutathione affinity chromatog-

raphy. To obtain GST tag-free Arp2, the glutathione bead-bound

GST-Arp2 was incubated with TEV protease.

To overexpress Flag-WDR63 or Flag-WDR63 (1–200) proteins,

Flag-WDR63 or Flag-WDR63 (1–200)-expressing construct was

transfected into HEK293T cells. Cell lysates were immunoprecipi-

tated with anti-Flag M2 beads (Sigma). To remove non-specific

binding proteins, the beads were sequentially washed with lysis

buffer containing 0.25, 0.5, and 1 M KCl as we previously described

[68]. The bead-bound Flag-tagged proteins were eluted with 3× Flag

peptide (Sigma).

GST pull-down and immunoprecipitation

For the GST pull-down assay, GST-fusion proteins immobilized on

glutathione beads were incubated with the indicated proteins in the

pull-down buffer (50 mM Tris–HCl, pH 7.4, 150 mM NaCl, and

0.5% Triton X-100) for 4 h at 4°C. Input and bead-bound proteins

were analyzed by Western blot. For the immunoprecipitation assay,

cells were lysed in IP lysis buffer (50 mM Tris–HCl, pH 7.4, 0.5%

NP-40, 0.5% Triton X-100, 150 mM NaCl, 1.5 mM MgCl2, 1 mM

EDTA, and 10% glycerol) supplemented with 1× protease inhibitor

cocktail. Cell lysates were pre-cleared with protein A/G-coupled

Sepharose beads for 2 h before they were immunoprecipitated with

the indicated antibodies. The input and immunoprecipitates were

then analyzed by Western blot.

Identification of Arp2 as a WDR63-interacting protein

To identify WDR63-interacting proteins, we employed a GST pull-

down experiment. 1 × 107 A549 cells were lysed in IP lysis buffer

(50 mM Tris–HCl, pH 7.4, 0.5% NP-40, 0.5% Triton X-100, 150 mM

NaCl, 1.5 mM MgCl2, 1 mM EDTA, and 10% glycerol) supple-

mented with 1× protease inhibitor cocktail. Cell lysates were then

incubated with purified GST or GST-WDR63 immobilized on

glutathione beads. After extensive washing, bead-bound proteins

were separated by SDS–PAGE and visualized by Coomassie blue

staining. The strong protein bands specifically present in GST-

WDR63 pull-down complex were analyzed by mass spectrometry,

and a ~ 44 kD protein band was identified as Arp2.

Chromosome immunoprecipitation assay

The chromosome immunoprecipitation (ChIP) assay was performed

by using the ChIP Assay Kit (Beyotime Biotechnology, Shanghai,

China) as we previously described [69]. Normal mouse IgG and

anti-p53 antibody were used for immunoprecipitation. The bound

DNA fragments were analyzed by real-time PCR using the specific

primers (Table EV1).

Luciferase reporter assay

To determine whether WDR63 is transcriptionally regulated by p53,

A549 cells expressing control shRNA or p53 shRNA, or A549 cells

expressing control or Flag-p53 were transfected with the indicated

pGL3-based reporter constructs plus Renilla luciferase plasmid.

Twenty-four hours later, firefly and Renilla luciferase activities were

measured by the Dual-Luciferase Reporter Assay System (Promega),

and Renilla luciferase activity was used to normalize firefly luci-

ferase activity.

Pyrene actin polymerization assay

The pyrene actin polymerization assay was performed using the

Actin Polymerization Biochem Kit (Cytoskeleton, Inc.) according to
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the manufacturer’s instructions. The Arp2/3 protein complex and

GST-tagged VCA domain of WASP were also purchased from

Cytoskeleton, Inc. Reaction conditions were: 2 lM actin (50%

pyrene-labeled), 10 nM Arp2/3, and 400 nM VCA plus full-length

WDR63 or WDR63 (1–200) at the indicated concentrations. Pyrene

fluorescence was recorded using a CLARIOstar microplate reader

(BMG LABTECH) at excitation and emission wavelengths of 365

and 407 nm, respectively.

Electron microscopy

To examine the effect of WDR63 on Arp2/3-stimulated branched

actin polymerization, 0.6 lM WDR63 was incubated with 2 lM
actin, 10 nM Arp2/3, and 400 nM GST-VCA for 20 min at 25°C in

the polymerization buffer (5 mM Tris–HCl, pH 8.0, 50 mM KCl,

2 mM MgCl2, 0.2 mM CaCl2, 5 mM guanidine carbonate, 1 mM

ATP, and 1 mM DTT). Actin structures were then stabilized with

addition of 2 lM phalloidin. Negative staining was used to visualize

F-actin under electron microscopy. The samples were loaded onto

copper grids coated with formvar and carbon for 90 s, and excess

liquid was removed with filter paper. Actin bound on the grids was

washed twice and stained with 2% uranyl acetate (Sigma) for 90 s.

Excess liquid was removed, and grids were air-dried. Electron

microscopy observation was performed using a transmission elec-

tron microscope (Tecnai Spirit, FEI) operated at 120 kV. The

percentage of branched actin filaments was expressed as the ratio of

the number of actin filaments with branch junctions to the total

numbers of actin filaments. For each condition, over 150 actin fila-

ments were counted.

Cell migration and invasion assays

The wound-healing and transwell migration assays were used to

measure cell migratory ability. The transwell invasion assay was

used to examine cell invasive ability. For the wound-healing assay,

cells seeded in six-well plate were serum-starved for 6 h, and then,

a straight scratch was created using a pipette tip. Wound healing

was observed at 24 h after wounding. The transwell system (Corn-

ing) was used for cell migration and invasion studies according to

the manufacturer’s instructions. Briefly, cells in serum-free medium

were seeded into the upper uncoated (migration assay) or Matrigel-

coated chamber (invasion assay). Medium containing 10% FBS was

placed in the lower chamber as a chemoattractant. Twenty-four

hours later, cells migrated/invaded to the lower surface were fixed

and stained with 0.1% crystal violet. The stained cells were then

photographed, and the numbers of cells counted in three randomly

chosen fields (200×) were averaged.

Single-cell tracking analysis

Cells were cultured in glass-bottomed dish with Leibovitz’s L-15

medium (Gibco) and placed in a temperature-controlled chamber.

The movement of cells was tracked with time-lapse microscopy at

10-min intervals for 4 h. Cell migration paths were then analyzed

using ImageJ software (NIH) and Microsoft Excel program. Cell

migration speed, persistence, and mean-squared displacement

(MSD) were also analyzed using an Excel macro described by Gore-

lik and Gautreau [70].

In vivo lung metastasis assay

A549 stable cell lines (2 × 106) were injected into 6-week-old Balb/c

nude mice via tail vein (n = 6 in each group were from three inde-

pendent experiments). Tumor formation in whole animals was

analyzed 3 weeks later. The mice were injected with D-luciferin and

imaged for 5 min using the IVIS Spectrum Imaging System (Perki-

nElmer). To evaluate tumor extravasation into lungs, mice were

sacrificed 6 weeks later. The lungs were then dissected and imaged.

Quantification was performed by Living Image software (Perki-

nElmer). Studies on mice were conducted with approval from the

Animal Research Ethics Committee of the University of Science and

Technology of China.

Reproducibility

Each experiment was repeated independently at least three times

with similar results.

Statistical analysis

Statistical analysis was carried out using Microsoft Excel software

and GraphPad Prism to assess differences between experimental

groups. Statistical significance was analyzed by two-tailed Student’s

t-test or one-way ANOVA and expressed as a P-value. P < 0.05 was

considered to be statistically significant. *, **, and *** indicate

P < 0.05, P < 0.01, and P < 0.001, respectively. N.S. indicates no

significance.

Expanded View for this article is available online.
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