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Abstract 

The characteristic of carcinoma is cell migration and invasion, which involve in strong actin 
dynamics. Regulations of actin dynamics have been implicated in cancer cell migration and tumor 
progression. WDR1 (WD-repeat domain 1) is a major cofactor of the actin depolymerizing factor 
(ADF)/cofilin, strongly accelerating ADF/cofilin-mediated actin disassembly. The role of WDR1 in 
non-small cell lung cancer (NSCLC) progression has been unknown. Here, we show that the 
expression levels of WDR1 are increased in human NSCLC tissues compared with adjacent 
non-tumor tissues, and high WDR1 level correlates with poor prognosis in NSCLC patients. 
Knockdown of WDR1 in NSCLC cells significantly inhibits cell migration, invasion, EMT process and 
tumor cell growth in vitro and in vivo. Otherwise, overexpression of WDR1 promotes NSCLC cell 
proliferation and migration. Mechanically, our data suggested WDR1 regulated tumor cells 
proliferation and migration might through actin cytoskeleton-mediated regulation of YAP, and we 
demonstrated that WDR1 contributes to NSCLC progression through ADF/cofilin-mediated actin 
disassembly. Our findings implicate that the ADF/cofilin-WDR1-actin axis as an activator of 
malignant phenotype that will be a promising therapeutic target in lung cancer. 
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Introduction 
Lung cancer is the leading cause of cancer- 

related mortality, and is a serious public health 
problem worldwide [1]. Lung cancer includes two 
main histological types: small cell lung cancer (SCLC) 
and non-SCLC (NSCLC), NSCLC accounts for 
approximately 85% of all cases of lung cancer [2]. 
Despite advances in early diagnosis and clinical 
therapies, while lacking early symptoms characte-

ristics, patients with NSCLC are often diagnosed at an 
advanced stage and have a poor prognosis, and the 
5-year survival is only 16% independent of the tumor 
stage and size [3, 4]. Therefore, it is urgent to elucidate 
the underlying molecular pathways and mechanisms 
contributing to the NSCLC progression.  

Actin filaments simultaneously undergo 
assembly at their barbed ends and disassembly at 
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their pointed ends under physiological conditions, 
which was known as actin dynamics [5]. Actin 
dynamics are critical for cell shape regulation and 
motility, and are regulated by various actin-binding 
proteins [6, 7]. ADF (actin depolymerizing factor)/ 
cofilin is the major factor enhancing severing of actin 
filaments (F-actin) and depolymerization of mono-
meric actin (G-actin) from the pointed ends [8]. WDR1 
(WD-repeat domain 1), the mammalian homolog of 
AIP1 (actin interacting protein 1) in Drosophila, is a 
major cofactor of ADF/cofilin that can strongly 
accelerate the disassembly of ADF/cofilin-bound 
actin filaments by capping the barbed ends of 
ADF/cofilin-severed filaments and blocking their 
re-annealing and elongation [9, 10]. WDR1 is highly 
conserved across all eukaryotes, and has been shown 
to act together with ADF/cofilin to promote actin 
dynamics in various actin-based processes, including 
cell migration, cytokinesis [8, 9, 11]. In addition, our 
research group showed that WDR1 and ADF/cofilin 
are both required for Drosophila eye epithelial 
E-cadherin dynamics, and mammalian myocardial 
growth and maintenance [12, 13].  

The characteristic of carcinoma is cell migration 
and invasion, which require strong actin dynamics: 
F-actin continuously undergoes rapid assembly 
and/or disassembly to form lamellipodia at the 
leading direction, and then pushes cell to migrate [14]. 
Actin dynamics have been related to cancer cell 
migration and tumor progression [15-17]. It has been 
shown that ADF/cofilin mediated actin dynamics is 
required for invasive cancer metastasis and migration 
in prostate cancer, breast cancer, astrocytoma and 
gastric cancer [18-21]. In addition, WDR1 was sig-
nificantly upregulated in highly metastatic cell line 
compared to the low metastatic potential cell line in 
gallbladder carcinoma [22]. Consistently, WDR1 
promoted breast cancer cells migration, and WDR1 
overexpression was found in invasive ductal 
carcinoma and associated with poor survival in breast 
cancer patients [23, 24]. However, the role of WDR1 in 
NSCLC progression has not yet been 
comprehensively studied and involved molecular 
mechanisms are unknown. 

Here, we showed that WDR1 was up-regulated 
in human NSCLC tissues and high WDR1 level 
correlated with reduced overall survival in NSCLC 
patients. For the first time we set out to compre-
hensively uncover the potential roles of WDR1 in 
NSCLC progression and the involved mechanism, 
and we showed that WDR1 contributed to malignant 
processes in NSCLC, such as tumor cell growth, 
migration, invasion and the epithelial–mesenchymal 
transition (EMT) process. Mechanically, our data 
suggested that WDR1 regulated tumor cells 

proliferation and migration might through actin 
cytoskeleton-mediated regulation of YAP, the key 
relay for the transduction of actin cytoskeleton 
reorganization to gene transcriptional program, and 
we demonstrated that WDR1 contributed to NSCLC 
progression through ADF/cofilin-mediated actin 
disassembly. Our findings suggest that the WDR1/ 
cofilin-actin axis will be a promising therapeutic 
target in lung cancer. 

Results 
High WDR1 expression level correlates with 
reduced overall survival in NSCLC patients 

To investigate the potential role of WDR1 in 
NSCLC patients, we measured the mRNA level of 
WDR1 in human NSCLC tissues and its matched 
adjacent non-tumor tissues by quantitative real-time 
PCR (qPCR) assay. Our results showed that the 
mRNA level of WDR1 was significantly increased in 
NSCLC tissues compared to adjacent non-tumor 
tissues (Figure 1A). To evaluate the relationship 
between the expression level of WDR1 and patient 
prognosis, we performed Kaplan-Meier survival 
analysis (http://kmplot.com) [25]. Analysis of the 
cohort containing about 960 NSCLC patients revealed 
that high WDR1 expression level correlates with 
reduced overall survival (HR=1.43, log-rank 
P=3.7E-08) (Figure 1B). We also analyzed this 
relationship in another online tool (http:// 
www.oncolnc.org), and found high WDR1 expression 
level correlates with reduced survival in lung 
adenocarcinoma (P=0.0428) and lung squamous 
carcinoma (P=0.193) (Figure S1). Thus, these results 
indicated that the expression of WDR1 was altered in 
NSCLC tissues relative to adjacent normal tissues, 
and patients with higher WDR1 expression levels 
exhibited shorter survival, suggesting that WDR1 
might have an oncogenic role in the progression of 
NSCLC. 

WDR1 promotes NSCLC cell growth in vitro  
To further investigate the biological function of 

WDR1 in NSCLC in vitro, we chose A549, H1299 and 
H226 cell lines, in which the expression levels of 
WDR1 were shown in Figure S1. In A549, H1299 and 
H226 cells, we generated cells with stable knockdown 
and overexpression of WDR1 by infecting lentiviruses 
that stable expressing shRNA, and PCDH-WDR1 
plasmid, respectively. The efficiencies of WDR1 
knockdown and overexpression were determined by 
western blotting analysis. Compared with the 
responding control cells, the expression levels of 
WDR1 were profoundly reduced in shWDR1 cells, 
and were increased in WDR1 overexpressed cells 
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(Figure 2A). To dissect the functions of WDR1 in 
NSCLC cell growth, cell proliferation assay and 
colony formation assay were carried out. As shown in 
Figure 2B-D, compared with shCTL, WDR1 stable 
knockdown cells showed significant declines in 
proliferative rate (A549, H1299 and H226 cells) and 
the potential of colony formation (A549 cells), 
whereas overexpression of WDR1 increased cell 
proliferation in H226 cells. TUNEL staining did not 
reveal any differences between shWDR1 and shCTL 
cells, indicating that knockdown of WDR1 did not 
induce cell apoptosis (Figure S2). 

To dissect the possible mechanism that WDR1 
promotes NSCLC cell proliferation, we checked the 
effect of WDR1 on cell cycle progression. Many 
molecules involved in cell cycle were detected by 
western blotting analysis in A549 cells. As shown in 
Figure 2E and 2F, compared with shCTL cells, in 
shWDR1 cells, the protein level of cell cycle inhibitor 
p27 was elevated and that of P21 was not significantly 
increased, whereas, expression levels of cell cycle 
regulators cyclin A2, cyclin B1, cyclin D1, cyclin E and 
Cdk1 were substantially decreased. Further, qPCR 
results supported western blotting findings and 
revealed increased level of p27, decreased levels of 
cyclin A2, cyclin B1, cyclin D1, cyclin E and Cdk1 
(Figure S3). 

WDR1 positively regulates cell migration, 
invasion and induces EMT process in vitro 

To characterize the effect of WDR1 on cell 
migration and invasion, wound healing assay and 

matrigel invasion assay were performed. Wound 
healing assay showed that, knockdown of WDR1 
resulted in a significant inhibition of wound closure, 
compared with control cells (shCTL) (Figure 3A). In 
addition, overexpression of WDR1 promoted cell 
migration (Figure 3B). Consistent with the result of 
wound healing assay, Wdr1 depleted cells exhibited 
significantly decreased invading ability (Figure 3C). 
These data revealed that WDR1 promotes motility 
and invasion of NSCLC cells in vitro. 

Tumor cells invasion and metastasis through a 
series of critical steps that involve morphological 
changes known as EMT, which requires strong 
cytoskeletal reorganization [26]. To dissect whether 
WDR1 induced EMT, various key molecules involved 
in EMT process were examined by western blotting 
analysis in A549 cells. Protein levels of two 
mesenchymal markers N-cadherin and Vimentin 
were remarkably decreased, and that of the epithelial 
marker E-cadherin was dramatically increased, 
indicating an inactivated EMT process in shWDR1 
cells (Figure 3D and E). Further, we analyzed the 
expression levels of EMT-inducing transcription 
factors and found that, in shWDR1 cells, the level of 
ZEB1 was significantly decreased, snail and twist 
levels were reduced, but not significantly (Figure 3D 
and E). Immunofluorescence staining for E-cadherin 
and N-cadherin further confirmed western blotting 
results: compared with shCTL cells, E-cadherin 
staining was strongly increased in shWDR1 cells, 
while that of N-cadherin was dramatically reduced; 
interestingly, E-cadherin staining appeared strong 

 
Figure 1. WDR1 is upregulated and correlates with poor prognosis in NSCLC patients. A: mRNA levels of WDR1 were determined by qPCR in NSCLC tissues and 
its matched adjacent non-tumor tissues. The expression levels of WDR1 were increased in NSCLC tissues, compared with adjacent non-tumor tissues. B: Kaplan-Meier plot 
showed the overall survival of NSCLC patients with all history stratified by high or low WDR1 expression. High WDR1 expression level correlates with reduced overall survival. 
Data are expressed as means ± SEM. ***P < 0.001. 
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and sometimes punctate in shWDR1 cells (Figure 3F). 
These results indicated that WDR1 induced the EMT 

process and regulated E-cadherin distribution in 
NSCLC cells. 

 
 

 
Figure 2. WDR1 promotes NSCLC growth in vitro. A: In A549, H1299 and H226 cell lines, we generated stable WDR1 knockdown (mediated by shRNA), and 
overexpressed cells, respectively. The efficiencies of WDR1 knockdown and overexpression were detected by western blotting analysis. The results showed that shWDR1 
markedly down-regulated the expression levels of WDR1; and WDR1 was increased in cells transfected with PCDH-WDR1 plasmid (WDR1), relative to cells transfected with 
PCDH-GFP plasmid (control). The relative protein level was quantified, and the results were showed below the corresponding bands. B: CCK-8 assay showed that WDR1 
knockdown significantly inhibited the proliferative rates in A549 and H1299 cells. C: CCK-8 assay in H226 cells. WDR1 knockdown significantly inhibited the proliferative rates, 
whereas WDR1 overexpression promoted the proliferative rates, compared to their corresponding controls. D: The cloning ability was determined by colony formation assay 
in A549 cells. Compared with shCTL cells, the colony formation was dramatically inhibited in shWDR1 cells. E-F: Western blotting analysis (E) and quantification (F) of protein 
levels of cell cycle regulators in A549 cells. Compared with shCTL, Cyclin A2, cyclin B1, cyclin D1, cyclin E, Cdk1 were decreased in shWDR1 cells, and p27 was significantly 
increased. Data are expressed as means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. 
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Figure 3. WDR1 positively regulates cell migration, invasion and induces the EMT process in vitro. A: Wound healing assay in A549, H1299 and H226 cell lines. 
Knockdown of WDR1 (shWDR1) significantly inhibited cell migration (48h) in A549, H1299 and H226 cells, compared with control cells (shCTL). B: Wound healing assay and 
quantification analysis showed that overexpression of WDR1 (WDR1) increased cell migration (36h) in A549, H1299 and H226 cell lines, relative to the control cells (GFP). C: 
Matrigel invasion assay and quantification analysis showed that WDR1 depletion greatly inhibited invasive abilities of H1299 and A549 cells. D-E: Western blotting analysis (D) 
and quantification (E) revealed decreased expression levels of N-cadherin, Vimentin and ZEB1 in shWDR1 cells, and increased level of E-cadherin. Snail and twist were reduced 
but not significantly in shWDR1 cells. The target protein band is indicated by an arrow. F: Immunofluorescence staining analysis of E-cadherin and N-cadherin in A549 cells. 
N-cadherin staining was dramatically reduced in shWDR1 cells, while that of E-cadherin was increased and sometimes punctate (arrow). Data are expressed as means ± SEM. *P 
< 0.05, **P < 0.01, and ***P < 0.001. Scale bars = 20 µm. 
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WDR1 promotes tumor growth and induces 
EMT process in vivo 

To assess the effects of WDR1 on tumor growth 
in vivo, we established xenograft tumor models using 
A549 cells transfected with scrambled shRNA 
(shCTL) or shRNA against WDR1 (shWDR1). All 
nude mice developed xenograft tumors at the 
injection site, and xenograft tumors were harvested 40 
days after injection (Figure 4A and B). Consistent with 
in vitro results, in vivo experiments showed that WDR1 
deficient A549 cells exhibited significantly reduced 
growth rate in mice, as the average tumor volume and 

tumor weight in the shWDR1 group were 
dramatically lower than those of shCTL group (Figure 
4C and D). The immunohistochemical staining of Ki67 
further revealed that knockdown of WDR1 inhibited 
NSCLC cell proliferation in vivo (Figure 4E). We also 
detected the EMT process in tumors derived from 
shWDR1 cells and shCTL cells, and found that 
N-cadherin was decreased but E-cadherin was 
increased in the shWDR1 group, relative to shCTL 
group (Figure 4F and G). Collectively, our data 
indicated that WDR1 promoted tumor growth and 
induced the EMT process in vitro and in vivo. 

 

 
Figure 4. WDR1 promotes tumor growth and induces EMT process in vivo. A: Xenograft model in nude mice. A549 cells were transfected with scrambled shRNA 
(shCTL) or shRNA against WDR1 (shWDR1) and 2*106 cells were injected into male nude mice. B: Nodules harvested from shCTL group and shWDR1 group. Tumor nodules 
derived from shWDR1 cells were remarkably smaller than those in shCTL group. C: The tumor growth curve. The length and width of tumor were measured every 10 days. D: 
Tumor weight from shCTL and shWDR1 groups was shown. E: Immunohistochemical staining of Ki67 and quantification of the number of Ki67-positive cells in tumors from 
shCTL and shWDR1 groups. F-G: Detection of EMT-related proteins by western blotting analysis in protein extracted from tumors derived from shCTL and shWDR1 cells. 
Western blotting analysis and quantification revealed decreased expression level of N-cadherin and increased level of E-cadherin in tumors derived from shWDR1 cells, relative 
to those from shCTL cells. Data are expressed as means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. 
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WDR1 promotes tumor cell proliferation and 
migration might through actin 
cytoskeleton-regulated YAP activity  

To investigate the possible mechanisms by 
which WDR1-mediated actin dynamics regulated 
tumor cell proliferation and migration, we analyze the 
signaling pathways that involved in the proliferation 
and migration. Yes-associated protein (YAP) is an 
oncogene capable of promoting cell growth and EMT 
in cultured cells, acting as a pivotal relay for the 
transmission of mechanical cues into gene expression 
program[27-29]. Actin cytoskeletal structure and 
tension have been shown to be dominant upstream 
regulators of YAP activity [29-31]. To test whether 
YAP provide a link between WDR1-mediated actin 
dynamics and tumor cell proliferation and migration, 
we first examined the expression levels of YAP, pYAP 
(S127) and pYAP (S381) in A549 cell line. The data 
showed that Wdr1 depletion resulted in a significantly 
decreased level of total YAP protein, increased levels 
of pYAP (S127) and pYAP (S381), whereas Wdr1 
overexpression increased total YAP and decreased 
pYAP (S127), pYAP (S381) (Figure 5A-D). To clarify 
YAP localization, we prepared nuclear and 
cytoplasmic fractional lysates and found that, 
shWDR1 cells exhibited dramatically decreased 
nuclear YAP and comparable level of cytoplasmic 
YAP, relative to shCTL cells (Figure 5E). It has been 
reported that nuclear YAP associates with TEAD to 
accelerate the transcription of pro-proliferative and 
pro-migratory genes such as CTGF and Cyr61 [27]. 
We examined transcriptional activation of YAP target 
genes CTGF, ANKRD1, and CYR61 in shWDR1 and 
shCTL cells. As shown in Figure 5F, expression levels 
of the three target genes were significantly decreased 
in shWDR1 A549 cells. Our data suggested that 
WDR1 regulated tumor cells proliferation and 
migration might through actin cytoskeleton-mediated 
regulation of YAP.  

WDR1 knockdown cells exhibit severe 
disrupted cellular morphology, F-actin 
accumulations, and increased levels of actin 
and cofilin 

Actin cytoskeleton is required for cell motility, 
cell division, cytokinesis and cell shape regulation. 
Microscopic analysis showed that, in A549 cells, 
compared with shCTL cells, the morphology of most 
shWDR1 cells became smaller and rounder, as 
revealed by measuring cell cross-sectional surface 
area and the ratio of cell length/width (Figure 6A-C). 
To determine whether WDR1 is required for actin 
dynamics and turnover in NSCLC cells, we used 
phalloidin staining to specifically label F-actin. 
Compared with shCTL, shWDR1 cells exhibited 

shrinking cellular protrusions, and strong F-actin 
accumulations in the shortened protrusions; what’s 
more, through an antibody detecting both isoforms of 
cofilin (ie, both cofilin-1 and cofilin-2), we found the 
localization of cofilin was also altered: in shCTL cells 
and in regions of shWDR1 cells without actin 
accumulations, cofilin displayed a diffuse and cellular 
center's stronger staining distribution pattern; by 
contrast, in shWDR1 cells, robust cofilin staining 
strongly colocalized with F-actin accumulations in the 
shortened protrusions (Figure 6D and E). Western 
blotting analysis also revealed increased levels of 
actin and total cofilin in shWDR1 cells (Figure 6F). 
These data revealed that WDR1 regulates cellular 
morphology, the formation of protrusions and actin 
dynamics in NSCLC cells. 

Enforced overexpression of ADF/cofilin in 
WDR1 knockdown cells partly rescues F-actin 
accumulations, and the impaired migratory 
and invasive capacities  

WDR1 acts as a major cofactor of ADF/cofilin, 
and WDR1 knockdown results in significantly 
increased protein level of cofilin. To examine whether 
WDR1 functions in NSCLC cells via ADF/cofilin 
mediated actin dynamics, shWDR1-treated A549 cells 
were transfected with pCDNA-Flag-cofilin plasmid to 
enforced overexpress cofilin. Flag-cofilin overex-
pression was confirmed by western blotting (Figure 
7A). The increased pan-actin level was significantly 
downregulated after overexpression of cofilin in 
shWDR1 cells (Figure 7A). To examine F-actin and 
cellular morphology, we performed double 
immunostaining for phalloidin and Flag-cofilin, using 
the antibody of Flag. F-actin accumulations and the 
disrupted cellular morphology in shWDR1 cells were 
almost recovered after overexpression of cofilin 
(Figure 7B). As shown in Figure 7C and D, in A549 
and H1299 cells, enforced overexpression of cofilin 
significantly rescued impaired cell migratory and 
invasive abilities in WDR1 knockdown cells. Taken 
together, the recoveries of disrupted cellular 
morphology, F-actin accumulations, and impaired 
migration and invasion indicate that WDR1 plays 
roles in NSCLC cells through ADF/cofilin-mediated 
actin dynamics.  

Discussion 
Our study is the first to investigate the role of 

WDR1 in NSCLC. The goal of this study was to 
comprehensively dissect the functions of WDR1 in 
NSCLC and the involved mechanisms. We found that 
the expression level of WDR1 was increased in 
NSCLC tissues, and high WDR1 expression levels 
correlated with reduced overall survival in NSCLC 
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patients. With the present study, we have 
demonstrated that WDR1 silencing-induced 
disruptions of actin disassembly in NSCLC cells can 
directly affect cell shape, proliferation, migration and 
invasion. These findings are consistent with recent 
studies in breast cancer, in which WDR1 
overexpression promoted cell migration and was 
associated with a shorter distant metastasis-free 
survival [24]. Another study in gallbladder carcinoma 
also showed WDR1 was significantly upregulated in 
highly metastatic cell lines [22]. In the light of pilot 

data indicating a positive correlation between WDR1 
level and the progression of NSCLC, and showing an 
oncogenic role of WDR1 in the progression of NSCLC, 
further studies will be performed to evaluate the use 
of WDR1 as a biomarker to predict the progression 
and prognosis of NSCLC in the future. 

The phenotype of inhibited migration and 
invasion in WDR1 knockdown cells was not 
surprising. Firstly, both cell motility and cell shape 
changes require the remodeling of actin cytoskeleton 
[6, 14]. Silencing of WDR1 blocks actin deploy-

 
Figure 5. WDR1 promotes tumor cell proliferation and migration might through actin cytoskeleton-regulated YAP activity. A-D: The protein levels of total 
YAP and p-YAP were examined by western blotting analysis. Western blotting and quantification data showed that, Wdr1 depletion resulted in a significantly decreased level of 
total YAP, increased levels of pYAP (S127) and pYAP (S381) (A,B), whereas Wdr1 overexpression increased total YAP and decreased pYAP (S127), pYAP (S381) (C,D). E: 
Immunoblotting for the indicated proteins. Cell lysates were fractionated into nuclear and cytoplasmic fractions. TBP and GAPDH were shown as loading controls for each 
fractionation. shWDR1 cells exhibited dramatically decreased nuclear YAP and comparable level of cytoplasmic YAP. Quantitation of the relative protein levels was also shown. 
F: qPCR analyses of relative normalized expression of YAP target genes CTGF, ANKRD1 and CYR61. The expression levels of the three target genes were significantly 
decreased in shWDR1 A549 cells. Data are expressed as means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. 
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merization and inhibits the repeated disassembly and 
assembly of the actin filament, results in F-actin 
accumulations, and then impairs actin dynamics 
mediated migration and invasion. Interestingly, in 
WDR1 knockdown cells, F-actin accumulations 
colocalized with enriched total-cofilin in the 
shortened protrusions, indicating the functional 
importance of the actin-based protrusions in tumor 
cell migration. Our study provided evidence that 

protrusions probably require strong actin turnover to 
drive tumor cells' migration. In addition, enforced 
overexpression of cofilin in WDR1 knockdown cells 
rescued the phenotype of F-actin accumulations, 
shortened protrusions, disrupted cellular morph-
ology, and impaired cell migration and invasion 
further demonstrated that WDR1 functions in NSCLC 
through ADF/cofilin-mediated actin disassembly.  

 

 
Figure 6. WDR1 depletion results in cell morphological disruptions, F-actin accumulations, increased levels of actin and total-cofilin. A: Microscopic analysis 
of A549 cells. Compared with shCTL cells, cells became smaller and the cellular shape turned rounder in most of shWDR1 cells. B: A549 cell cross-sectional area calculated by 
ImageJ, which was significantly smaller in shWDR1 cells, compared with CTL. C: The ratio of cell length/width measured by ImageJ was significantly reduced in shWDR1 cells. D: 
Immunofluorescence staining for phalloidin and total-cofilin in A549 cells. In shWDR1 cells, F-actin accumulations were observed in the shrinking protrusions, and total-cofilin 
was rich where F-actin accumulations were present (arrows). E: The number of A549 cells with shrinking protrusion(s) was quantified. Compared with shCTL, the ratio of cells 
with shrinking protrusion(s) was dramatically increased in shWDR1 cells. F: In A549 and H1299 cells, western blotting analysis revealed increased levels of pan-actin and 
total-cofilin in shWDR1 cells. The target protein band is indicated by an arrow. Data are expressed as means ± SEM. ***P < 0.001. Scale bar = 10 µm. 
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Figure 7. Overexpression of cofilin rescues phenotypes of F-actin accumulations, shrinking protrusions, and impaired cell migration and invasion in 
WDR1 knockdown cells. A: shWDR1-treated A549 cells were transfected with pCDNA-Flag-cofilin plasmid, and transfection efficiency of Flag-cofilin was determined by 
western blotting. Enforced overexpression of cofilin declined the increased level of actin induced by WDR1 knockdown. Quantitation of the relative proteins to the 
corresponding control was also shown. B: Double immunostaining for F-actin and Flag-cofilin, using the antibody of Flag. Overexpression of Flag-cofilin in shWDR1 cells rescued 
phenotypes of F-actin accumulations and cell morphological disruptions. C-D: Matrigel invasion assay (C) and wound healing assay (D) in A549 and H1299 cells. Cell migratory 
rate and invasive ability were partly recovered after enforced overexpression of cofilin. Data are expressed as means ± SEM. **P < 0.01, and ***P < 0.001. Scale bar = 10µm. 

 
Secondly, EMT process plays important roles in 

tumor cells metastasis and chemoresistance [26, 32]. 
WDR1 promotes tumor cell migration and invasion 
might through the EMT, as knockdown of WDR1 
resulted in decreased levels of N-cadherin, Vimentin 
and EMT-inducing transcription factor ZEB1, and an 

increase of E-cadherin level, indicating the EMT 
process was significantly inhibited. It should be noted 
that the distribution pattern of E-cadherin was also 
disrupted, and E-cadherin staining sometimes was 
punctate in shWDR1 cells. The impaired distribution 
pattern of E-cadherin was consistent with obser-
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vations in mouse germ cells and sertoli cells and 
Drosophila eye epithelial cells, in which loss of WDR1 
results in E-cadherin distribution defects [11, 12]. Our 
present results further support that WDR1 mediated 
actin dynamics is required for membrane-associated 
adherens junction remodeling in tumor cells. Based 
on the above results, disruptions of actin dynamics 
and cytoskeletal reorganization by silencing WDR1 
might be an intervention target for tumor therapy. 

Furthermore, knockdown of WDR1 inhibited cell 
growth in vitro and in vivo. Cell proliferation requires 
the precise regulation of cell cycle progression 
mediated by various regulators; mutation or 
deregulation of cell cycle regulators are frequently 
observed in most of the human malignancies, thus, 
regulation of cell cycle might be an effective strategy 
to inhibit tumor cell growth [33, 34]. Here, we showed 
that knockdown of WDR1 significantly reduced the 
expression levels of cell cycle positive regulators 
cyclin A2, cyclin B1, cyclin D1, cyclin E and Cdk1, 
while increased the expression of cell cycle inhibitor 
P27, suggesting that silence of WDR1 resulted in a 
uncontrolled cell cycle progression, and that may be a 
mechanism by which WDR1 promoted the 
proliferation or activated the cell viability. YAP, as a 
potent oncoprotein, associates with TEAD to promote 
the transcription of pro-proliferative and pro- 
migratory genes, acting as a pivotal relay for the 
transmission of mechanical cues into gene expression 
program [27-29, 35]. We found Wdr1 depletion 
significantly decreased the protein level of total YAP, 
increased the levels of pYAP (S127) and pYAP (S381), 
whereas WDR1 overexpression resulted in an 
increased level of total YAP and decreased levels of 
pYAP (S127), pYAP (S381). In addition, in shWDR1 
A549 cells, the nucleus-localized YAP, the ratio of 
nucleus-localized YAP to cytoplasm-localized YAP, 
and the expression levels of YAP target genes CTGF, 
ANKRD1 and CYR61 were significantly decreased. 
Our data suggested that WDR1 regulates the cell cycle 
regulators and tumor cell migration might through 
YAP, the key relay for the transduction of actin 
cytoskeleton reorganization to gene transcriptional 
program.  

It has been reported that the cytoskeleton tension 
and stress fibers, but not F-actin polymerization per se, 
are required for YAP regulation [29]. Actin 
cytoskeletal tension regulates YAP nuclear trans-
location and prevents degradation in both 
Hippo-dependent an independent ways [29-31, 36]. 
Interestingly, another study found that Wdr1 and 
cofilin/destrin-mediated actomyosin remodeling are 
essential for generating or maintaining epidermal 
cortical tension, and Wdr1-depleted epidermis 
exhibited reduced cortical tension [37]. Our results 

suggest that WDR1 might regulate YAP nuclear 
localization and/or activity through WDR1-mediated 
actin cytoskeleton tension in both Hippo-dependent 
and independent ways. However, the detailed 
molecular mechanism between WDR1, actin 
cytoskeleton and YAP localization/activity remains 
unclear, and needs to be further explored.  

In conclusion, this study demonstrates the 
functional roles of WDR1 in NSCLC progression. The 
expression levels of WDR1 in human NSCLC 
specimens may be a valuable biomarker for 
aggressive behavior and poor prognosis, and disrupt-
tions of actin dynamics might be a potential target for 
the therapeutic strategy in NSCLC. 

Materials and Methods 
Human NSCLC samples 

39 cases of NSCLC samples were provided by 
Nanjing Chest Hospital of Southeast University. The 
study was approved by the ethical committee of 
Nanjing Chest Hospital of Southeast University. 
Informed consent from the patients was obtained in 
all cases. All procedures performed in studies 
involving human participants were in accordance 
with the ethical standards of the institutional and/or 
national research committee. NSCLC tissues and 
matched non-tumor tissue samples were collected 
and immediately frozen in liquid nitrogen until use. 
Quantitative real-time PCR (qPCR) was performed to 
determine the levels of WDR1 in tissue samples. 

Cell lines, cell culture, protein overexpression 
and short hairpin-mediated knockdown 

All cell lines were obtained from American Type 
Culture Collection (ATCC, USA). All cells were 
grown in RPMI1640 media (Hyclone, USA) supple-
mented with 10% fetal bovine serum (FBS) and 
penicillin/ streptomycin, and cultured at 37°C in a 
humidified incubator containing 5% CO2. Lentivirus 
production and transduction of cells was performed 
as described previously, lentiviral vector for shRNA 
expression was pLKO.1-TRC cloning vector [38]. The 
sequence of shRNA against WDR1 (shWDR1) was 
5′-GCTGGGAAGATCAAAGACATT-3′. shRNA di-
rected against GFP (Target sequence: 5'GCAAGCTGA 
CCCTGAAGTTCAT3') was used as control scrambled 
shRNA (shCTL). To construct stable WDR1 
overexpression cells, WDR1 cDNA was cloned into 
PCDH-Flag lentiviral vector, and PCDH-Flag-GFP 
lentiviral vector was used as a negative control. 
Transduced cells were selected for puromycin 
resistance. For overexpressing of cofilin, cofilin cDNA 
were cloned into pCDNA-Flag vector to construct 
overexpressed plasmid, and an empty vector was 
used as a negative control. 
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Quantitative real-time PCR (qPCR) 
Total RNA was extracted from lung tissues and 

cells using TRIzol reagent (Life Technologies, 
Carlsbad, CA) according to the manufacturer’s 
protocol. One microgram of total RNA from each 
specimen was reverse-transcribed to cDNA using a 
Promega (Madison, WI) Reverse Transcription 
System kit. qPCR was performed on an ABI 
StepOnePlus instrument (Life Technologies) using 
AceQ qPCR SYBR Green Master Mix (High ROX 
Premixed) (Vazyme, Nanjing, China). All of the 
primers were designed with Primer Premier 5.0 
(PREMIER Biosoft, Palo Alto, CA). The primers were 
as follows: Wdr1 forward 5’-TTGTCAACTGTGTGC 
GATTCTC-3’ and reverse 5’-GCTGTCGGGACTCCA 
ACTAA-3’; E-cadherin forward 5’-CTTGGTCTAC 
GCCTGGGACT-3’ and reverse 5’-GAGGAGTTGGG 
AAATGTGAGC-3’; N-cadherin forward 5’-AGAAT 
CGTGTCTCAGGCTCCA-3’ and reverse 5’- GATTG 
CCTTCCATGTCTGTAGC-3’; Vimentin forward 
5’-ACCAGCTAACCAACGACAAAG-3’ and reverse 
5’-CAAGGTCAAGACGTGCCAGA-3’; Cyclin A2 
forward 5’-CATTGGTCCCTCTTGATT-3’ and reverse 
5’-TAACCTCCATTTCCCTAAG -3’; Cyclin B1 
forward 5’-AAGATGGAGCTGATCCAAAC-3’ and 
reverse 5’-TACATGGTCTCCTGCAACAA-3’; Cyclin 
D1 forward 5’-ATTTCCAATCCGCCCTCC-3’ and 
reverse 5’-GGCTTCGATCTGCTCCTGG-3’; Cyclin E 
forward 5’-CAGGGAGACCTTTTACTTG-3’ and 
reverse 5’-CCATCTGTCACATACGCA-3’; Cdk1 
forward 5’-TGCTGGGGTCAGCTCGTTACTCA-3’ 
and reverse 5’-TGGGATGCTAGGCTTCCTGGTT-3’; 
P21 forward 5’-CCTGGCACCTCACCTGCTCT-3’ and 
reverse 5’-CGGCGTTTGGAGTGGTAGAA-3’; P27 
forward 5’-CGGCTAACTCTGAGGACAC-3’ and 
reverse 5’-CTGTTCTGTTGGCTCTTTTGT-3’; Twist 
forward 5’-AAGAAGTCTGCGGGCTGTGG-3’ and 
reverse 5’-GAGGGCAGCGTGGGGATGA-3’; Snail 
forward 5’-CCCTCAAGATGCACATCCGAAGC-3’ 
and reverse 5’-TGGAGCGGTCAGCGAAGGCAC-3’; 
ZEB1 forward 5’-AAGTGGCGGTAGATGGTA -3’ 
and reverse 5’-TGTTGTATGGGTGAAGCA-3’; 
GAPDH forward 5’-GACCTGACCTGCCGTCTAG-3’ 
and reverse 5’-AGGAGTGGGTGTCGCTGT-3’; 
ANKRD1 forward 5’- AAGAAGAATGGCAATGGG 
-3’and reverse 5’- AGGGTCACAGGGTGGGCTA -3’; 
CTGF forward 5’- ACGAGCCCAAGGACCAAACC 
-3’and reverse 5’- TGGAACAGGCGCTCCACTCT -3’; 
CYR61 forward 5’- TGCGAGGAGTGGGTCTGT 
-3’and reverse 5’- GCGAGGCTCCATTCCAAA -3’. 

The relative mRNA levels were normalized to 
house-keeping gene actin in human NSCLC tissues, 
and house-keeping gene GAPDH in cells, respect-
tively, and determined by calculating the ΔΔCt value 
as per manufacturer’s guidelines. The relative amount 

of target gene expression in shWDR1 cells was 
calculated as fold change relative to shCTL cells. 

Western blot 
Western blot was performed as described 

previously [13]. Nuclear/cytoplasmic fractional 
lysates were separated using NE-PER Nuclear and 
Cytoplasmic Extraction Reagents (Thermo Scientific) 
according to the manufacturer’s instructions. The 
Proteins were probed with antibodies against WDR1 
(13676-1-AP; Proteintech Group, Rosemont, IL), pan- 
actin (AAN01; Cytoskeleton, Denver, USA), β-actin 
(sc-47778; Santa Cruz Biotechnology, Dallas, Texas), 
Flag (20543-1-AP; Proteintech Group), total-cofilin 
(BS2183; Bioworld Technology), N-cadherin (13116; 
Cell Signaling technology, Danvers, MA), Vimentin 
(ab92547; Abcam, Cambridge, MA), E-cadherin 
(BS1098; Bioworld Technology), Cyclin A2 (4656; Cell 
Signaling technology), Cyclin B1 (BS1392; Bioworld 
Technology), Cyclin D1 (2922; Cell Signaling tech-
nology), Cyclin E (sc-481; Santa Cruz Biotechnology, 
Dallas, Texas), Cdk1 (BS1820; Bioworld Technology), 
P21 (AP0713; Bioworld Technology), P27 (554069; BD 
Biosciences, San Jose, CA), Snail (3879; Cell Signaling 
technology), Twist (ab50887; Abcam), ZEB1 (BS7670; 
Bioworld Technology), YAP (Ab52771; Abcam), pYAP 
(S127) (13008S; Cell Signaling technology), pYAP 
(S381) (13619; Cell Signaling technology), GAPDH 
(AP0063; Bioworld Technology), TBP (Ab818; 
Abcam), and then were visualized using enhanced 
chemiluminescence. Quantification of protein levels 
normalized to the internal control was performed 
using ImageJ software version 1.44 (NIH, Bethesda, 
MD). Experiments for quantitative data were 
performed in triplicate. 

Immunohistochemistry 
Cells were seeded on 1% gelatin coated 

coverslips in 6-well plates, and then fixed in 4% 
paraformaldehyde for 15 minutes at room tempera-
ture (RT), permeabilized in 0.2% Triton X-100 for 3 
minutes at RT, blocked in blocking buffer (PBST with 
5% BSA) for 1 hour at RT. Following removing 
blocking buffer, cells were incubated with anti-cofilin 
antibody (BS2183; Bioworld Technology), or anti-Flag 
antibody (20543-1-AP; Proteintech Group) or E- 
cadherin (562869, BD Biosciences, San Jose, CA), or 
N-cadherin (13116, Cell Signaling technology) in 
blocking buffer for over-night at 4℃. Secondary 
antibodies were Alexa Fluor 488-conjugated mouse 
IgG (115-545-166; Jackson ImmunoResearch Labora-
tories, West Grove, PA) and Alexa Fluor 488-conju-
gated anti-rabbit IgG (111-545-144; Jackson Immuno-
Research Laboratories). For phalloidin staining, cells 
were incubated with TRITC-conjugated phalloidin 
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(p1951; Sigma-Aldrich, St. Louis, MO) and DAPI (1 
mg/mL working concentration) (D6584; Sangon 
Biotech, Shanghai, China) for 2 hours at RT. For Ki67 
immunohistochemical staining, tumor tissues were 
embedded in paraffin, sectioned in 6-µm thickness, 
and stained with ki67 antibody (9129; Cell Signaling 
Technology) using UltraSensitiveTM SP (Rabbit) IHC 
Kit (KIT-9707; Fuzhou Maixin Biotechnology, Fuzhou, 
China).  

Cell proliferation assay 
Cell Counting Kit-8 (Vazyme) was used to 

monitor cell proliferation. Each experiment was 
repeated independently in quadruplicate. 

Clonal formation assay 
For colony formation assay, cells were plated 

into 6-cm cell culture dishes (1000 cells), cultured for 2 
weeks in RPMI1640 medium containing 10% FBS. 
Then plates were washed with PBS and stained with 
Giemsa. Cell colonies were photographed using a 
digital camera (Olympus, Tokyo, Japan). 

Matrigel invasion assay 
Matrigel invasion assay was performed using a 

24-well Transwell chamber from Costar (8-µm pore 
size; Corning, USA) coated with 70μl diluted Matrigel 
(1:2 dilution with serum-free medium) (BD 
Bioscience) in the upper chamber. Twenty-thousand 
cells were resuspended in 100 μl serum-free medium 
and gently transferred to the upper chamber coated 
with matrigel. Lower chamber was filled with 
medium supplemented with 10% FBS. 24 hours after 
cell seeding, The Matrigel and the cells remaining in 
the upper chamber were removed by cotton swabs. 
Invaded cells in the lower surface of the membrane 
were stained with Crystal violet after fixed with 4% 
formaldehyde.  

Wound healing assay 
For wound healing assays, cells were seeded into 

6-well plates. When a confluency of 90–100% was 
reached, a sterilized micro-pipette tip was used to 
generate a scratch across the cell layer. Cells at 
multiple points (36h, 48h) along the scratch were 
imaged using microscope (Olympus, Tokyo, Japan). 
Images were captured at 100× magnification. Each 
experiment was repeated independently in triplicate. 

Xenograft experiments 
All the animal protocols used in this study were 

approved by Institutional Animal Care and Use 
Committee (IACUC) of the Model Animal Research 
Institute of Nanjing University. The experiments and 
mouse maintenance were performed in the Model 
Animal Research Center of Nanjing University. 

Athymic male nude mice (nu/nu, 5 weeks old) were 
obtained from the Model Animal Research Center of 
Nanjing University. Cells stably expressing scrambled 
shRNA (shCTL) or shRNA against WDR1 (shWDR1) 
were generated as described above. 2*106 cells 
resuspended in PBS were mixed with matrigel (BD 
Bioscience, Bedford, MA) at a 1:1 volume ratio to 100 
μl total volume and injected subcutaneously into the 
flanks of mice. After 40 days, mice were sacrificed and 
tumors were resected for further analysis. 

Statistical analyses 
Statistical calculations were performed using 

unpaired two tailed Student’s t-tests. Data are 
expressed as means ± SEM. P < 0.05 was considered 
statistically significant, P < 0.01 (**) and P < 0.001 (***) 
statistically very significant. 
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