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BORA regulates cell proliferation 
and migration in bladder cancer
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Abstract 

Background:  Bladder cancer is having a gradually increasing incidence in China. Except for the traditional chemo-
therapy drugs, there are no emerging new drugs for almost 30 years in bladder cancer. New potential therapeutic 
targets and biomarkers are urgently needed.

Methods:  BORA is the activator of kinase Aurora A and plays an important role in cell cycle progression. To investi-
gate the function of BORA in BCa, we established BORA knockdown and overexpression cell models for in vitro stud-
ies, xenograft and pulmonary metastasis mouse models for in vivo studies.

Results:  Our results indicated that BORA was upregulated in human bladder cancer (BCa) compared to the normal 
bladder and paracancerous tissues at transcriptional and translational levels. We found that BORA was positively 
related to BCa cell proliferation. Furthermore, BORA knockdown induced cell cycle arrest in G2/M phase while BORA 
overexpression decreased the proportion of cells in G2/M, associated with PLK1–CDC25C–CDK1 alteration. Interest-
ingly, we observed that knockdown of BORA inhibited BCa cell migration and invasion, accompanied with alterations 
of epithelial–mesenchymal transition (EMT) pathway related proteins. In vivo studies confirmed the inhibition effect 
of BORA knockdown on BCa cell growth and migration.

Conclusions:  Our study indicates that BORA regulates BCa cell cycle and growth, meanwhile influences cell motility 
by EMT, and could be a novel biomarker and potential therapeutic target in BCa.
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Background
As the ninth most common cancer worldwide [1], blad-
der cancer (BCa) is having a gradually increasing inci-
dence in China [2]. Most of the newly diagnosed cases are 
non-muscle invasive BCa. Even with transurethral resec-
tion of tumor, BCa still has a very high recurrence rate 
[3]. Chemotherapy based on cisplatin has improved the 
outcome modestly. For cisplatin-ineligible patients, T-cell 
checkpoint inhibitors have presented some benefits to 

those having high PD-L1 expression in some trials [4–6]. 
Except for the traditional chemotherapy drugs, there 
are no emerging new drugs for almost 30  years in BCa 
[7]. Therefore, to enhance the targeted and personalized 
therapy, molecular analysis to find more new specific 
markers and therapeutic targets is of great urgent.

BORA encoded protein activates kinase Aurora A, and 
is very important in spindle assembly, centrosome matu-
ration and the process of mitosis. BORA was identified 
as a cell cycle co-factor protein of Aurora A in the first 
place [8]. Binding with pole-like kinase 1 (PLK1), BORA 
forms a PLK1/BORA complex and recruits Aurora A to 
the T-loop of PLK1 T210 phosphorylation site to acti-
vate PLK1, thus promote mitotic entry [9]. PLK1 and 
Aurora A are critical regulators of cell cycle, which has 
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a fundamental role in cell proliferation, and related to 
the checkpoint recovery when DNA damage appears in 
cells where it leads to DNA repair or progress to apop-
tosis [10, 11]. A variety of cell cycle related regulators 
have been explored as therapeutic targets and biomark-
ers [12]. PLK1 and Aurora A inhibitors have been exten-
sively explored over the last few years and some of them 
showed prospective clinical benefits [13–16]. Moreover, 
compounds affecting the interaction of BORA and PLK1 
may also have a good therapeutic potential [17]. Zhang 
et  al. revealed that BORA was overexpressed in lung, 
breast, and gastric adenocarcinomas, and was an inde-
pendent biomarker associated with poor prognosis [18]. 
Furthermore, recent studies reported that BORA was sig-
nificantly related to radiosensitivity by influencing DNA 
repair and MDC1 [19]. Therefore, the genome stability 
and cell cycle regulated by Aurora A/BORA/PLK1 axis 
have a great important role in tumorigenesis and pro-
gress [20]. The roles of Aurora A and PLK1 have been 
extensively explored in a variety of cancers. However, the 
expression of BORA and its effects on tumor biology are 
rarely reported especially in BCa.

Our group have screened a lot of differentially 
expressed genes through bioinformatics analysis of 
microarray data from BCa and normal bladder tissues 
[21, 22], and have verified several potential therapeutic 
targets and biomarkers associated with tumor progress 
and prognosis [23–26]. In the present study, we have ver-
ified that BORA was highly expressed in BCa compared 
to the normal bladder and paired paracancerous tissues, 
which was consistent with our microarray results. Fur-
ther analysis indicated that BORA was positively asso-
ciated with BCa cell proliferation. Knockdown of BORA 
induced cell cycle arrest in G2/M phase. Interestingly, we 
first found that reduced BORA repressed BCa cell mobil-
ity. Mouse model verified our in vitro results.

Methods
Ethical statement of human tissues
Bladder tissues were collected from the surgery of 
patients at Zhongnan Hospital of Wuhan University, 
and the normal tissues were from donors with acciden-
tal death. Tissues were obtained and stored following the 
protocol of Zhongnan Hospital Biobank. The study was 
conducted in accordance with the Declaration of Hel-
sinki. Informed consent was obtained from all subjects 
and legally authorized representatives, and the approval 
of bladder tissues use was obtained from the Ethics Com-
mittee of Zhongnan Hospital (approval no. 2015029).

Cell lines and culture
Human bladder immortalized epithelium cell line SV-
HUC-1 (Cat. #TCHu169), BCa cell lines RT-4 (Cat. 

#TCHu226), T24 (Cat. #SCSP-536), UM-UC-3 (Cat. 
#TCHu217) and 5637 (Cat. #TCHu1) were got from 
Chinese Academy of Sciences, China. And BIU87 (Cat. 
#CL-0035) was obtained from the Procell Co., Ltd., 
China. RT4 was maintained in McCoy’s 5A medium 
(Gibco), UM-UC-3 was cultured in DMEM (Gibco), and 
all other cell lines were cultured in RPMI-1640 (Gibco). 
Fetal bovine serum (FBS, Gibco) was added to the culture 
medium to a final concentration of 10%.

Transfection and plasmid construction
BCa cells were transfected with either siRNA or plasmid 
by Lipofectamine 2000 following the manufacture’s pro-
tocol. The sense sequences of BORA-siRNA were: Si-1 
(siBORA/shBORA), 5′-GGA​GAU​GUC​AAG​GAA​UCA​
ATT‐3ʹ; Si-2, 5′-CCA​GUA​AAU​GCA​CUA​ACA​UTT‐3ʹ; 
Si-3, 5′-GGA​UAU​GGU​UGA​UCC​UAU​ATT‐3ʹ. The si-
control (NC) was 5′-ACG​UGA​CAC​GUU​CGG​AGA​
ATT‐3ʹ. The BORA overexpression plasmid pECMV-
3xFlag-BORA was obtained from GenePharma biotech 
company, China. To obtain stable BORA knockdown cell 
lines, UM-UC-3 and 5637 were infected with lentiviral-
control-shRNA (LV-NC) and lentiviral-BORA-shRNA 
(LV-BORA sh), and then selected with 5 μg/ml puromy-
cin (Sigma).

RNA extraction and qRT‑PCR
Total RNA was extracted from bladder tissues or cells 
using Qiagen RNeasy Mini Kit (Cat. #74101) following 
the manufacture’s protocol. The RNA quantity and qual-
ity were detected with NanoDrop® ND-2000 UV–Vis 
(Thermo Scientific). Then 1  μg RNA was reverse tran-
scribed to cDNA, which was then taken 1 μg to mix with 
primers, iQ™ SYBR®‑Green Supermix (Bio-Rad), and 
nuclease-free water to a final 20 μl volume to amplify by 
real-time polymerase chain reaction. The forward primer 
of BORA is 5′-GAG​AAA​AGC​GAT​GCT​GCT​TGT‐3ʹ, and 
the reverse primer is 5′-GCT​TCC​GTT​CCC​ATC​TAA​
AAACA‐3ʹ. The forward primer of GAPDH is 5′-ACA​
ACT​TTG​GTA​TCG​TGG​AAGG‐3ʹ, and the reverse 
primer is 5′-GCC​ATC​ACG​CCA​CAG​TTT​C‐3ʹ.

Cell proliferation and clonogenic formation assay
After transfection with siRNA or plasmid for 48 h, cells 
were transplanted into 96-well plates to proliferate for 
1–5  days. As we described before, one plate was taken 
out every 24 h to treat with MTT and DMSO to detect 
the cell absorbance at 490  nm by microplate reader 
[22]. Clonogenic survival assay was performed with 
cells transfected after 48  h in 6-well plates. Specifically, 
800 UM-UC-3 cells/well and 1000 or 3000 5637 cells/
well were plated into 6-well plates to form colonies for 
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7–10 days. After that, colonies were fixed and stained to 
photograph and count for analysis.

Flow cytometry analysis
After transfection for 48  h, cells were harvested in a 
1.5  ml centrifuge tube and then washed once with cold 
PBS. Resuspending cells in 1 ml 1X DNA Staining solu-
tion and 10 μl Permeabilization solution (Multi sciences, 
Cat. #CCS012), vortexing for 5–10  s to mix well, and 
incubating 30 min at room temperature in a dark place. 
Then cells were tested on flow cytometry (Beckman, 
Cat. #FC500) on cell cycle at the lowest loading speed. 
For apoptosis analysis, as we described before, apoptosis 
detection kit (BD biosciences, Cat. #558547) was used 
according to its instruction [22].

Transwell chamber assay
Cells transfected after 48  h were transplanted into the 
upper transwell chamber (Corning) with (4–6) × 104 cells 
resuspended in 200 μl culture medium with no FBS. And 
the lower chamber added in 600 μl culture medium with 
10% FBS to induce cell invasion and migration. Incubat-
ing for 24 h in cell incubator, cells in the upper chamber 
were removed. The go-through cells on the bottom side 
of the upper chamber were fixed and stained to photo-
graph and count under the phase contrast microscope. 
The different step for invasion assay was that the tran-
swell chamber was percolated with ECM Matrix gel 
(Sigma-Aldrich) before the cell seeding.

Protein extraction and western blot (WB) analysis
RIPA with protease inhibitor and phosphatase inhibitor 
(Sigma-Aldrich) was used to lyse BCa cells. After 30 min 
on ice, cells were centrifuged at 4 °C and the supernatant 
was the protein solution. After a bath in boiling water 
for 10  min, the protein solution was ready to test. Pro-
tein was separated in SDS-PAGE gels, then transferred to 
PVDF membrane (Millipore), blocked with 5% milk, and 
incubated with primary (Additional file 1: Table S1) and 
secondary antibodies (Additional file 1: Table S2) sequen-
tially. Bands were developed with chemiluminescence 
kit (Bio-Rad) and detected by Bio-Rad XRS+ Imaging 
system.

Immunofluorescence (IF), immunohistochemistry (IHC), 
and hematoxylin and eosin (H&E) staining
Immunofluorescence staining for cells was described 
before [25]. For bladder tissues, immunofluorescence 
was performed by Biofavor Biotech, China. For IHC, 
paraffin section was sequentially going through depar-
affinage, antigen retrieval, endogenous peroxidase inacti-
vating, blocking with goat serum (Gibco), and incubating 
with primary (Additional file 1: Table S1) and secondary 

(Additional file 1: Table S2) antibodies. For H&E staining, 
the paraffin section of mice lung tissues and xenograft 
tumors were sequentially deparaffinized, rehydrated, 
stained with hematoxylin and eosin (Sigma-Aldrich), 
dehydrated and sealed. The slices were visualized and 
photographed with phase contrast microscope (Leica, 
Cat. #DMI 1).

Xenograft and pulmonary metastasis mouse model
The 3-week-old male BALB/c-nu mice were pur-
chased from Beijing HFK Bioscience Co., Ltd., China, 
and adapted 1  week to the animal facility of Zhongnan 
Hospital of Wuhan University. 4 × 106 5637 LV-NC or 
LV-BORA sh cells in 150  μl PBS were subcutaneously 
injected into the right flank to establish the xenograft 
model (n = 4). Xenograft tumor size was measured every 
3 days (tumor volume = length × width2 × 0.5). And after 
32  days of injection, tumor tissues were isolated from 
sacrificed mice to weigh and fixed in PFA for subsequent 
experiments. 1 × 106 UM-UC-3 LV-NC or LV-BORA sh 
cells in 100  μl PBS were intravenously injected into tail 
vein to establish the pulmonary metastasis model (n = 3). 
Six weeks after injection, the fluorescence of pulmonary 
metastasis was monitored with FUSION FX7 Spec-
tra Imaging system (Vilber), and the lung tissues were 
isolated to fix in 4% PFA for H&E staining. The animal 
experiment was in accordance with animal welfare and 
European animal care guidelines, and approved by the 
Institutional Animal Care and Use Committee at Center 
for Animal Experiment, Wuhan University (approval no. 
2018152).

Statistics
Representative data were from at least three independent 
iterations. Statistical analyses were carried out with SPSS 
16.0. Two-tailed Student’s t-test and one-way analysis of 
variance were used to evaluate whether the difference of 
data was statistically significant, and p < 0.05 was consid-
ered significant.

Results
Upregulated BORA in BCa tissues
We searched Oncomine database to find that mRNA 
expression of BORA was significantly increased in BCa 
compared to normal bladder (Fig.  1a). Gene Expres-
sion Profiling Interactive Analysis (GEPIA) is a website 
to easily achieve data visualization based on TCGA and 
GTEx projects [27]. The results showed that BORA was 
highly expressed in 404 tumor tissues compared to 28 
normal tissues in bladder (Fig.  1b). To strengthen the 
results, we verified the mRNA and protein expression of 
BORA in BCa and paracancerous tissues collected from 
our hospital. qRT-PCR results revealed that BORA was 
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upregulated in BCa tissues (n = 24) in comparison with 
paired paracancerous tissues (Fig.  1c). Furthermore, IF 
staining verified the upregulation of BORA in BCa tis-
sues compared to paracancerous and normal tissues 
(Fig. 1e). All the results were consistent with our previ-
ous microarray results of 3 pairs of human BCa and nor-
mal bladder tissues [21]. We then detected the mRNA 
expression of BORA in BCa cell lines in comparison with 
human immortalized normal bladder epithelium cell line 
SV-HUC-1. Upregulated BORA was found in BCa cell 
lines, and among which, 5637 and UM-UC-3 were the 
most (Fig. 1d). Therefore, we chose 5637 and UM-UC-3 
cell lines for the following experiments.

Positive regulation of BORA in BCa cell proliferation
To establish BORA knockdown cell model, UM-UC-3 
and 5637 cells were transfected with three BORA-tar-
get-siRNAs. The knockdown efficiency was confirmed 
by qRT-PCR (Additional file 1: Figure S1A, B). We then 
chose the most efficient Si-1 from the three siRNAs as 
the representative siBORA to knockdown BORA in BCa 

UM-UC-3 and 5637 cells, which was confirmed by WB 
(Additional file 1: Figure S1C) and IF assay (Fig. 2a). After 
knockdown of BORA, cell proliferation was significantly 
suppressed in UM-UC-3 (Fig.  2b) and 5637 (Fig.  2c) 
compared to the control NC group. Moreover, clono-
genic formation results showed that BORA knockdown 
reduced the cell ability of colony formation (Fig. 2d), con-
firmed by statistical analysis (Fig.  2e). IF staining of the 
important proliferation marker Ki-67 [28], also revealed 
that BORA knockdown reduced Ki-67 positive cells 
(Fig.  2f ). Furthermore, we constructed a BORA over-
expression plasmid to figure out what was the effects of 
overexpressed BORA in BCa cells. Overexpression cell 
model was established by transfection of BORA plas-
mid into UM-UC-3 and 5637 cells, which was verified by 
qRT-PCR (Additional file 1: Figure S1D) and WB assays 
(Additional file 1: Figure S1E). Our results suggested that 
BORA overexpression had a proliferation-promoting 
effect in UM-UC-3 (Fig. 2g) and 5637 cells (Fig. 2h) com-
pared to the control EV group and increased BCa cell 
clonogenic formation efficiency (Fig. 2i, j).

Fig. 1  BORA was upregulated in BCa tissues. Upregulation of BORA was verified in Oncomine database (a) and GEPIA (b). c qRT-PCR results from our 
tissues indicated that BORA expression was significantly increased in BCa compared to matched paracancerous tissues. d BORA expression in human 
immortalized normal bladder epithelium cell and BCa cell lines. GAPDH was the reference gene. *p < 0.05, **p < 0.01. e Representative IF staining of 
BORA (green) in normal bladder, paracancerous bladder and BCa tissues, with DAPI (blue) stained nuclei. The scale bar is indicated
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Knockdown of BORA induced cell cycle arrest in G2/M 
phase
Cancer proliferation is related to an active mitosis 
[29]. Then, flow cytometry was taken to assess the 
cell cycle conditions after transfection. Our results 
revealed that knockdown of BORA in UM-UC-3 and 
5637 cells induced cell cycle arrest in G2/M phase 
(Fig.  3a), as indicated by statistical analysis (Fig.  3b). 
We also observed cell cycle related kinases CDK1 and 
CDK2 had a significant downregulation after BORA 
knockdown, while CCNA and CCNB1 protein had 
an upregulation as showed in Fig.  3c. PLK1/CDC25 
was reported to have an important role in regulating 
the activation of CDK1 [30]. Also, p21 was a critical 

upstream regulator of cell cycle [31]. Their protein 
expression showed an obvious increase after BORA 
knockdown in UM-UC-3 and 5637 cells (Fig.  3c). We 
then detected the changes of apoptosis rate and found 
that BORA inhibition only was not enough to promote 
apoptosis in BCa UM-UC-3 and 5637 cells (Additional 
file  1: Figure S1F), which indicated a more complex 
regulation of apoptosis in cells. Furthermore, overex-
pression of BORA significantly reduced the proportion 
of G2/M phase in cell cycle (Fig. 3d), confirmed by sta-
tistical analysis (Fig.  3e). Also, the expression of cell 
cycle related protein CDK1 and CDK2 were upregu-
lated, while CCNB1, CCNA, p21, PLK1, and CDC25C 
had a downregulation (Fig. 3f ).

Fig. 2  Influence of BORA on BCa cell proliferation. a IF staining confirmed the knockdown of BORA. The scale bar is indicated. b MTT assay to 
test the viability of UM-UC-3 and c 5637 cells transfected with siBORA or NC. d Influence of BORA knockdown on clonogenic formation efficiency 
and e statistical analysis of three independent experiments. f IF staining of Ki-67. The scale bar is indicated. g MTT assay to test the influence of 
overexpressed BORA on cell proliferation in BCa UM-UC-3 and h 5637 cells. And i the clonogenic formation assay (j) with statistical results. *p < 0.05, 
**p < 0.01, ***p < 0.001



Page 6 of 10Cheng et al. Cancer Cell Int          (2020) 20:290 

BORA affected BCa cell motility with EMT‑related proteins 
alteration
Interestingly, after knockdown of BORA, we noticed a 
reduction of transwell migration (Fig. 4a) and invasion 
rate (Fig.  4b) in UM-UC-3 and 5637 cells compared 
to NC group. Statistical analysis of the results from 3 
independent experiments confirmed the significance of 
difference of migration (Fig. 4c) and invasion (Fig. 4d) 
rate reduction. The change of migration and invasion 
capacity in cancer usually associated with EMT process 
[32]. Therefore, we detected the EMT-related proteins 
and observed that the most important epithelial marker 
E-cadherin was upregulated, while mesenchymal 
and other EMT-related markers such as N-cadherin, 
Vimentin, MMP2, MMP9, and β-catenin were down-
regulated in BORA knockdown cells (Fig. 4e).

BORA knockdown inhibited BCa cell proliferation 
and pulmonary metastasis in vivo
We conducted lentiviral packaging of BORA shRNA to 
establish stably downregulated BCa cells to verify the 
effect of BORA on cell growth and metastasis in  vivo. 
The knockdown efficiency was confirmed by qRT-PCR 
in UM-UC-3 (Fig.  5a) and 5637 cells (Fig.  5b) before 
injection. In the xenograft mice transplanted with 5637, 
LV-BORA sh group showed a suppressed tumor growth 
compared to LV-NC group (Fig. 5c). Tumor tissues were 
isolated from mice after sacrificing to weigh, and the 
tumor weight of LV-BORA sh group was significantly 
lower than that of LV-NC group (Fig.  5d). Tumor tis-
sues were then paraffin-embedded and stained with 
H&E (Fig.  5e). Moreover, IHC staining confirmed that 
BORA expression of the tumor in LV-BORA sh group 

Fig. 3  Cell cycle influence of BORA in BCa cells. a Flow cytometry cell cycle analysis of UM-UC-3 and 5637 cells with siRNA treatment. b Statistical 
analysis showed a significant increase in G2/M phase. c G2/M phase involved proteins and upstream regulators were analyzed by WB. d Cell cycle 
analysis after overexpression of BORA, e with statistical analysis. f WB assay of cell cycle related proteins. Values were shown with mean ± SD. 
*p < 0.05
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was downregulated, and the proliferation marker Ki-67 
also showed a decreased expression in LV-BORA sh 
group compared to LV-NC group (Fig.  5e). For pulmo-
nary metastasis, LV-BORA sh UM-UC-3 and LV-NC 
UM-UC-3 cells were tail intravenously injected. Six 
weeks after injection, the fluorescence of pulmonary 
metastasis was detected, and the results suggested that 
knockdown of BORA significantly reduced BCa cell 
migration in vivo compared to LV-NC group (Fig. 5f ).

Discussion
As the activator of kinase Aurora A, BORA plays an 
important role in asymmetric protein localization, spin-
dle assembly, and centrosome maturation during mitosis 
[8]. Most of the studies were focused on Aurora A and 
the interaction of BORA between Aurora A and PLK1 
[20]. The function of BORA in cancer was seldomly 
researched especially in bladder cancer. Our previous 
microarray analysis of BCa and normal bladder tissues, 
which could be downloaded at Gene Expression Omni-
bus database with accession number GSE76211, showed 
upregulation of BORA expression in BCa tissues [21]. 
Therefore, in the present study, we firstly confirmed that 
the expression of BORA was upregulated in BCa tissues 
in comparison with normal bladder and paired paracan-
cerous bladder tissues from our center combining with 
TCGA and Oncomine database (Fig. 1).

To explore the function of BORA in BCa, we estab-
lished BORA knockdown and overexpression BCa cell 
model. Our results showed that knockdown of BORA 

could inhibit BCa cell proliferation and BORA overex-
pression could promote cell proliferation (Fig.  2). Cell 
growth is regulated by cell cycle activity, and BORA was 
reported to strengthen the activation of PLK1 to facili-
tate G2/M transition [33]. In our study, reduced BORA 
induced cell cycle arrest in G2/M phase, and upregula-
tion of BORA decreased cells in G2/M (Fig.  3). G2/M 
entry is controlled by Cyclin-dependent kinase CDK1-
CCNB and CDK1-CCNA. The activity of CDK1 is reg-
ulated by PLK1 through promoting CDC25 activation 
[30]. The activation of PLK1 relies on the phosphoryla-
tion of T210 residue at its T-loop [34], which is the result 
of Aurora A kinase effect with the cooperation of BORA 
[35]. However, some studies also showed that PLK1 and 
Aurora A conversely had an influence on BORA activity 
through posttranslational modifications [8, 36]. Recent 
studies demonstrated that CDK1 regulated the activation 
of BORA by phosphorylating 3 conserved sites located at 
the N-terminal part of BORA, which are Cyclin docking 
sites [20, 37]. Once mutated the three phosphorylation 
sites of BORA, PLK1 could not be activated by Aurora 
A at T210 on the T-loop. During DNA damage recov-
ery, it is important for cells to maintain the G2 check-
point, which provides cells with time for DNA repair or 
progress to apoptosis. Cairns et al. reported that BORA 
was significantly related to radiosensitivity by regulat-
ing DNA repair and MDC1, and BORA affected irradia-
tion response via a different pathway from PLK1 [19]. 
We detected the expression of cell cycle proteins and 
found that PLK1 and CDC25C were upregulated, while 

Fig. 4  BORA regulated BCa cell migration and invasion via EMT. a Transwell migration and b invasion assays of UM-UC-3 and 5637 cells. c Statistical 
analysis showed a significant decrease of migration and d invasion rate of cells transfected with siBORA. e WB results showed the alteration of 
proteins related to EMT pathway. *p < 0.05, **p < 0.01
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CDK1 and CDK2 were downregulated after knockdown 
of BORA. Moreover, the protein changes were reversed 
after BORA overexpression in BCa cells (Fig. 3). GSK3β 
activation was reported to be important for BORA [38]. 
We noticed a downregulation of GSK3β after BORA 
knockdown in UM-UC-3 cells (data not shown). How-
ever, the exact mechanism of how BORA regulates and 
be regulated in the feedback loops still needs to be fur-
ther explored.

Interestingly, after knockdown of BORA, we noticed 
that BCa cell migration and invasion were inhibited, 
which has not been reported anywhere else (Fig. 4). We 
observed upregulated epithelial marker E-cadherin in 
BORA knockdown cells and downregulated N-cadherin, 
Vimentin and other proteins associated with EMT 
pathway, which has been verified to play a critical role 
in migration and invasion of cancer cells [39]. But how 
reduced BORA exactly regulates EMT still needs further 
detections. To confirm our in vitro results, we established 
stable cell lines of BORA knockdown through lentiviral 

packaging. Xenografts and pulmonary metastasis mice 
model were established by subcutaneously and intra-
venously injecting BCa cells, respectively. In  vivo, we 
also found reduced BCa cell growth and migration after 
knockdown of BORA (Fig. 5).

Recently, a large number of Aurora A and PLK1 inhibi-
tors were reported to be evaluated in clinical trials as 
anticancer drugs but showed modest effect against solid 
tumors [40]. BORA, as the key intermediate protein of 
Aurora A and PLK1, was reported to be a potential bio-
marker for prognosis in lung, breast, and gastric adeno-
carcinomas [18]. Our results also showed that BORA 
knockdown could suppress BCa cell growth and migra-
tion both in vitro and in vivo. Researches about the effect 
of BORA in cancers are still too less. And how PLK1 and 
Aurora A inhibitors affect solid tumors after blockading 
BORA needs to be further investigated. As a signaling 
node of the BORA–PLK1–CDC25–CDK1 feedback loop 
and Aurora A-BORA-PLK1 axis, BORA is likely to have 
exciting prospects as a potential target.

Fig. 5  BORA knockdown inhibited BCa growth and migration in vivo. a Stable cell lines of BORA knockdown were established and confirmed by 
qPCR in UM-UC-3 and b 5637 cells. c Tumor volume was measured every 3 days. The x-axis represents days after transplantation. d The weight 
of the isolated tumor tissues. e Representative H&E and IHC staining of tumor tissues. The scale bar was indicated. f Fluorescence of pulmonary 
metastasis and statistics, and representative H&E staining of lung tissues. The scale bar was indicated. *p < 0.05
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Conclusions
In conclusion, our study revealed that BORA positively 
associated with BCa cell growth and regulated cell cycle. 
For the first time, we found that BORA knockdown 
could suppress BCa cell migration and invasion possi-
bly through EMT pathway. BORA has the potential to 
become a new biomarker and possible therapeutic target 
in BCa.
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