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Abstract
Triple negative breast cancer (TNBC) displays higher heterogeneity, stronger inva-
siveness, higher risk of metastasis and poorer prognosis compared with major breast 
cancer subtypes. KIF3A, a member of the kinesin family of motor proteins, serves as 
a microtubule-directed motor subunit and has been found to regulate early devel-
opment, ciliogenesis and tumorigenesis. To explore the expression, regulation and 
mechanism of KIF3A in TNBC, 3 TNBC cell lines, 98 cases of primary TNBC and 
paired adjacent tissues were examined. Immunohistochemistry, real-time PCR, west-
ern blot, flow cytometry, short hairpin RNA (shRNA) interference, 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), colony formation techniques, 
transwell assays, scratch tests, and xenograft mice models were used. We found 
that KIF3A was overexpressed in TNBC and such high KIF3A expression was also 
associated with tumor recurrence and lymph node metastasis. Silencing of KIF3A 
suppressed TNBC cell proliferation by repressing the Rb-E2F signaling pathway and 
inhibited migration and invasion by repressing epithelial-mesenchymal transition. 
The tumor size was smaller and the number of lung metastatic nodules was lower 
in KIF3A depletion MDA-MB-231 cell xenograft mice than in the negative control 
group. In addition, KIF3A overexpression correlated with chemoresistance. These 
results suggested that high expression of KIF3A in TNBC was associated with the 
tumor progression and metastasis.
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1  | INTRODUC TION

Breast cancer is one of the most common causes of cancer death 
among women in developing counties and is the most frequent 
cancer in women around the world.1 Triple negative breast cancer 

(TNBC) represents a heterogenous group of breast carcinomas lack-
ing expression of estrogen receptor (ER), progesterone receptor 
(PR) and human epidermal growth factor receptor-2 (HER2). TNBC 
is characterized by a higher rate of early recurrence, distant metas-
tasis to brain and lungs, and more aggressive biology.2,3 TNBC has 
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received wider attention because of the lack of targeted therapy, its 
chemoresistance to multiple anticancer drugs and the poor progno-
sis of patients.2 Therefore, novel molecules and pathways as thera-
peutic targets to treat TNBC are eagerly awaited.4

Retinoblastoma protein  (Rb) is a tumor suppressor protein, 
which could prevent abnormal cell growth by inhibiting cell cycle 
progression at the G1/S checkpoint.5 Inactivation of the Rb tumor 
suppressor is a common event in many cancers.6 It has been sug-
gested that Rb loses its E2F binding activity when phosphory-
lated; free E2F is then able to transactivate its cell cycle-related 
target genes,7-10 contributing to the cell cycle progression and cell 
proliferation.7,11-13 P21 belongs to the cyclin-dependent kinase in-
hibitor which includes p21, p27, and p57.14 P21 could interact with 
the cyclin/CDK complexes to suppress cyclin-dependent kinases 
(CDKs) activity, which is required for the phosphorylation of Rb 
and subsequent E2F-dependent gene expression.15 On account of 
the ability of p21 to inhibit cell proliferation, loss of expression or 
function of p21 has been found in the progression of many human 
cancers.16

Epithelial-to-mesenchymal transition (EMT) is not only a crucial 
event in embryonic development, wound healing, and tissue fibrosis 
but also for tumor invasion and metastasis. Its conversion involves 
dramatic phenotypic changes: epithelial cells lose cell-cell junctions 
and cell polarity and acquire mesenchymal characteristics, including 
motility and invasiveness.17-19 Morphological changes are accompa-
nied by a marked reduction in E-cadherin and the increasing expres-
sion of mesenchymal factors such as vimentin.20,21 A number of key 
transcription factors have been identified that play critical roles in 
the initiation and execution of an EMT, including ZEB1. ZEB1 is an 
EMT transcription factor by means of causing a migratory mesen-
chymal phenotype to facilitate carcinoma invasion and metastasis 
in cancer cells.22

Kinesin superfamily proteins (KIFs) are involved in several cel-
lular processes, including intracellular organelle/macromolecule 
transportation, cell shape, cytoskeleton dynamics, cell migration 
and division.23,24 KIF3, one subfamily of the KIFs, includes three 
members (KIF3A, KIF3B and KIF3C), and has been identified and 
characterized in mice.25,26 KIF3B plays an important role in the reg-
ulation of vesicle transport and membrane expansion during mitotic 
progression.27 It was increased in human hepatocellular carcinoma 
(HCC) tissues and seminoma tissues. Suppression of KIF3B might in-
hibit HCC proliferation and promotes apoptosis.28 Downregulation 
of KIF3B impacts on cell proliferation and migration of seminoma.29 
KIF3C is highly expressed in the nervous system,30 and it contrib-
utes to axon growth and regeneration by regulating and organiz-
ing the microtubule cytoskeleton in the growth cone.31 KIF3A, 
a member of the kinesin family of motor proteins, serves as a mi-
crotubule-directed motor subunit and has been found to regulate 
early development, ciliogenesis and tumorigenesis.32 KIF3A pro-
tein binds the KIF3C or KIF3B, which are similar in sequence.33-35 
KIF3A yields a heterotrimeric complex with KIF3B and the kinesin 
superfamily-associated protein 3 (KAP3) to carry out long-distance 
anterograde transport.35 In addition, regulation of KIF3A promotes 

cell proliferation and invasion in prostate cancer.36 KIF3A binding 
to β-arrestin suppresses Wnt/β-catenin signaling in lung cancer.37 
KIF3A-KIF3B proteins interact with the Wnt signaling component, 
adenomatous polyposis coli (APC), through an association with 
KAP3 to regulate cell migration.38 However, until recently, the ex-
pression and the potential effect of the KIF3A gene in TNBC with 
Rb-E2F signaling and EMT were unknown.

In this study, we detected the expression and significance  
of KIF3A in TNBC and explored the role of KIF3A in tumor pro-
liferation, invasion, metastasis and chemoresistance in TNBC cell 
lines.

2  | MATERIAL S AND METHODS

2.1 | Tissue samples and cell lines

Ninety-eight female patients with primary TNBC treated at the 
Affiliated Hospital of Qingdao University between 2011 and 2013 
participated in this study. TNBC was defined as invasive breast 
carcinoma with ER and PR staining in less than 1% of the tumor 
cells by immunohistochemistry and without HER2 overexpression. 
All patients did not receive chemotherapy or radiotherapy before 
surgery and the related clinical information (Table 1) was obtained 
from all patients with written consent. Thirty-two of the patients 
who had axillary lymph node dissection had lymph node metasta-
sis. Specimens from cancer tissue and adjacent normal tissue were 
obtained during the surgery and were immediately dipped in 10% 
formalin for immunohistochemistry (IHC) analysis. Nine patients had 
both cancer and adjacent tissue sufficiently large so that a portion of 
the tissue was immediately frozen in liquid nitrogen and stored for 
RNA/protein analysis. This study was reviewed and approved by the 
Institutional Medical Ethics Committee of the Qingdao University 
Affiliated Hospital.

Human TNBC cell lines MDA-MB-231, BT549, MDA-MB-468 
and BT20 were purchased from the Chinese Academy of Science 
(Shanghai, China). The cells were routinely cultured in DMEM 
(HyClone) supplemented with 10% FBS (Gibco) at 37℃ in 5% 
CO2.

2.2 | Immunohistochemistry analysis

The procedure of IHC staining was performed as described previ-
ously. Anti–KIF3A (abcam, ab11259, dilution at 1:300), anti–phospho-
Rb, anti–E2F1, anti–Cyclin E1, anti–Cyclin D1, anti–P21, anti–ZEB1, 
anti–E-cadherin, anti–vimentin, anti–MMP-9 and anti–MMP-2 
(Bioworld Technology, all at dilution 1:200) were incubated overnight 
at 4°C. Each slide was photographed with a digital camera on an in-
verted Olympus IX81 microscope. The staining evaluation was made 
according to the semi–quantitative scoring system, as described pre-
viously. Briefly, the scores of positive tumor cell proportion (0, none; 
1, <1/100; 2, 1/100 to 1/10; 3, 1/10 to 1/3; 4, 1/3 to 2/3; and 5,> 
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2/3) and staining intensity (0, none; 1, weak; 2, intermediate; and 3, 
strong) were added up to obtain a final total score, ranging from 0 
to 8.

2.3 | Plasmid construction and generation of stable 
cell lines

Suppression of KIF3A expression was performed by shRNA interfer-
ence. KIF3A-shRNA recombinant lentiviruses and the negative con-
trol (Scr-shRNA) were purchased from HanBio. Uninfected cells were 
used for empty control (Mock). The target sequences of the KIF3A-
shRNA were as follows: 1#:5′- GAT CCGCCCAGACAAGATGATTGA 
AATGCAATTCAAGAGATTGCATTTCAATCATCTTGTCTGGGTTTT 
TTC-3′, 2#:5′-GATCCGACTATGCTGATGGCTGCAAAGTCATTC 
A AGAGATGAC T T TGCAGCCATCAGCATAGTC T T T T T TC-3′, 
3# :5′-GATCCGCGT TC TGC A A AGCC TGA A AC TGTAT TC A A 
GAGATACAGTTTCAGGCTTTGCAGAACGCTTTTTTC-3′. Cells were 
infected with lentivirus particles and were selected in medium con-
taining puromycin. MDA-MB-231 and BT549 cell stably express-
ing KIF3A-shRNA, Scr-shRNA plasmid were named KIF3A-shRNA  
and Scr-shRNA. The overexpression of KIF3A was performed  
by KIF3A overexpression vector plasmid (KIF3A-pEX), the empty 
plasmid was used as a negative control (Vector). Plasmids were 
purchased from GeneChem. All constructs were confirmed by 

sequencing. MDA-MB-468 cells transfected with KIF3A overex-
pression vector plasmid and empty plasmid were named KIF3A-pEX  
and Vector.

2.4 | Real-time RT-PCR analysis

The fresh tissue total RNA was isolated using RNAiso reagent (Takara 
Bio, Japan) as instructed by the manufacturer. The next procedure 
was performed as described previously.39 Forward and reverse 
primer sequences for KIF3A and GAPDH were summarized in Table 2.

2.5 | Protein preparation and western blot analysis

Protein preparation and western blot assay were performed as de-
scribed previously.39 Antibodies used were as follows: anti–KIF3A, 
anti–vimentin (Santa Cruz Biotechnology, dilution at 1:1000), anti–
Cyclin D1, anti–Cyclin E1, anti–P21, anti–E2F1, anti–E-cadherin, 
anti–MMP-2, anti–ZEB1 (abcam, dilution at 1:1000), anti–MMP-9 
(Cloud-Clone Corp, dilution at 1:1000), anti–β-actin (TransGen Biotech, 
dilution at 1:4000) and anti–phospho-Rb antibodies (Abcam, dilution 
at 1:5000).

2.6 | MTT assay and colony-formation assay

The MTT assay procedure was described previously.39 Cell viabil-
ity was measured by using the MTT assay. Chemotherapeutic drugs 
doxorubicin (Solarbio) and cisplatin (Solarbio) were used. For colony 
formation assay, cells (3 × 103 cells per well) were seeded into 6-well 
plates for 2 weeks under regular culture conditions. Colonies formed 
were fixed with methanol for 30  minutes and were sequentially 
stained with 0.5% crystal violet for half an hour.

2.7 | Cell cycle analysis

Cells were washed with ice-cold PBS and harvested by trypsini-
zation. After centrifugation for 5 min, the cells were washed with 
ice-cold PBS and fixed with 70% ethanol overnight at 4°C. RNaseA 
(20 μg/mL) was added to the cells for 30 min (at 37°C). Propidium 
iodine (50 µg/mL) was added to the cells in the dark, which were 
analyzed by flow cytometry (BD Accuri C6).

TA B L E  1   Association between KIF3A in triple negative breast 
cancer (TNBC) and patient characteristics

Variables n Mean ± SD P-value

Age

≤60 y 55 5.709 ± 0.685 0.316

>60 y 43 5.581 ± 0.763

Tumor size (cm)

≤2 40 5.725 ± 0.716 0.472

>2 58 5.603 ± 0.724

Tumor grade

II 38 5.790 ± 0.528 0.960

III 60 5.567 ± 0.810

Carcinoma 98 5.653 ± 0.719 <0.001*

Adjacent tissues 98 4.143 ± 0.974

Lymph node metastasis

Negative 66 5.379 ± 0.696 0.004*

Positive 32 6.031 ± 0.647

Primary tumor 32 6.031 ± 0.647 <0.001*

Metastatic tumor 
in lymph nodes

32 7.031 ± 0.740

Tumor recurrence

Positive 27 6.074 ± 0.675 0.027*

Negative 71 5.493 ± 0.673

*Significant at <0.05. 

TA B L E  2   Primer sequences of KIF3A and GAPDH for real-time 
RT-PCR

Gene Sequence Product size (bp)

KIF3A 5-TCCCGTTCCCATGCCATCTT-3′ 158

5-GCTTCCTTTAGGCGCTGTCC-3′

GAPDH 5-CAGGAGGCATTGCTGATGAT-3′ 138

5-GAAGGCTGGGGCTCATTT-3′
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2.8 | Cell migration and invasion assay

A total of 8 × 104 cells per well were suspended in serum-free me-
dium and loaded onto the upper compartment of the chamber 
coated with Matrigel (BD Biosciences). After being incubated at 37°C 
for 24 hours, the invasive cells that migrated through the Matrigel 
to the medium containing 15% serum in the lower compartment 
were stained with crystal violet. The numbers of invaded cells were 
counted in five random microscopic fields (100×). For migration as-
says, 4 × 104 cells were plated on the upper chambers coated without 
Matrigel. The assay was then performed as for the invasive assay.

For the scratch test, cells in each group were seeded into 6-well 
plates (5 × 105 cells/well). Up to near confluence of the cell monolayer, 
a sterile pipette tip (200 µL) was used to draw a line across each well, 
followed by PBS washing to remove the debris or detached cells. The 
images of the scratch under a microscope were observed at 0 and 
48 hours after scratching. Scratch widths were calculated using the 
Image J software. Cell migration distance equates to scratch width at 
0 hour − scratch width at 48 hours.

2.9 | Xenograft assays in nude mice

Scr-shRNA and KIF3A-shRNA MDA-MB-231 cells (4 × 106) were inoc-
ulated subcutaneously into the right back areas of 6-week-old female 
BALB/c nude mice (n = 5 for each group), respectively. Tumor size and 
weight were measured every week and tumor volume was calculated 
with the formula: volume (mm3) = (width2 × length)/2. Other twenty 
6-week-old female BABL/c mice were randomly assigned to two 
groups (10 mice per group) and injected with Scr-shRNA and KIF3A-
shRNA MDA-MB-231 cells (2 × 106) via the tail vein, respectively. The 
mice were killed 6 weeks later. The lungs of the mice were excised for 

H&E staining. Lung metastasis was quantified by counting the num-
ber of tumor foci in 10 randomly selected high-power fields under a 
microscope. Animal experiments were approved by the Animal Ethics 
Committee of Qingdao University, China.

2.10 | Statistical analysis

All statistical analyses were performed using SPSS 23.0 software. 
All values were presented as mean ± SD. Wilcoxon’s test was used 
for non–normal distributed data. The Student’s t test was used for 
data that were normally distributed. Differences were considered 
statistically significant at P < 0.05 and P < 0.01.

3  | RESULTS

3.1 | KIF3A mRNA and protein expression

We detected the KIF3A mRNA and protein levels in nine paired TNBC 
tissues and adjacent tissues by using western blot and real-time RT-
PCR, respectively. The results showed that both mRNA (Figure 1A,B, 
P < 0.01) and protein levels (Figure 1C,D, P < 0.01) were significantly 
higher in TNBC tissues compared with that in adjacent tissues, sug-
gesting that KIF3A was overexpressed in the TNBC tissues.

3.2 | Immunohistochemistry assay

Immunohistochemistry staining showed that 70 out of 98 TNBC 
cases (71.4%) expressed higher levels of KIF3A (Figure 2A,B) 
than the adjacent tissues (Figure 2C,D). Strong positive staining 

F I G U R E  1   KIF3A mRNA and protein 
expressions were higher in triple negative 
breast cancer (TNBC) than in adjacent 
tissues. A, B, The KIF3A mRNA level 
was detected by real-time RT-PCR. C, D, 
The KIF3A protein level was detected by 
western blot assays. GAPDH and β-actin 
were used as control, **P < 0.01
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is observed in the cytoplasm and membrane of tumor cells, and 
weak staining is observed in the normal duct epithelial cells 
(5.653  ±  0.719 vs 4.143  ±  0.974, Table 1, P  <  0.001, Wilcoxon’s 
test). We also found that 25 of 32 cases (78.1%) showed stronger 
KIF3A expression in the metastatic cancer cells in the lymph 
node (Figure 2E) than in the primary cancer tissues (Figure 2F) 
(7.031 ± 0.740 vs 6.031 ± 0.647, Table 1, P < 0.001). Higher KIF3A 
expression was also observed in the primary tumors with lymph 
node metastasis than those without lymph node metastasis 
(Table 1, P < 0.01). In addition, patients with recurrence of carci-
noma had higher KIF3A expression than those without recurrence 
(Table 1, P < 0.05). There were no significant differences between 
groups for age, tumor size or grade (Table 1).

3.3 | Effect of KIF3A in different triple negative 
breast cancer cell lines

Western blot analyses of the KIF3A expression in MDA-MB-231, 
MDA-MB-468, BT549 and BT20 TNBC cell lines are shown in 
Figure 3A. Due to the higher expression of KIF3A, MDA-MB-231 
and BT549 cells were chosen for silencing KIF3A gene expression by 
using KIF3A shRNA1#, 2# and 3#. The KIF3A-shRNA 3# and 2# were 
more effective (Figure 3B, Figure S1) and were used for stably ex-
pressing KIF3A-shRNA cell selection. Real-time RT-PCR (Figure 3C) 
and western blot analysis revealed that the expression of KIF3A 
mRNA and protein were obviously silenced. MDA-MB-468 cell line 
had the lowest expression of KIF3A protein (Figure 3A). Therefore, it 
was used to overexpress KIF3A (Figure 3D), and western blot analy-
sis showed that the expression peak of KIF3A appeared at 48 h after 
KIF3A-pEX transfection.

3.4 | Silencing of KIF3A suppresses tumor cell 
growth and induces G0/G1 phase arrest

To determine the effect of KIF3A depletion on cell proliferation, 
MTT and colony-formation assays were performed. The growth 
curves were plotted in 5  days according to the OD values. The 
results showed that the growth of the KIF3A-shRNA (3#) group 
was significantly slower than that of the Scr-shRNA group in both 
MDA-MB-231 and BT549 cells. The growth of the KIF3A-pEX 
group was significantly faster than that of the Vector group in 
MDA-MB-468 cells (Figure 4A, P < 0.01). As shown in Figure 4B, 
the colony numbers were 293.20  ±  20.93 versus 174.80  ±  46.26 
in MDA-MB-231 cells (P  <  0.01) and 251.20  ±  23.76 versus 
142.20  ±  40.55 in BT549 cells (P  <  0.01) before and after KIF3A 
knockdown. The colony numbers were 151.40  ±  68.58 versus 
292.00 ± 75.59 in MDA-MB-468 cells (P < 0.05) before and after 
KIF3A overexpression. These results suggested that silencing of 
KIF3A inhibited cell proliferation.

To further validate the effect of KIF3A on the cell cycle, the 
flow cytometry technique was used. The cell phase distribution 
of Scr-shRNA and KIF3A-shRNA (3#) MDA-MB-231 cells was as 
follows: G1 phase: 50.36  ±  1.66% vs 55.94  ±  0.80% (P  <  0.01); S 
phase: 30.53  ±  2.39% vs 22.81  ±  0.77% (P  <  0.01); G2/M phase: 
19.11 ± 2.38% vs 21.26 ± 1.15%. The cell phase distribution of Scr-
shRNA and KIF3A-shRNA (3#) BT549 cells was as follows: G1 phase: 
48.66 ± 0.79% vs 53.42 ± 1.08% (P < 0.01); S phase: 26.86 ± 1.53% 
vs 20.72  ±  1.12% (P  <  0.01); G2/M phase: 24.48  ±  1.22% vs 
25.86  ±  1.97%. Compared with Scr-shRNA group cells, the pro-
portion of cells in the G1 phase was significantly increased with a 
decrease in the proportion of cells in the S phase in KIF3A-shRNA 
(3#) group cells (Figure 4C), suggesting induction of G0/G1 arrest. To 

F I G U R E  2   KIF3A was more highly 
expressed in triple negative breast 
cancer (TNBC) than in adjacent tissues by 
immunohistochemistry assay. A-D, KIF3A 
was more highly expressed in cancer cells 
(A, B) than adjacent tissues (C, D). E, F, 
Moreover, the cancer cells metastasizing 
to lymph nodes (E) showed stronger 
KIF3A expression than the corresponding 
primary cancer cells (F). DAB (brown) 
served as chromogen (A, C and E 100×; B, 
D and F 200×)

(A) (B)

(C) (D)

(E) (F)
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confirm the above findings, cell cycle analysis was also performed in 
KIF3A overexpression MDA-MB-468 cells.

3.5 | Silencing of KIF3A inhibits the G1/S transition 
by repressing the Rb-E2F signaling pathway

To further explore the mechanism the effect of KIF3A on the cell pro-
liferation and cell cycle, the expression of phospho-Rb, E2F1, Cyclin 
D1, CyclinE1 and P21 was examined by western blot (Figure 4D). 
Phospho-Rb, E2F1, CyclinD1 and CyclinE1 were decreased and P21 
was increased in the KIF3A-shRNA (3#) group of MDA-MB-231 and 
BT549 cells. Phospho-Rb, E2F1, CyclinD1, CyclinE1 were increased 
and P21 was decreased in the KIF3A-pEX group of MDA-MB-468 
cells. These results further suggested that the G1/S transition was 

suppressed after silencing of KIF3A by repressing the Rb-E2F sign-
aling pathway.

3.6 | Silencing of KIF3A inhibits tumor growth in 
nude mice

To further explore the tumor-forming capacity of KIF3A in vivo, a 
human TNBC xenograft nude mice model was established. We found 
that the tumor size (842.67 ± 52.08 mm3 vs 1344.00 ± 91.02 mm3, 
P  <  0.05, Figure 5A,B) and weight (206.80  ±  20.70  mg vs 
418.90 ± 34.55 mg, P < 0.01, Figure 5C) in KIF3A-shRNA (3#) cell 
xenografts were significantly decreased compared with the Scr-
shRNA MDA-MB-231 cell xenografts. Subsequently, the expres-
sions of KIF3A, phospho-Rb, E2F1, Cyclin E1, Cyclin D1, and P21 

F I G U R E  3   The silence and overexpression efficiency of KIF3A was detected. A, The cell lines MDA-MB-231, BT20, MDA-MB-468 and 
BT549 were detected by western blot for the expression of KIF3A, with both MDA-MB-231 and BT549 showing strong expression level. B, 
MDA-MB-231 and BT549 cells were chosen to deplete KIF3A using KIF3A-shRNA (1#, 2# and 3#).The KIF3A-shRNA 3# and 2# were used 
in the next experiment because of the higher efficiency in silencing of KIF3A. C, MDA-MB-231 and BT549 cells were detected to deplete 
KIF3A using KIF3A-shRNA (3#) by real-time RT-PCR. D, MDA-MB-468 cells were used to overexpress KIF3A by KIF3A expression plasmid, 
and western blot analysis showed that the expression peak of KIF3A appeared at 48 h after KIF3A-pEX transfection
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in xenografts were confirmed by IHC staining. The data showed 
an upregulation of P21 while downregulation of phospho-Rb, 
E2F1, CyclinE1, and CyclinD1 in KIF3A-shRNA (3#) cell xenografts 
(Figure 5D), which were consistent with the results in TNBC cell 
lines. It is obvious that suppression of KIF3A in MDA-MB-231 cells 
could inhibit tumor formation and growth.

3.7 | Silencing of KIF3A inhibits cell migration and 
invasion by inhibiting epithelial-mesenchymal 
transition in triple negative breast cancer cell lines

The metastatic potential of a tumor is dependent on the ability of 
tumor cells to migrate to distant sites. Transwell assays were per-
formed in vitro to investigate the effects of KIF3A on the migration 
and invasion of TNBC cell lines. The result of the transwell assay 
showed that the numbers of migrated MDA-MB-231 cells were 
222.80 ± 14.96 and 63.60 ± 8.14 in Scr-shRNA and KIF3A-shRNA 
(3#). The numbers of migrated BT549 cells were 313.00 ± 13.44 and 
178.80  ±  10.23 in Scr-shRNA and KIF3A-shRNA (3#). These data 
suggested that cell migration was inhibited by KIF3A knockdown in 

MDA-MB-231 and BT549 cells (Figure 6A, P < 0.01). Furthermore, 
consistent with migration results, it was confirmed via the invasion 
assay results that the cell’s invasive ability was progressively sup-
pressed by KIF3A depletion (Figure 6B, P < 0.01).

Similar to the results of the transwell assays, the results of 
scratch tests showed that migration distance was significantly 
reduced in the KIF3A-shRNA (3#) group of MDA-MB-231 cells 
(57.57 ± 17.84 µm vs 107.20 ± 18.92 µm, P < 0.01, Figure 6C) and 
BT549 cells (136.30 ± 24.83 µm vs 199.50 ± 22.29 µm, P < 0.01, 
Figure 6C) compared to Scr-shRNA groups.

To confirm the above findings, migration and invasion assays 
were also performed in KIF3A overexpression MDA-MB-468 cells 
and the results showed that the number of migrated MDA-MB-468 
cells (364.40 ± 16.04 vs 218.40 ± 19.76, P < 0.01, Figure 6D) and 
the number of invasive MDA-MB-468 cells (359.40  ±  21.73 vs 
182.40 ± 47.19, P < 0.01, Figure 6D) was increased in the KIF3A-pEX 
group compared to the Vector group. The KIF3A-pEX group showed 
significantly increased migration distance compared to the Vector 
group (170.00 ± 18.57 µm vs 81.73 ± 22.84 µm, P < 0.01, Figure 6E).

We also found that depletion of KIF3A led to morphological 
change of the TNBC cells. MDA-MB-231 and BT549 cells became 

F I G U R E  4   Silencing of KIF3A inhibits tumor cell growth and G1/S transition by repressing Rb-E2F signaling. A, Cell proliferation was 
analyzed by MTT assay. Absorbance was measured at 490 nm. The data were presented as the means of six separated experiments, each 
performed in triplicate. B, Colony formation results of KIF3A depletion and overexpression were photographed and cell colony numbers 
are illustrated in a histogram. C, Flow cytometry results show the cell phase distribution of TNBC cell lines. Three independent experiments 
were conducted. *P < 0.05, **P < 0.01 D, The expressions of Phospho-Rb, E2F1, Cyclin E1, Cyclin D1 and P21 were detected by western blot 
in MDA-MB-231, BT549 and MDA-MB-468 cells, respectively
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shortened and more adherent to each other due to silencing of KIF3A 
(Figure 6F). In contrast, overexpression of KIF3A in MDA-MB-468 
cells resulted to elongated morphological change and mesenchy-
mal-like properties (Figure 6F).

The EMT is a key step in cancer metastasis and invasion.40,41 
ZEB1, a key transcription factor, has been identified as mediating 
the initiation and execution of EMT. In addition, MMPs, a family of 
more than 28 enzymes, are thought to play a crucial role in tumor 
metastasis on the basis of their ability to degrade the extracellular 
matrix (ECM) and have been found to be upregulated in nearly all 
of the tumor types.42 MMP-2 and MMP-9, the two major members 
of the MMPs family, have been reported to be significant factors in 
breast cancer invasion and metastasis.43,44

To further investigate the effect of KIF3A in EMT, E-cadherin, 
vimentin (two hallmarks of EMT), ZEB1, MMP-2, MMP-9, and KIF3A 
were detected by western blot (Figure 6G). The expression level of 
E-cadherin was increased, whereas the expression level of ZEB1, 
vimentin, MMP-2, and MMP-9 was decreased in KIF3A-shRNA (3#) 
compared to Scr-shRNA group cells in MDA-MB-231 and BT549 
cells. This correlation was further confirmed by KIF3A overexpres-
sion in MDA-MB-468 cells, where decreased E-cadherin expression 
and increased ZEB1, vimentin, MMP-2, and MMP-9 expressions 
were observed. These results indicated that KIF3A depletion might 
suppress cell migration and invasion by inhibiting EMT in TNBC 
cells. In addition, ZEB1 is required for KIF3A-mediated EMT.

3.8 | KIF3A depletion inhibits metastasis in vivo

Nude mice were injected with KIF3A-shRNA (3#) MDA-MB-231 
cells via the tail vein to confirm the effect of KIF3A knockdown on 
tumor migration and invasion in vivo. Body weight of the mice did 
not differ (Figure 7A) after 6  weeks of injection. However, com-
pared with the control group, the lungs from the KIF3A-shRNA (3#) 
group were significantly lighter (Figure 7B). Only 5 of 10 mice from 
the KIF3A-shRNA (3#) group developed lung metastasis, while all 
10 mice presented with lung metastasis in the control group. We 
also found that the number of tumor foci in the control group was 
much more than that in the KIF3A-shRNA (3#) group (Figure 7C-E). 
Furthermore, the expression of E-cadherin was increased and ex-
pressions of vimentin, ZEB1, MMP-2 and MMP-9 were reduced in 
KIF3A-shRNA (3#) cell xenografts compared with the control group 
based on IHC staining (Figure 7F), which were in accord with the re-
sults in TNBC cell lines. These data showed that KIF3A knockdown 
significantly inhibits TNBC metastasis in vivo and in vitro.

3.9 | KIF3A overexpression correlates with 
chemoresistance

To evaluate whether KIF3A expression modulates chemore-
sistance, the cell viability assay showed that silencing of KIF3A 

F I G U R E  5   Silencing of KIF3A 
suppresses tumor growth on triple 
negative breast cancer (TNBC) cell 
xenograft. A, Images of Scr-shRNA and 
KIF3A-shRNA (3#) MDA-MB-231 cell 
xenograft tumor. B, C, Tumor growth 
curve and average weight were recorded 
and counted. *P < 0.05, **P < 0.01 D, 
Immunohistochemistry (IHC) staining in 
the tumor from KIF3A-shRNA (3#) (400×) 
and control group (400×) is shown
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evidently decreased the IC50 for doxorubicin in MDA-MB-231 
cells (1.59 ± 0.46 μg/mL vs 2.51 ± 0.65 μg/mL, P < 0.05, Figure 8A), 

whereas silencing of KIF3A had little effect on cisplatin resistance 
in MDA-MB-231 cells (14.58  ±  5.86  μg/mL vs 14.98  ±  3.20  μg/

F I G U R E  6   Silencing of KIF3A inhibits cell migration and invasion via epithelial-to-mesenchymal transition (EMT). A, B, Transwell and 
invasion assay showed the migrated and invasive cells of MDA-MB-231 and BT549 in Scr-shRNA and KIF3A-shRNA(3#). C, Images of 
scratch wound healing and comparison of migration distance of MDA-MB-231 and BT549 cells among Scr-shRNA and KIF3A-shRNA (3#) 
were detected by scratch test. D, E, The migration and invasive abilities of Vector and KIF3A-pEX group cells were detected by migration 
and invasion assay in MDA-MB-468. Data were mean ± SD values from three experiments, each performed in triplicate. **P < 0.01. F, The 
morphology of Scr-shRNA and KIF3A-shRNA (3#) group cells was shown and the morphology of Vector and KIF3A-pEX group cells was 
shown. G, The expressions of ZEB1, E-cadherin, vimentin, MMP-2, MMP-9 and KIF3A were detected by western blotting
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mL, P  >  0.05, Figure 8B). We also found that KIF3A overexpres-
sion evidently increased the IC50 for doxorubicin in MDA-MB-468 
cells (0.83  ±  0.03  μg/mL vs 0.64  ±  0.03  μg/mL, P  <  0.05, 

Figure 8C), whereas KIF3A overexpression had little impact on cis-
platin resistance (1.74 ± 0.37 μg/mL vs 1.72 ± 0.15 μg/mL, P > 0.05, 
Figure 8D). However, KIF3A knockdown had little impact on 

F I G U R E  7   KIF3A knockdown suppresses triple negative breast cancer (TNBC) metastasis in vivo. Six-week-old female nude BALB/c mice 
were injected with 2 × 106 Scr-shRNA or KIF3A-shRNA (3#) MDA-MB-231 cells via the tail vein. A, B, The body weight and the lung weight 
of the mice were measured 6 weeks later. **P < 0.01 C, D, Images of lung metastasis and H&E staining (upper: 200×; lower: 400×) are shown. 
E, The numbers of metastatic nodules in the lung were calculated in 10 randomly selected high-power fields under a microscope. **P < 0.01 
F, Immunohistochemical staining in xenograft (400×)
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doxorubicin and cisplatin resistance in BT549 cells (0.84 ± 0.19 μg/
mL vs 1.04 ± 0.07 μg/mL, 2.61 ± 0.43 μg/mL vs 2.34 ± 0.27 μg/mL, 
P > 0.05, Figure 8E,F). These results suggested that knockdown of 
KIF3A might restore chemosensitivity of doxorubicin in TNBC but 
not to cisplatin.

4  | DISCUSSION

In this study, we provide a comprehensive set of data suggesting sig-
nificant roles for KIF3A in TNBC progression. We found that both 
the KIF3A mRNA and protein levels were significantly increased in 
TNBC tissues compared with the corresponding adjacent tissues. 
IHC analysis, consistent with these findings, showed that KIF3A 
was overexpressed in TNBC tissues compared to adjacent tissues 
and the higher expression was correlated significantly with tumor 
recurrence and lymph node metastasis, demonstrating a dramatic 
association of KIF3A expression with progression of TNBC, espe-
cially tumor growth and metastasis. KIF3A was shown to support 
the proper function of the Rb-E2F pathway and EMT transcription 
program. Mouse xenograft experiments revealed the role of KIF3A 
in promoting TNBC tumorigenesis and metastasis in vivo. These 
findings suggested that KIF3A holds potential as a tumor promoter 
and prognostic biomarker for metastasis in TNBC, and serves as a 
therapeutic target.

The cell cycle is important in regulating cell growth.45 We 
showed that KIF3A inhibits p21 expression to promote activity of 

CDKs. Consequent Rb  phosphorylation by Cyclin/CDK complexes 
leads to the dissociation of Rb-E2F complexes, and dissociated E2F1 
was released and translocated to the nucleus to enhance the tran-
scription of its target genes (Figure 9). These results strongly suggest 
that silencing of KIF3A inhibits the G1/S transition by suppressing 
the Rb-E2F signaling pathway. Previous data showed that KIF3A was 
associated with cyclin D1 in the genesis or progression of a few of 
human cancers.36,37 EMT is accompanied by massive changes in cell 
behavior, such as cell migration and invasion.46,47 ZEB1, a member 
of the zinc-finger E-box-binding homeobox (ZEB) protein family, is 
a core factor responsible for mediating EMT in many types of can-
cers.22 Overwhelming evidence shows that tumor-associated MMPs 
can also promote processes associated with EMT.48 We showed 
that KIF3A led to increased expression of MMPs and ZEB1. Tumor-
associated MMPs promoted processes associated with EMT, and 
ZEB1 directly promoted the repression of E-cadherin at the tran-
scriptional level, resulting in EMT and acceleration of migration and 
metastasis (Figure 9). Part of these results was consistent with the 
previous study demonstrating that knockdown of KIF3A signifi-
cantly inhibited hypoxia-induced migration and invasion and the 
EMT process in thyroid cancer.49 Consistent with the previous study, 
KIF3A depletion led to decreased expression of MMP-9 in prostate 
cancer.36

Rb-E2F signaling might also be related to epithelial-mesenchy-
mal transition. Depletion of Rb results in the downregulation of the 
epithelial marker E-cadherin, and the inactivation of Rb contributes 
to tumor progression not only through loss of cell cycle control 

F I G U R E  8   KIF3A induces doxorubicin-resistance but not to cisplatin summary. A, C, E, IC50 of doxorubicin was determined using the 
MTT assay. Cells (2 × 103) were seeded and exposed to doxorubicin for 48 h. B, D, F, IC50 of cisplatin was determined using the MTT assay. 
Cells (2 × 103) were seeded and exposed to cisplatin for 48 h
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but also through upregulation of ZEB expression and induction of 
an invasive phenotype in breast cancer cells.50 It was previously 
demonstrated that mouse embryonic fibroblasts (MEF) with mu-
tant Rb family members (Rb1, p107 and p130) led to tumor initiation 
in part through induction of the EMT transcription factor, ZEB1.51 
Chellappan et al reported that E2F1 bind to, activate and increase 
expression of fibronectin and vimentin promoters and this further 
contributed to an EMT-like phenotype in non–SCLC (NSCLC) cell 
lines, while Rb suppressed this induction.52

The chemotherapy resistance remains a major challenge for 
TNBC. It has been shown that overexpression of the kinesin KIFC3 
was significantly correlated with resistance to both docetaxel and 
paclitaxel but not to platinum-based chemotherapy in the NCI-60 
cell line dataset.53 Singel et al reported that KIF14 contributed to 
increasing resistance to docetaxel but not to doxorubicin, carbopla-
tin or gemcitabine.54 Our results suggest that KIF3A overexpression 
confers chemoresistance to doxorubicin but not to cisplatin of TNBC 
cells. In addition, chemical resistance to doxorubicin might be related 
to TNBC cell lines, which may be caused by the high heterogeneity 
of TNBC.

In conclusion, KIF3A was overexpressed in TNBC and this 
overexpression was associated with tumor recurrence and lymph 
node metastasis. Furthermore, silencing of KIF3A suppresses 

proliferation, migration and invasion in TNBC cell lines. KIF3A might 
have potential as a therapeutic drug target for human TNBC.
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